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ABSTRACT Mechanical forces transduced to cells through the extracellular matrix are critical regulators of tissue develop-
ment, growth, and homeostasis, and can play important roles in directing stem cell differentiation. In addition to force-sensing
mechanisms that reside at the cell surface, there is growing evidence that forces transmitted through the cytoskeleton and to the
nuclear envelope are important for mechanosensing, including activation of the Yes-associated protein (YAP)/transcriptional co-
activator with PDZ-binding motif (TAZ) pathway. Moreover, nuclear shape, mechanics, and deformability change with differen-
tiation state and have been likewise implicated in force sensing and differentiation. However, the significance of force transfer to
the nucleus through the mechanosensing cytoskeletal machinery in the regulation of mesenchymal stem cell mechanobiologic
response remains unclear. Here we report that actomyosin-generated cytoskeletal tension regulates nuclear shape and force
transmission through the cytoskeleton and demonstrate the differential short- and long-term response of mesenchymal stem
cells to dynamic tensile loading based on the contractility state, the patency of the actin cytoskeleton, and the connections it
makes with the nucleus. Specifically, we show that while some mechanoactive signaling pathways (e.g., ERK signaling) can
be activated in the absence of nuclear strain transfer, cytoskeletal strain transfer to the nucleus is essential for activation of
the YAP/TAZ pathway with stretch.
INTRODUCTION
Mesenchymal stem cells (MSCs) are a popular cell source
for tissue engineering and regenerative medicine applica-
tions, given their multilineage differentiation potential. In
addition to soluble factors, the differentiation of these cells
can be regulated by mechanical cues from the microenvi-
ronment, including passive inputs such as substrate stiffness
(1) or cell adhesion area (2) as well as active inputs such as
dynamic compression (3) or tension (4). Interpretation of
these mechanical cues requires cytoskeletal tension, which
enables cells to probe their surroundings (1,2) and translate
physical cues into changes in biologic activity. Cytoskeletal
tension also regulates a number of mechanical and struc-
tural attributes of the cell, which are important for cellular
interpretation of mechanical signals, and can change with
differentiation status (5). Given that the downstream appli-
cation of stem cells often involves their placement into a
mechanically loaded microenvironment, it is critical to
elucidate the relationship between physical inputs and trans-
lation of these signals to biologic activity in stem cell
populations.

The attachments that cells make to molecules in their im-
mediate microenvironment and to one another are mechano-
sensitive, growing or shrinking in a force-dependent manner
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(6). Numerous molecules located at or within the cell mem-
brane are mechanosensitive. These include stretch-activated
ion channels, which open when mechanical force is applied
(7), and integrin associated molecules, such as FAK, paxil-
lin, talin, and vinculin, all of which activate with force (8–
12) by changing their conformational state under load and
exposing cryptic binding sites that recruit or activate mole-
cules involved in downstream signaling (13,14). Addition-
ally, forces within this tensed actin cytoskeleton are
transmitted to subcellular organelles, the largest and stiffest
of these being the nucleus (15). Cytoskeletal forces regulate
both stress and strain within the nucleus, through connec-
tions mediated by the linker of nucleoskeleton and cytoskel-
eton (LINC) complex. This contractile prestress in the
cytoskeletal network is necessary for the rapid activation
of Src kinase deep within the cell, at cytoskeletal intersec-
tion points (16). Moreover, in isolated nuclei, stretching of
the actin binding LINC complex component nesprin 1 in-
duces a rapid Src kinase-dependent phosphorylation of
emerin on the inner nuclear membrane (17). This phosphor-
ylation event changes association with the nuclear structural
protein lamin A, resulting in stiffening of the nucleus and
regulation of downstream transcription of mechanically
regulated genes. Thus, transfer of mechanical force through
the tensed actin cytoskeleton to the nucleus is likely impor-
tant in mechanosensing, and identifying specific pathways
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that are regulated by this strain transfer mechanism is there-
fore an important goal.

One pathway that mediates MSC mechanosensing is the
Yes-associated protein (YAP)/transcriptional coactivator
with PDZ-binding motif (TAZ) mechanotransduction path-
way (18). YAP relays mechanical input through a Rho-
GTPase-dependent translocation to the nucleus, where it
acts to regulate gene transcription (18). These mechano-
transductive elements are likewise required for substrate-
stiffness-induced differentiation of MSCs. Additionally, it
has been shown that the YAP/TAZ pathway can be activated
with dynamic tensile loading of myoblasts (19), and that
mutations in the nuclear lamina or in components of the
LINC complex perturb this response (17,19). Therefore,
mechanosensing through YAP may depend on forces trans-
mitted through the cytoskeleton and to the nucleus.

Both matrix organization and composition play a role in
determining how strain is transmitted through the cell and
to the nucleus. In native tissues, nuclear strain transmission
is variable, depending on tissue type and local matrix prop-
erties (20–22). In three-dimensional aligned fibrous envi-
ronments, nuclear strain transfer depends on a patent actin
cytoskeleton, but is independent of microtubules and inter-
mediate filaments (23). Furthermore, biologic response in
this context depends on the direction of stretch with respect
to fiber orientation (24), and cell realignment does not occur
with long-term stretch (4) as it does on two-dimensional sur-
faces. The organization of the microenvironment in which a
cell resides thus plays a critical role in mediating both the
transfer of strain through the cell and the response of that
cell to loading.

Despite a growing understanding that mechanosensing
occurs at the nuclear membrane (in addition to traditional
focal adhesions at the cell periphery), the exact role that
transfer of strain to the nucleus plays in the response of
MSCs to tensile stretch is not clear, and the importance of
nuclear strain versus nuclear stress concentrations is as yet
unknown. Further, there likely exist mechanosensitive path-
ways that depend specifically on nuclear strain transfer and
nuclear deformation, as well as others that signal primarily
from cell-membrane-associated mechanosensitive signaling
modules. In this study, we assayed the extent to which nu-
clear and cytoskeletal prestress and nuclear connectivity
regulate transmission of strain to the MSC nucleus, and
the role of this prestress in the regulation of both short-
and long-term interpretation of mechanical cues. We
employed both static and dynamic tensile stretch, in the
presence or absence of pharmacologic regulators of
cytoskeletal tension and filamentous actin patency, and
with molecular modulation of cytoskeletal-to-nuclear con-
nectivity, to determine the roles that cytoskeletal tension
and nuclear deformation play in activating the early
response (ERK1/2 MAP kinase, YAP/TAZ) and longer-
term transcriptional programs in response to dynamic
mechanical cues.
Biophysical Journal 108(12) 2783–2793
MATERIALS AND METHODS

Scaffold fabrication

Aligned electrospun scaffolds were generated as described in Nerurkar et al.

(25) by electrospinning a 14.3% w/v solution of poly(ε-caprolactone)

(Bright China, Hong Kong, China) in 1:1 mixture of n,n-dimethylforma-

mide and tetrahydrofuran (Fisher Chemical, Fairlawn, NJ). This solution

was extruded at a rate of 2.5 mL/h through a spinneret (18 gauge stain-

less-steel needle) charged toþ13 kV. Alignment was instilled by collecting

fibers onto a grounded mandrel rotating with a surface velocity of ~10 m/s.

Scaffold mats (~1-mm thick) were removed from the mandrel and cut into

65 � 5 mm segments with the long axis oriented in the prevailing fiber

direction. Scaffold segments were disinfected and rehydrated in decreasing

concentrations of ethanol (100, 70, 50, and 30%; 1 h/step) and rinsed

twice in PBS (phosphate-buffered saline). Before cell seeding, scaffolds

were coated in fibronectin (Sigma-Aldrich, St. Louis, MO) for 12–18 h,

20 mg/mL in PBS.
Cell isolation and seeding

MSCs derived from bovine bone marrow were isolated from the tibio-

femoral trabecular bone marrow of juvenile calves and plated onto 15-cm

tissue culture dishes (26). MSCs were expanded in basal media (high

glucose DMEM with 10% FBS and 1% PSF) for two passages before seed-

ing. For monolayer experiments, MSCs were seeded onto glass slides or

fibronectin-coated poly-acrylamide gels and cultured overnight in serum-

free, chemically defined media (high glucose DMEM with 1� PSF, 0.1

mM dexamethasone, 50 mg/mL ascorbate 2-phosphate, 40 mg/mL L-proline,

100 mg/mL sodium pyruvate, 6.25 mg/mL insulin, 6.25 mg/mL transferrin,

6.25 mg/mL selenous acid, 1.25 mg/mL bovine serum albumin, and

5.35 mg/mL linoleic acid) (27). For stretch studies, cells were seeded

onto 65 � 5 mm fibronectin-coated aligned electrospun scaffolds at a den-

sity of 2 � 105 cells per side (protein and mRNA studies) or 5 � 104 cells

per side (image-based studies).
Pharmacologic regulation of contractility

Contractility was altered via the application of various pharmacologic

agents. Contractility was decreased using the myosin inhibitor Blebbistatin

(Sigma-Aldrich), the myosin light chain kinase (MLCK) inhibitor ML7

(Tocris Biosciences, Bristol, UK), the ROCK inhibitor Y27632 (Calbio-

chem Merck, Darmstadt, Germany), and the actin polymerization inhibitor

cytochalasin D (Sigma-Aldrich). The ROCK agonist LPA (lysophosphati-

dic acid) (Sigma-Aldrich) was used to transiently increase contractility.

For experiments focused on dose dependence, concentration was varied

across a range previously reported in the literature. For all other experi-

ments, contractility modulators were set at defined levels: Bleb (Blebbista-

tin) 50 mM, ML7 25 mM, Y27632 10 mM; CytoD (Cytochalasin D) 2.5 mM;

and LPA 50 mM. All inhibitors were added 1 h before fixing or stretching,

while activators (LPA) were added 15 min before fixing or stretching.
Immunofluorescence

Cells seeded on glass slides overnight were fixed with 4% paraformalde-

hyde for 20 min at 37�C, then washed and permeabilized with 0.05% Triton

X-100 in PBS supplemented with 320 mM sucrose and 6 mM magnesium

chloride. Cells were incubated with anti-YAP antibody in 1% BSA in PBS

(No. sc-101199, 1:200; Santa Cruz Biotechnology, Dallas, TX) overnight at

4�C, washed three times with PBS, and then incubated for 60 min at room

temperature with Alexa-Fluor 488 or 546 phalloidin (1:1000; Molecular

Probes, Eugene, OR) and Alexa-Fluor 546 or 488 goat anti-mouse

secondary (1:200; Molecular Probes). Cells were washed three times and

mounted with DAPI-containing mounting medium (ProLong Gold Antifade
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Reagent; Molecular Probes). Images were taken using an Eclipse

TE2000-U inverted epi-fluorescence microscope with 20� objective

(Nikon, Melville, NY) and quantified using a custom MATLAB program

(The MathWorks, Natick, MA). DAPI images were edge-detected using

the Canny edge-detection algorithm, and the nuclear area was quantified.

The nuclear outline was then used as a mask to quantify F-actin staining in-

tensity in the vicinity of the nucleus. For YAP/TAZ staining on glass,

average staining intensity in the nucleus and within the cytoplasm was

quantified using the software ImageJ (National Institutes of Health,

Bethesda, MD); these intensities were used to calculate a nuclear/cyto-

plasmic YAP. Nuclear height was measured using ImageJ, based on

DAPI staining from orthogonal Y-Z images generated from confocal

z-stacks (model No. LSM 510 with 60� oil objective, acquired with z-res-

olution of 0.37 mm/pixel; Carl Zeiss, Oberkochen, Germany).
Traction force microscopy

Polyacrylamide (PA) hydrogels (Young’s modulus, E ¼ 5 kPa) were pre-

pared as in Aratyn-Schaus et al. (28). A quantity of 0.2-mm-diameter fluo-

rescent microspheres (No. F8810; Invitrogen, Carlsbad, CA) was mixed

into PA at 1% v/v before polymerization. Fibronectin (20 mg/mL) coating

of gel surfaces was accomplished with 2 mg/mL sulfo-SANPAH (No.

22589; Pierce Protein Biology/Life Technologies, Rockford, IL). Small

drops of a UV-curable fixative (NOA68; Norland Products, Cranbury,

NJ), were used to secure the slides in a live cell imaging chamber. Gels

were subsequently washed three times with PBS and sterilized under germi-

cidal UV light for 1 h. In all traction force experiments, MSCs were seeded

at a density of 3000 cells/cm2 and allowed to attach for 20 h before traction

force microscopy was performed. Phase contrast and fluorescent images of

multiple cells and embedded beads were captured at 40� magnification on

a DeltaVision Deconvolution Microscope (GE Healthcare Life Sciences,

Marlborough, MA). Image sequences for each cell were taken at three

points: 1) before addition of contractility altering-agents, 2) after specified

incubation times in the presence of these agents, and 3) after cell lysis with

SDS (sodium dodecyl sulfate) buffer. All imaging was performed in an

environmental chamber (37�C, 5% CO2). Traction force microscopy data

analysis (stack alignment, particle image velocimetry, and Fourier trans-

form traction cytometry) was performed using a freely available plugin

suite for ImageJ, created by Tseng et al. (29), which was adapted from

Dembo and Wang (30). For Fourier transform traction cytometry, the Pois-

son’s ratio of the PA gel was assumed to be 0.45 and a regularization param-

eter of 2e�9 was used. Using a custom MATLAB script, traction force

vector maps were analyzed to determine average traction stress generated

by each cell and total force exerted per cell. Cell area was determined

from the corresponding phase contrast images in ImageJ.
Static tensile stretch and analysis of nuclear
deformation

Cells seeded on aligned scaffolds were stained with Hoechst (5 mg/mL,

Molecular Probes) in high-glucose phenol-free DMEM containing HEPES

for 10 min at 37�C. Static stretch was applied to determine the role of cyto-

skeletal tension in nuclear deformation. Scaffolds (n > 4 per group) were

stretched up to 15% strain in 3% increments using a tensile device

mounted on an Eclipse TE2000-U inverted epi-fluorescence microscope

(Nikon) using a 20� Plan Fluor ELWD objective with a tunable correction

collar. Nuclear deformation at each step was quantified (n > 50 cells per

group) using a custom MATLAB program by calculating the ratio of nu-

clear principal lengths normalized to 0% strain. A Canny edge-detection

algorithm was used to detect outer nuclear edges based on gradients in

signal intensity. Edges were then dilated, filled, and grouped into clusters.

Principal component analysis was performed on the clusters to identify

principal lengths of the nucleus as in Nathan et al. (23). A nuclear defor-

mation index (NDI) was then calculated for each experimental group by
normalizing nuclear deformation at each strain level to the mean deforma-

tion observed for the control group at that same strain level. To calculate

this index, the average nuclear deformation (nuclear aspect ratio normal-

ized to undeformed state (nNAR)) was calculated at each strain level.

These averages were used to normalize the nuclear deformation at each

of the five strain levels (i ¼ 1–5) to the associated deformation in the con-

trol group at that strain level using the formula

NDI ¼ ðnNARTi � 1Þ � ðnNARCiAve � 1Þ
ðnNARC15%Ave � 1Þ � 100;

where i indicates the applied strain level (3, 6, 9, 12, 15%), T indicates treat-

ment group, C indicates control group, and Ave indicates average at that
strain level.

Local Lagrangian strains were also calculated using triads of nuclei

as fiducial markers at each strain level to ensure consistent local

deformations across scaffolds and experimental conditions. To begin, the

displacements for each point were calculated based on a reference image.

These displacements were then used to calculate the deformation gradient

tensor F,

Fij ¼ dxi
�
dXj;

where x indicates the deformed point locations, X indicates the undeformed

locations, and i and j indicate the principal directions. This tensor can then
be used to calculate the Lagrangian strain tensor E:

Eij ¼ 1

2

�
FTF� I

�
:

Components of this tensor give the two-dimensional strains in the two prin-

cipal directions as well as the shear strain.
Dynamic tensile stretch

Dynamic stretch (3% strain, 1Hz) was applied in a CO2 incubator using a

custom bioreactor system (8). For analysis of pERK1/2 response, stretch

was applied for 15 min with inhibitors (Bleb 50 mM, ML7 25 mM,

Y27632 10 mM) added 1 h before stretch and LPA (50 mM) added

15 min before stretch. For quantification of nuclear YAP with stretch, cells

were loaded for 30 or 360 min and fixed and stained with anti-YAP anti-

body, phalloidin, and DAPI immediately or 12 h after cessation of loading,

with inhibitors added 1 h before stretch. For YAP analysis on scaffold, cells

were imaged using an A1 laser-scanning confocal microscope with 20�
objective (Nikon). Z-stacks were acquired at 0.75-mm slice thickness over

the entire cell with the slice centered at the nucleus used for quantification

of the nuclear/cytoplasmic YAP. For analysis of the gene expression, stretch

was applied on two consecutive days for 6 h per day with inhibitors added

1 h before stretch on each day of loading.
Western blotting

Cells were seeded on aligned scaffolds for 2 days, dynamically loaded for

15 min at 1 Hz to 3% strain, washed once with PBS, and lysed in RIPA

buffer (50 mM Tris-HCl pH 8.0, 150 mM sodium chloride, 1.0% Triton

X-100, 0.1% SDS, with 1% protease inhibitor cocktail and 1% phosphatase

inhibitor cocktail, both from Sigma-Aldrich) to isolate total cellular pro-

teins. Protein isolates were cleared of insoluble cellular debris by centrifu-

gation (15,000 � g for 15 min) and protein concentration was quantified

using the Lowry assay (Bio-Rad, Hercules, CA). Samples were denatured

by boiling for 5 min in reducing buffer containing 2% b-mercaptoethanol.

Proteins were separated on 4–15% gradient SDS polyacrylamide gels and

transferred to nitrocellulose membranes. Membranes were blocked

with 5% BSA (bovine serum albumin) in Tris-buffered saline containing

0.1% TSB-T (TWEEN 20) and probed with p44/p42 MAPK (ERK1/2)
Biophysical Journal 108(12) 2783–2793
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or phospho-p44/p42 MAPK (pERK1/2) (Cell Signaling, Danvers, MA).

Membranes were washed three times with TBS-T and treated with anti-

rabbit peroxidase conjugated secondary antibody in 5% BSA-TBS-T

(1:1000; Cell Signaling). Blots were developed using SuperSignal West

Pico Chemiluminescent Reagent (Pierce Protein Biology/Life Technolo-

gies) and exposed to CL-Exposure film (Thermo Fisher Scientific, Wal-

tham, MA).
Quantitative real-time polymerase chain reaction

Changes in gene expression were determined by real-time (RT) polymerase

chain reaction (PCR). MSCs were seeded on aligned nanofibrous scaffolds

for two days in chemically defined media and then loaded into the custom

tensile bioreactor with or without pharmacologic regulators of contractility

(Bleb 50 mM, ML7 25 mM, and Y27632 10 mM) for 1 h before loading on

each day of loading. Cells were dynamically stretched to 3% strain at 1Hz

for 6 h on two consecutive days. After the second loading, samples were

snap-frozen in Trizol, and mRNA was subsequently isolated by phenol-

chloroform extraction. RNA concentration was quantified (ND-1000;

Nanodrop Technologies, Wilmington, DE) and cDNA synthesized using

the SuperScript II First Strand Synthesis kit (Invitrogen, Carlsbad, CA).

PCR was performed with gene-specific primers using a StepOnePlus RT

PCR machine and the Fast SYBR Green reaction mix (Applied Biosystems,

Foster City, CA).

Expression levels of aggrecan (AGG) (CCTGAACGACAAGACCAT

CGA and TGGCAAAGAAGTTGTCAGGCT), connective tissue growth

factor (CTGF) (CGTGTGCACCGCTAAAGATG and GGAAAGAC

TCTCCGCTCTGG), and scleraxis (SCX) (GAACACCCAGCCCAAACA

GAT and TCCTTGCTCAACTTTCTCTGGTT) were determined and

normalized to the housekeeping gene glyceraldehyde-3-phosphate dehy-

drogenase (GAPDH) (ATCAAGAAGGTGGTGAAGCAGG and TGAG

TGTCGCTGTTGAAGTCG).
Lentiviral delivery of miRNA

Knockdown of nesprin-1 giant was accomplished using inhibitory micro-

RNA delivered via a lentiviral vector-based system (Block-it Lentiviral

Pol II miR RNAi Expression System with EmGFP; Invitrogen). Three

nesprin-1 giant vectors (targeted to the N-terminal actin binding calponin

homology domain) were designed based on the bovine sequence for

nesprin-1 giant and the miRNA sequence (TGCCGAGGACCTTCATC

TTCT), which resulted in the highest levels of knockdown, was used for

subsequent studies. The miRNA-sequence-containing oligos were annealed

and ligated into pCDNA6.2-GW/Em-GFP. The miRNA-containing cas-

settes were then transferred to pLenti6/V5-DEST via the Gateway cloning

reaction and sequenced before viral production in HEK293FT cells. Virus

(media supernatant) was titered by infection of MSCs and selection for

blasticidin resistance (at 14 days) or analysis of %GFP positive cells (at

4 days) by flow cytometry (using the FACSCaliber with CELLQUEST

PRO software by Becton Dickinson, Franklin Lakes, NJ). For all experi-

ments, cells were infected with virus overnight. Four days postinfection,

cells were trypsinized and reseeded onto glass, polyacrylamide gels, tissue

culture plastic, or aligned electrospun scaffolds. Knockdown was verified

by dot blot for nesprin 1 after 1-MDa size filtration.
Statistical analysis

All experiments were performed for 2–3 MSC donors and scaffold batches

per condition. Statistical comparisons were performed using one- or two-

way analysis of variance (ANOVA) with Tukey’s post hoc testing used to

make pairwise comparisons between groups. Statistical significance was

set at p < 0.05. For nuclear deformation experiments, single cells were

tracked and comparisons made using two-way repeated measures

ANOVAwith Tukey’s post hoc testing.
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RESULTS

Contractility regulates basal nuclear shape

Acto-myosin-based contractility has previously been shown
to play an important role in regulating nuclear shape and
organization in a variety of cell types (31–33). To determine
the extent to which actin and intracellular tension regulate
nuclear shape (aspect ratio, height, and projected area) in
MSCs, cells were treated with varying levels of pharmaco-
logic regulators of actin assembly and contractility. Subse-
quently, treated MSCs were stained with phalloidin and
DAPI to visualize the actin cytoskeleton and nuclei, respec-
tively. Decreasing contractility by inhibition of either
ROCK (Y27632) or actin polymerization (CytoD) resulted
in a dose-dependent loss of stress fibers (Fig. 1 A) as well
as a dose-dependent decrease in the projected area of the
nucleus (Fig. 1 B). Decreasing contractility by inhibition
of myosin (Bleb) or MLCK (ML7) activity did not signifi-
cantly alter F-actin structure, although it still resulted in
a dose-dependent decrease in nuclear projected area
(Fig. 1, A and B). Activation of contractility using the
ROCK agonist LPA increased stress fiber density, but did
not significantly alter the nuclear projected area (Fig. 1, A
and B). To quantify the extent to which these regulators of
contractility altered the number of stress fibers passing
over and under the nucleus, the nuclear outline was used
as a mask to crop actin images, and the average intensity
of filamentous actin in this nuclear region was quantified
(Fig. 1 C). Consistent with previous observations, inhibition
of ROCKor actin polymerization caused a significant loss of
stress fibers in the vicinity of the nucleus while inhibition of
MLCK increased the average intensity (due to similar actin
signal coupled with a decrease in the projected nuclear area)
(Fig. 1 D). Treatment with the ROCK agonist LPA signifi-
cantly increased actin intensity over the nucleus. These
alterations in contractility did not significantly affect the
aspect ratio of the nucleus, indicating equal shortening of
both nuclear axes with inhibition (not shown). To assess
the extent to which these alterations perturbed the nuclear
shape in the third dimension, confocal imaging was per-
formed and orthogonal X-Z slices were used to determine
changes in nuclear height (Fig. 1 E). With inhibition of
contractility (via any of the inhibitors), a significant increase
in the nuclear height (~25–35%) was observed, while activa-
tion of contractility (LPA) resulted in a significant decrease
in nuclear height (~20%) (Fig. 1 F).

Next, we sought to determine the percent change in acto-
myosin contractility associated with these changes in pro-
jected nuclear area and height. Traction forces were
measured using 5-kPa polyacrylamide gels that were coated
with fibronectin and contained fluorescent microspheres for
tracking substrate deformation. Traction force maps for sin-
gle cells before and after treatment with pharmacologic
agents showed substantial decreases in traction force with
inhibition of ROCK or MLCK and increases in traction



FIGURE 1 Cytoskeletal tension regulates nu-

clear and cytoskeletal morphology. (A) F-Actin

(green) and DAPI (blue) images of cells seeded

on glass and treated with different doses of ML7,

Bleb, Y27632 (Y27), CytoD, or LPA (scale ¼
25 mm). (B) Quantification of projected nuclear

area on glass (mean 5 SE, n > 85 cells/group).

(C) Example of F-actin in the projected area of

the nucleus (scale ¼ 10 mm), and (D) with quanti-

fication (mean 5 SE, n > 85 cells/group; ML7 ¼
25 mM, Y27632 ¼ 10 mM, CytoD ¼ 10 mM,

LPA ¼ 50 mM). (E) Example X-Z slices of nuclei

(scale ¼ 5 mm) used for quantification of nuclear

height (F). (Mean 5 SE, n > 13 cells/group;

*p < 0.05, **p < 0.01, #p < 0.001 versus control;

one-way ANOVA with Tukey’s post hoc testing.)

To see this figure in color, go online.
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force with activation of ROCK (Fig. 2 A). Inhibition of
ROCK (Y27632, 10 mM) or MLCK (ML7, 25 mM)
decreased total force per cell by 80–90% while treatment
with the ROCK agonist LPA (50 mM) increased total force
per cell by ~60% (Fig. 2 B). Consistent with previous studies
(18), inhibition of contractility with either Y27632 or ML7
resulted in a significant decrease in YAP localization to the
nucleus (Fig. 2, C and D) when MSCs were plated on stiff
(glass) substrates. Interestingly, increasing contractility via
addition of LPA did not alter YAP localization in this
context (suggesting that YAP nuclear localization had
already reached its maximum level).
Contractility regulates transfer of strain to the
nucleus

Next, we sought to determine the role that filamentous actin
and intracellular tension play in the transfer of strain to the
nucleus when exogenous stretch was applied to cells
cultured on aligned nanofibrous scaffolds. For this, we
developed a stepper-motor-driven microtensile device that
allows for simultaneous tensile stretch and imaging of cells
and nuclei (Fig. 3 A). With this system, scaffold Lagrangian
strains can be quantified using triads of nuclei as fiducial
markers (Fig. 3 B). Quantification showed that microscale
strains in the stretch direction (X1, E11) were very close to
the applied strain and that low shear strains (E12) were
observed for all groups (Fig. 3 C). Large lateral compressive
strains (E22) were observed for all groups due to the highly
aligned and porous nature of the electrospun scaffolds.
These scaffolds typically display a Poisson’s ratio of 1.25–
1.5, due to their high level of structural anisotropy.

Consistent with our previous studies (23,24), quantifica-
tion of nuclear aspect ratio (NAR) with applied stretch
in control MSCs showed a strain-dependent increase in
NAR, with a wide distribution across the population
FIGURE 2 Traction force and YAP localization

are regulated by ROCK and MLCK. (A) Traction

stress maps for MSCs on 5-kPa polyacrylamide

gels before and after addition of ML7, Y27632,

or LPA (scale bar ¼ 25 mm, units ¼ Pa), (B) with

quantification of % change in total force per cell

(n ¼ 14–20 cells per group, *p < 0.05, ***p <

0.001, one-way ANOVA with Tukey’s post hoc

testing). Quantification of the nuclear/cytoplasmic

YAP signal intensity for (C) MSCs seeded on glass

and treated with ML7 (25 mM), Y27632 (10 mM),

or LPA (50 mM), and (D) with example epi-fluores-

cent images of YAP (red) and DAPI (blue) staining

(scale bar ¼ 25 mm). To see this figure in color,

go online.
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FIGURE 3 Contractility and nuclear prestrain regulate strain transmis-

sion to the nucleus. (A) Microtensile device used for stretch with simulta-

neous epi-fluorescent imaging of cell and nuclear deformation on

scaffolds. (B) Schematic of deformation analysis indicating the nuclear

aspect ratio (NAR) and the locations of nuclear triads in the deformed (x)

and undeformed (X) states that were used for Lagrangian strain calculation.

(C) Lagrangian strains including shear strain (E12), strain in the stretch di-

rection (E11), and strain perpendicular to the stretch direction (E22). (D) Nu-

clear aspect ratio (NAR) for control cells normalized to the unstrained

(0% strain) case. (E) Nuclear deformation index (NDI, which is NAR

normalized to untreated control cells at the same strain, nNAR) for cells

treated with ML7 (25 mM), Y27632 (10 mM), CytoD (2.5 mM), or LPA

(50 mM). Nuclei that deform more than control have a positive NDI, and

nuclei that deform less than control have a negative NDI. (Mean 5 SE,

n > 50 cells/group; two-way repeated measures ANOVA with Tukey’s

post hoc testing.) To see this figure in color, go online.
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(Fig. 3 D). With inhibition of ROCK or actin polymerization
(with Y27632 or CytoD), a significant decrease in nuclear
deformation was observed, such that nuclei deformed
~50% less than control cells (Fig. 3 E). Conversely,
decreasing contractility by inhibition of MLCK with ML7
resulted in a significant increase in nuclear deformation
(Fig. 3 E), potentially due to decreased nuclear prestress
despite maintenance of cytoskeleton-to-nucleus connectiv-
ity. Similar results were observed for inhibition of myosin
using Bleb (Fig. S1 in the Supporting Material), although
Biophysical Journal 108(12) 2783–2793
in this case quantification was difficult due to the autofluor-
escent nature of this chemical in conjunction with the PCL
scaffolds. When the baseline contractility was increased
before stretch (using LPA), a significant decrease in nuclear
deformation was again observed, potentially due to stabili-
zation of the nucleus with increased actin and nuclear
prestress. These results indicate that an intact actin stress
fiber network and the tension in that network (exerting
prestress on the nucleus) both play important roles in the
conversion of extracellular strain to nuclear deformation.
Contractility regulates response to dynamic
tensile stretch

Next, we sought to determine the importance of contractility
and nuclear deformation in MSC response to dynamic ten-
sile stretch. For these experiments, cells were seeded onto
aligned scaffolds for two days and then dynamically
stretched at 1 Hz to 3% strain for either 15 min (to assess
activation of ERK1/2 signaling) or for 6 h on two consecu-
tive days (to assess changes in gene expression). Western
blots showed a significant increase in pERK1/2 with dy-
namic loading (DL, Fig. 4 A). In the presence of inhibitors
of contractility, the response of pERK1/2 to loading was
not prevented (Fig. 4, A and B), but did show a slightly lower
fold increase with loading. This was due in part to an in-
crease in baseline pERK1/2 with inhibition of contractility.
With activation of contractility (via the addition of LPA), a
significant increase in baseline pERK1/2 was observed in
free swelling conditions (Fig. 4, A and B). When stretch
was applied in this context, ERK1/2 showed no further in-
crease in activation (Fig. 4 C). These results indicate that
cytoskeletal tension is not essential for the activation of
ERK1/2 with tensile stretch, but that increases in cytoskel-
etal tension can activate ERK1/2.

When dynamic loading was extended over a longer
period of time (two days for 6 h per day), untreated MSCs
showed a significant increase in expression of the cartilage
marker aggrecan, the growth factor CTGF, and the tendon
transcription factor scleraxis. Inhibition of contractility
with Bleb, Y27632, or ML7 abrogated the stretch-induced
expression of CTGF (Fig. 4 E) and scleraxis (Fig. 4 F).
However, stretch-induced upregulation of aggrecan expres-
sion was only partially inhibited when contractility was
reduced, and this depended on the specific contractility in-
hibitor employed. With inhibition of contractility using
ML7 or Y27632, a substantial reduction in the aggrecan
response was observed, whereas with inhibition of contrac-
tility via Bleb a significant but reduced aggrecan response
was still apparent with dynamic stretch.

Because it had been previously shown that perturbations
in contractility (18) and alterations in nuclear structural pro-
teins that mediate nuclear strain transfer (17,19) can alter
YAP/TAZ signaling, we next determined the extent to which
YAP signaling was altered with tensile loading of aligned



FIGURE 4 Contractility regulates response to

dynamic stretch. (A) Western blots for phosphory-

lated ERK1/2 (pERK) and total ERK1/2 (ERK) for

MSCs seeded on scaffolds and dynamically loaded

(DL) to 3% strain at 1 Hz for 15 min with inhibi-

tion or activation of contractility (Bleb, 50 mM,

ML7: 25 mM; Y27632, 10 mM; CytoD, 2.5 mM;

LPA: 50 mM). Densitometry for (B) Western blots

(mean 5 SE; n ¼ 3/group) plotted as a ratio of

pERK/ERK and (C) as the fold increase in

pERK/ERK with loading. Gene expression

measured by (D) RT-PCR for the cartilage marker

aggrecan, (E) the growth factor CTGF, and (F) the

tendon transcription factor scleraxis. Loading was

administered for 6 h per day on two consecutive

days; data represent the combined response of

four independent experiments. (Mean 5 SE,

n ¼ 9–12/group, two-way ANOVA with Tukey’s

post hoc testing.)
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scaffolds, and the role of cytoskeletal tension in this process.
In unloaded scaffolds, YAP was primarily cytoplasmic,
despite the presence of stress fibers (Fig. 5) and the high
bulk modulus of both the PCL and the electrospun
PCL scaffolds (4). This suggests that the cellular inter-
pretation of the fibrous microenvironment is more akin to
that of a soft substrate. Conversely, with 30 or 360 min of
dynamic tensile loading, a significant increase in the nu-
clear/cytoplasmic YAP was observed (Fig. 5, A and B).
Twelve hours after cessation of loading (for the 360-min
loading cycle), the nuclear/cytoplasmic YAP returned to
baseline levels. With inhibition of ROCK (using Y27632),
YAP remained cytoplasmic in free swelling conditions
(Fig. 5 C) and there was a significant reduction in YAP
nuclear localization with 30 min of dynamic stretch
(Fig. 5 D). Conversely, when cytoskeletal tension was
reduced (but nuclear deformation was preserved) by in-
hibition of MLCK (with ML7), YAP translocation to the
nucleus was still observed with 30 min of dynamic stretch
(Fig. 5 D).

Based on the observation that strain transfer to the nu-
cleus through F-actin was important for the MSC response
to dynamic tensile loading, we next assayed the specific
role of the connections the nucleus makes to the actin
cytoskeleton through nesprin 1 giant. Specifically, we as-
sayed the importance of this structural protein for
transfer of strain to the nucleus and the YAP response to
dynamic stretch. For these experiments, MSCs were in-
fected with lentiviral vectors containing miRNA directed
at the N-terminal region of nesprin 1 giant or a negative
control sequence (miRneg) followed by seeding onto
aligned scaffolds and application of dynamic stretch for
30 min. Knockdown was verified by dot blot for nesprin
1 after 1-MDa size filtration of whole cell lysate. Analysis
of GFP expression via flow cytometry indicated ~70%
infection efficiency (not shown), which resulted in ~40%
knockdown of nesprin-1 giant compared to cells infected
with nontargeting miRNA sequences (Fig. 6 A). Expression
of nesprin 2 giant (a paralog of nesprin 1 giant) was low
in these cells (as indicated by RT-PCR and dot blot), and
its expression was not significantly altered by nesprin 1
giant knockdown (not shown). Knockdown of nesprin 1
giant via targeting of the actin binding calponin-homology
domain did not alter the basal nuclear aspect ratio but did
result in significantly less nuclear deformation at 12 and
15% applied strain (Fig. 6 B). This is consistent with pre-
vious work using KASH-domain-dominant negative vec-
tors where deformation was applied to the cytoskeleton
using a micropipette (34). Next, we assessed the YAP
signaling response in the context of dynamic stretch with
this perturbation of the LINC complex. YAP staining on
aligned scaffolds was evenly distributed throughout the
cytoplasm in nonloaded control cells (Fig. 6 C). With
30 min of dynamic tensile stretch, YAP localized to the nu-
cleus in control cells (Fig. 6 C) but remained in the cyto-
plasm in nesprin 1 giant knockdown cells. Quantification
showed a significant increase in the nuclear/cytoplasmic
YAP in control cells with loading that was almost
completely abrogated in the context of nesprin 1 giant
knockdown (Fig. 6 D).
Biophysical Journal 108(12) 2783–2793



FIGURE 5 YAP signaling is activated by dynamic stretch and requires

strain transfer to the nucleus but not cytoskeletal tension. Representative

z-projected images of (A) YAP staining and (B) quantification of the nu-

clear/cytoplasmic YAP for cells seeded on scaffold and dynamically

stretched to 3% strain at 1 Hz for 0, 30, or 360 min or 360 min þ 12 h

of free-swelling culture (scale bar ¼ 25 mm; mean 5 SE; n ¼ 38–46

cells/group, two-way ANOVAwith Tukey’s post hoc testing). Representa-

tive z-projected images of (C) YAP staining (green) with associated Actin

(red) and DAPI (blue) with (D) quantification after 0 or 30 min of loading

under control conditions or with the ROCK inhibitor Y27632 (10 mM) or

the MLCK inhibitor ML7 (25 mM). (Mean 5 SE, n ¼ 26–34 cells/group,

two-way ANOVA with Tukey’s post hoc testing; **p < 0.01, ****p <

0.0001.) To see this figure in color, go online.

FIGURE 6 YAP signaling requires strain transfer to the nucleus through

nesprin-1 giant. (A) Knockdown of nesprin-1 giant was performed using

lentiviral delivery of miRNA, and knockdown was verified by dot blot

for nesprin 1 after 1-MDa size filtration. (B) Quantification of the nuclear

deformation index with knockdown of nesprin-1 giant compared to control

cells (miRneg). Positive index indicates deformations larger than control,

negative index indicates deformations less than control (mean 5 SE,

n ¼ 146–149 cells/group). With less nesprin-1 giant to connect the nucleus

to the cytoskeleton, smaller deformations occur. (C) Images of YAP (bot-

tom) and DAPI (top) stained nuclei on aligned scaffolds with or without

30 min of dynamic tensile loading (DL, 3% strain; 1 Hz, scale ¼ 25 mm)

and with or without nestrpin-1 giant knockdown. (D) Quantification of

the nuclear/cytoplasmic YAP for control (noted as ‘‘C’’) or dynamically

loaded (DL) cells. (Mean 5 SE, n ¼ 33–41 cells/group; # p < 0.05,

*p < 0.05, ***p < 0.001, ****p < 0.0001.) To see this figure in color,

go online.
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DISCUSSION

Fiber-reinforced soft tissues are exposed to large loads andde-
formations that are transmitted through their hierarchical
extracellular matrix to both cells and their nuclei within
(20), regulating numerous cellular processes and playing
important roles in the formation, maintenance, and ultimately
degeneration of these tissues. In the context of engineered
replacements, it will be important to understand both the
extent to which these macro-to-microscale deformations are
recapitulated in the engineered constructs and the mechanor-
esponsiveness of the cell types used in the fabrication of these
constructs. MSCs are widely used in these types of applica-
tions (4), and it is well established that they respond to
mechanical signals in amanner that is dependent on a contrac-
tile cytoskeleton (1,2). As with native tissue cells, nuclei
withinMSCs also undergomarked deformationswith applied
tensile stretch (20,23,24). In this study,we found that the pres-
ence of a patent actin cytoskeleton, the tension within this
cytoskeletal network, and the connections it makes to the nu-
cleus through nesprin 1 giant, regulate the transmission of
strain to the nucleus. We further demonstrated differential
Biophysical Journal 108(12) 2783–2793
short- and long-term response of MSCs to dynamic tensile
loading based on the contractility state. Specifically, we
showed that while a patent actin cytoskeleton and nuclear
connectivity (via the LINC complex) is essential for cytoskel-
etal strain transfer to the nucleus and activation of the YAP/
TAZ pathway with dynamic stretch, other mechanoactive
signaling pathways (e.g., ERK signaling) can be activated
in the absence of nuclear strain transfer.

Consistent with previous studies using other cell types
(31), we found that decreasing contractility reduces actomy-
osin forces that prestress the MSC nucleus, resulting in an
increase in nuclear height and a decrease in projected nu-
clear area. This prestress dictates the extent to which addi-
tional deformation can be transferred to the nucleus. Loss
of both contractility and stress fibers, by ROCK inhibition
or actin depolymerization, resulted in a significant decrease
in nuclear strain transfer, likely due to a loss of the cytoskel-
etal-to-nucleoskeletal connectivity required for transmis-
sion. Our observation of a loss of stress fibers with
ROCK inhibition is consistent with previous work, which
showed that ROCK directly regulates actin polymerization
and depolymerization through the LIM-kinase and cofilin



Nuclear Deformation and YAP Signaling 2791
pathway (35). Interestingly, treatment with ML7 resulted in
a loss of contractility, but maintenance of actin stress fibers.
Under this scenario, we observed a decrease in the prestress
acting on the nucleus (i.e., a smaller nuclear projected area),
but an increase in nuclear deformation with applied stretch.
This suggested that the remaining stress fibers were capable
of transferring strain to the nucleus. Conversely, when
contractility was increased (via the addition of LPA), the
higher forces acting on the nucleus resulted in compression
in the z axis, flattening and stabilizing the nucleus, thus pre-
venting additional strain from being transmitted to this
organelle. This increased prestrain in the baseline state
may also result in stiffening of the nucleus, due to its hy-
perelastic strain stiffening characteristics (36).

In addition to nuclear strain transfer, the mechanorespon-
sivity of cells was differentially influenced by a change
in contractility. Independent of nuclear deformation, a
decrease in cytoskeletal tension resulted in a small decrease
in activation of the ERK1/2 pathway and significant
decrease in scleraxis gene expression in response to me-
chanical loading. This may be due, at least in part, to the
fact that many mechanosensitive proteins within focal adhe-
sions, which are known to activate ERK, depend on forced
unfolding events. For these mechanosensory events local-
ized to the cell membrane, the amount of strain transfer to
the nucleus is likely less important than the concentration
of stress in the membrane. One would predict that any
decrease in cytoskeletal tension would result in lower
stresses within the cell, particularly at actin-associated me-
chanosensory complexes such as focal adhesions (9,37) and
the LINC complex (17,38).

Of note, however, not all mechanically regulated genes
were equally affected by a decrease in contractility. Some
genes, for instance aggrecan, were less sensitive to a loss
in contractility. This may be due to the fact that aggrecan
expression is enhanced with inhibition of contractility
(39). Additionally, the ERK response to applied load was
not prevented when cytoskeletal tension was reduced using
any of the inhibitors. This may be due to the fact that other
mechanosensitive pathways can activate ERK (such as
stretch-activated ion channels) that are less sensitive to a
loss in cytoskeletal tension, depending instead on membrane
tension (40,41). These channels are mechanosensitive even
in artificial bilayers that lack cytoskeletal components (42),
where they increase their opening probability in proportion
to the level of tension applied to the membrane.

Unlike these early signaling events, the response of the
YAP signaling pathway required stress fibers and cytoskel-
etal strain transfer to the nucleus. Both of these were lost
with ROCK inhibition but maintained with MLCK inhibi-
tion. This would point to a cytoskeletal and Rho-GTPase-
dependent mechanotransduction mechanism, whereby
strain transfer into the cell through a patent actin cytoskel-
eton to the nucleus is necessary for the YAP signaling in
response to dynamic tensile loading. However, with
longer-term inhibition of cytoskeletal tension during
loading, the induction of CTGF, a downstream gene acti-
vated by YAP/TAZ, was reduced. This is likely due to
longer-term loss of cytoskeletal tension feeding back to
reduce stress fibers and cytoskeletal strain transfer.

Further supporting the observation that a loss of stress fi-
bers decreases nuclear strain transfer, knockdown of the
LINC complex component nesprin-1 giant attenuated nu-
clear deformation with stretch. Also consistent with these
observations, loss of the cytoskeletal to nuclear connectivity
through knockdown of nesprin-1 giant reduced the YAP
response to dynamic stretch. While the specific cytoskeletal
or nucleoskeletal molecule responsible for YAP mechanical
activation is unclear, these data suggest that cytoskeletal
forces exerted on the nucleus can regulate its activation.
What is clear is that the mechanosensory portion of the
YAP/TAZ pathway actually functions through a noncanoni-
cal (i.e., LATS-independent) mechanism (18). Given that
normal YAP nuclear localization has been shown to occur
on poly-L-lysine coated substrates, this unknown regulator
is likely not a component of integrin-based focal adhesions
(43). Instead, forces in the cytoskeleton itself, or the connec-
tions it forms with the nucleus, may regulate this molecule.
It has been proposed that LATS-independent YAP signaling
in response to mechanical factors likely requires an un-
known serine kinase, which is regulated by force in the cyto-
skeleton (44). Given that knockdown of nesprin 1 giant
decreases nuclear deformation but does not decrease cell
contractility (31), the data presented here suggests that
transmission of force through the cytoskeleton and to the
LINC complex is important for regulation of this kinase.

In summary, our results suggest that the MSC nucleus is
under a state of prestress and strain that is dictated by the
level of actomyosin contractility within the cell, and that
this prestrain regulates the deformability of the nucleus
when exogenous stretch is applied to the cell. This then me-
diates response to physical signals transmitted to the cell
from the microenvironment. A nucleus with high prestress
has low deformability while a nucleus with low prestress
has high deformability, as long as the connecting actin stress
fibers are intact. A loss of tension in the prestressed
cytoskeletal network reduces, but does not prevent,
activation of the YAP and ERK signaling pathways in
response to applied dynamic stretch. However, complete
loss of either a patent actin cytoskeleton or the connections
mediated by the LINC complex (and the strain transfer
to the nucleus that both enable) inhibits YAP signaling
in response to stretch. Thus, if both membrane and cyto-
skeletal-to-nuclear mechanotransduction pathways exist
(Fig. 7 A), loss of strain transfer would prevent the activation
of cytoskeletal- and nuclear-associated mechanosensitive
elements (Fig. 7 B). In contrast, when only cytoskeletal ten-
sion is reduced, a lower nuclear prestrain allows for larger
nuclear deformations, and the cytoskeletal mechanotrans-
duction is maintained. These results support the idea that
Biophysical Journal 108(12) 2783–2793



FIGURE 7 Schematic illustration of the differing routes of mechanotransduction. Mechanoactivation may occur via cell membrane-mediated mechano-

transduction modules or through cytoskeletal/nuclear strain transfer-mediated mechanotransduction modules. (A) In baseline conditions, both pathways are

likely operative. (B) When ROCK is inhibited with Y27632, a decrease in nuclear prestrain and depolymerization of actin is observed; when nesprin-1 giant

levels are reduced, cytoskeletal strain transfer to the nucleus is likewise compromised. This leads to a loss in the cytoskeletal-to-nuclear strain transfer

necessary for YAP activation, but does not completely abrogate signals originating as a result of tension at the cell membrane. To see this figure in color,

go online.
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cytoskeletal strain transfer into the cell is important for YAP
mechanosensing events. Despite this, the specific stretch-
sensitive molecules responsible for the mechanomodulation
of YAP signaling through noncanonical pathways remain
unclear (44). Given that both focal adhesion and LINC com-
plexes provide the termini for the actin cytoskeleton, under-
standing how force is transmitted through these complexes
to activate proteins within will be important for elucidating
the molecular mechanisms by which contractility regulates
the stem cell response to tensile stretch and ultimately line-
age specification in mechanically loaded environments.
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