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Cardiomyocyte progenitor cell mechanoresponse
unrevealed: strain avoidance and mechanosome
development†

Arianna Mauretti,ab Noortje A. M. Bax,‡ab Mieke H. van Marion,‡ab

Marie José Goumans,c Cecilia Sahlgrenab and Carlijn V. C. Bouten*ab

For emerging cardiac regeneration strategies, it is essential to know if and how cardiac stem cells sense

and respond to the mechanical stimuli provided by their environment in the beating heart. Here, we

study the response to cyclic strain of undifferentiated and predifferentiated human cardiomyocyte

progenitor cells (CMPCs), as well as the formation and activation of the cellular structures involved in

mechanosensing, that we termed ‘mechanosome’. Once verified that the applied uniaxial cyclic strain

(10%, 0.5 Hz) did not alter the cardiac lineage commitment and differentiation state of CMPCs, the cellular

mechanoresponse to the applied strain was quantified by cellular orientation. While undifferentiated cells

maintained their original (random) orientation, upon early cardiomyogenic differentiation (predifferentiated)

CMPCs exhibited a distinct strain avoidance response after 48 h of cyclic straining. Interestingly, the

mechanosome development and the activation of the mechanotransduction pathways also occurred

with early cardiac differentiation of the CMPCs, regardless of the substrate or the applied cyclic strain.

These results indicate that the mechanoresponse of CMPCs depends on the presence of a developed

mechanosome, which only develops during early cardiomyogenic differentiation Our findings provide

the first understanding of mechanotransduction in human CMPCs and as such can contribute to the

improvement of cardiac regeneration strategies.

Insight, innovation, integration
The success of stem cell-mediated cardiac regenerative therapies is influenced by the ability of cardiac stem cells to respond to mechanical stimuli and
integrate with the host tissue. Here, we show that the mechanosensitivity of cardiomyocyte progenitor cells (CMPCs) is developed during early cardiomyogenic
differentiation, along with the formation and activation of the mechanosome, composed of integrin-mediated focal adhesions and actin stress fibers (SFs). Our
results provide insight into the interactions of CMPCs with their mechanical environment, and can therefore help understanding the contribution of stem cells
to cardiac function and contribute to the optimization of innovative therapies for the heart.

1. Introduction

Cardiovascular disease is among the leading causes of mortality
in the Western world. Cardiac regenerative therapies focus on

the repair and restoration of cardiac function with the use of
stem or progenitor cells. In the human heart, several cardiac
progenitor cell (CPC) populations have been identified.1 Among
these, Sca1+ cardiomyocyte progenitor cells (CMPCs) have
shown the ability to differentiate into the three cardiac lineages
in vitro (cardiomyocytes, smooth muscle cells, and endothelial
cells).2,3 After transplantation in the injured heart, CMPCs improve
cardiac function and reduce scar formation.2 Our group has
recently demonstrated that this can be attributed to the production
and modulation of extracellular matrix (ECM) proteins4 to obtain
a structurally organized, ‘‘healthy’’ ECM. Therefore, CMPCs
represent a promising stem cell source for cardiac regenerative
therapies. For successful regenerative outcomes the cells need to
successfully integrate into the cyclically strained myocardium.
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Yet, very little is known of cardiac stem cell mechanosensitivity
and mechanoresponse. By revealing the mechanisms that trigger
mechanosensitivity in CMPCs, it may be possible to direct cell
behavior towards the regeneration process.

In response to external mechanical cues, several differentiated
cell types, such as endothelial cells,5,6 fibroblasts,7,8 and smooth
muscle cells,9 have shown the ability to re-orient perpendicularly
to the direction of applied cyclic strains in 2D setups. This
behavior is called strain avoidance, and it shows the tendency
of cells to align in the direction of minimum deformation of the
cell itself and its mechanosensing components, thereby allowing
cells to reside in areas of high strains in the body.10–12 While cell
mechanoresponse in 3D is largely unknown, strain avoidance
behavior is also exhibited in 2D by several stem cell types when
subjected to cyclic strain, such as mesenchymal stem cells,13 bone
marrow-derived progenitor cells,14 and adipose-derived stem
cells.15 However, for CMPCs this behavior is unknown.

The process through which cells sense and respond to mecha-
nical stimuli is called mechanotransduction, and the protein
assemblies that mediate the signal transmission are known as
focal adhesions (FAs). FAs are highly dynamic structures that form
attachment sites of cells with the ECM. Normally, FAs are found at
the end of actin stress fibers (SFs)16,17 and thereby they link the
actin cytoskeleton with the ECM. Here, we refer to this cellular
mechanosensing apparatus, in direct contact with the ECM, with
the term ‘‘mechanosome’’. The term mechanosome was first
introduced in the beginning of this century by Pavalko et al.,18,19

to describe the load-bearing multi-protein complex in bone cells,
which is composed of adhesion-associated and DNA-binding
proteins. In the present study, the mechanosome is defined as
the complex of cellular structures responsible for cell mechano-
sensing and the mechanoresponse. The complex consists of SFs
as well as the integrin-mediated adhesions, including vinculin,
integrin-linked kinase (ILK) and focal adhesion kinase (FAK).20

These adhesion complexes mediate bidirectional communication
between cells and the ECM.21,22 Furthermore, integrins are also
involved in the early formation of FAs, in which they form a
stable complex with vinculin and talin. Vinculin is one of the
best studied FA proteins, known for its important role in
mechanotransduction. While its inactive form resides in the
cytoplasm, vinculin acquires an extended conformation and
localizes at the FAs upon activation.23 Another important player in
mechanotransduction, especially for cardiac function, is ILK.24

Upon integrin–ECM binding, FAK undergoes autophosphorylation
at the Y397 tyrosine site (pFAK), leading to phosphorylation of a
number of cytoskeletal proteins that are responsible for the
maturation of FAs and the SFs. However, the CMPCs mechano-
some and its key players are still unknown.

In the present study, we investigated the mechanoresponse
of L9TB CMPCs to uniaxial cyclic strain, comparing undiffer-
entiated cells with CMPCs in their early differentiated state
(referred to as predifferentiated CMPCs). The applied cyclic
strain caused strain avoidance of predifferentiated CMPCs but
not of undifferentiated cells. Furthermore, the mechanosome
developed upon early cardiomyogenic differentiation. A differ-
ent seeding substrate or applied cyclic strain did not induce

mechanosome development in undifferentiated CMPCs. Taken
together, our results demonstrate that CMPCs gain the ability
to respond to cyclic strain upon early cardiac differentiation,
guided by the maturation and activation of the mechanosome.
These results provide insight in the mechanobiology of CMPCs,
and could help understand if and how these cells will react and
adapt in the heart, which is an indispensable input for the
development of new cardiac regenerative strategies.

2. Materials & methods
2.1 Culture of cardiomyocyte progenitor cells

Human fetal CMPCs were isolated and cultured as described
previously.25,26 In this study two primary cell isolations were
used, the L3 and L6. The third group of cells, the L9TB CMPCs,
was immortalized by lentiviral transduction of hTert and BMI-1.
All CMPCs were cultured in SP++ growth medium consisting of
M199 (Gibco)/EGM2 (3 : 1) supplemented with 10% (v/v) fetal bovine
serum (FBS) (Greiner bio-one), 1% (v/v) non-essential amino acids
(Gibco), and 1% (v/v) penicillin/streptomycin (Lonza) on 0.1% (w/v)
gelatin (Sigma Aldrich)/PBS (Sigma) coated flasks.

2.2 Differentiation of CMPCs

To induce differentiation, starting on ddiff 1 (Fig. 1A) CMPCs were
treated with 5 mM 5-azacytidine (Sigma) for 72 h in differentiation
medium (IFDIFF) consisting of IMDM (Iscove’s Modified Dulbecco’s
Medium)/Ham-F12 (1 : 1) (Gibco) supplemented with 2% (v/v) horse
serum, 10�4 M ascorbic acid (A-A, Sigma), 1% (v/v) non-essential
amino acids, 1% (v/v) insulin–transferrin–selenium (Lonza),
and 1% (v/v) penicillin/streptomycin. After 72 h, the medium
was changed, followed by transforming growth factor (TGF)-b1
(1 ng ml�1; Sigma) stimulation. Every 3 days, the medium with
TGF-b1 was refreshed (Fig. 1A, ddiff 7, ddiff 10, ddiff 13), as des-
cribed previously.26 The differentiation protocol was carried on for
14 days before strain application and verified by gene expression
prior to exposure to dynamic strain. After 14 days of differentia-
tion, CMPCs reach an early differentiated state (predifferentiated
CMPCs), whereby cardiac markers such as cardiac troponin T and
myocardin are upregulated, and the sarcomeric component
a-actinin starts to be expressed, although sarcomeric organization
cannot be observed at this point (Fig. S1, ESI†).4 For the straining
experiments, predifferentiated cells were seeded on Bioflex 6-well
plates (Flexcell International Corporation, each well is made of a
silicone membrane, Fig. 1B) at day 0, and the differentiation
protocol was continued up to day 2. Predifferentiated CMPCs were
compared to undifferentiated CMPCs (Fig. 1A, ddiff 0).

2.3 Cyclic straining

Cyclic strain was applied using a FX-5000 Flexcell system
(Flexcell International Corporation). Undifferentiated and pre-
differentiated L9TB CMPCs were seeded on collagen IV-coated
Bioflex plates. Cells were seeded at 75% confluency and left
for 24 h to allow attachment to the membrane. Uniaxial cyclic
strain was applied by stretching the membranes on rectangular
posts oriented in the x direction (901, Fig. 1B and D). Strains of
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10% (0.5 Hz, sine wave) were applied for up to 48 h (day 2) in
the y direction (01, Fig. 1B and D).

Samples were analyzed at day 0 (before the onset of the straining
protocol), after 24 h (day 1), and 48 h (day 2) of cyclic straining.

Unstrained samples, cultured on identical Bioflex plates and under
the same conditions, were used as controls.

2.4 Quantification of cell alignment

The orientation response of L9TB CMPCs upon strain was deter-
mined from triplicates from three independent experiments.
CMPCs were incubated for 20 min with 1 mg ml�1 calcein AM
(Sigma). Before visualization, the medium was refreshed. Only
cells in the central part of the wells, where the strain field was
homogenous according to previous in-house calibration, were
considered. Cell orientation was quantified with Fiji, using the
Directionality plug-in (http://fiji.sc/wiki/index.php/Directionality)
based on the Fourier transform (FFT) of each image by means of
fitting a Gaussian to the FFT signal, measuring its peak position.
For each group, 4 to 9 images were analyzed for each of the three
independent experiments (n = 16–23).

2.5 Immunofluorescence labeling

The CMPCs that were cultured on cover glasses and Bioflex
membranes were washed three times with Ham-F12 medium
(Gibco) at 37 1C, fixed in 3.7% (v/v) formaldehyde (Merck) for
15 min, washed three times with PBS, and permeabilized with
0.5% (v/v) Triton X-100 (Merck) in PBS for 10 min. The Bioflex
membranes were cut out of the plates with a scalpel, using the
center of the membrane for immunofluorescence staining. Non-
specific antibody binding was blocked with 1% (v/v in PBS) horse
serum incubation for 40 min. Cells were then incubated
overnight at 4 1C with primary antibodies in 10% (v/v in PBS)
horse serum. Primary antibodies against FA proteins vinculin,
integrin-linked kinase (ILK), and phosphorylated FAK (pFAK)
were used to determine FA development. The cells were rinsed
with PBS four times for 5 min and incubated for 1.5 h with
secondary antibodies, and TRITC-labeled phalloidin for visuali-
zation of F-actin, in PBS. All used antibodies and dyes are listed
in Table 1. Nuclei were stained with DAPI for 5 min, after which
cells were again washed four times with PBS and mounted
on microscope glass slides with Mowiol. Except for primary
antibody incubation, all incubation steps were performed at
room temperature.

Fig. 1 Timeline and setup of the experiment. (A) Predifferentiated CMPCs
were differentiated for up to 16 days starting on ddiff 1, by switching to
differentiation medium (IFDIFF), enriched with ascorbic acid (A-A) and
TGFb1 (in the second week, ddiff 7, ddiff 10). After 13 days of differentiation
(ddiff 13), predifferentiated and undifferentiated CMPCs were seeded on
Bioflex well plates and cultivated for 24 h. The next day (day 0), uniaxial
cyclic strain was applied for up to 48 h (day 2). (B–D) Mechanical loading
was applied with a FlexCell device: the Bioflex plate (B) was placed on top
of Teflon blocks oriented in the x direction, in order to apply strain in the
y direction (01, blue arrow). The plate was placed on the FlexCell system
(C) for straining. The FlexCell device creates vacuum below the plate
(D, side view), and the cells seeded in the Bioflex plate are stretched in the
direction perpendicular to the orientation of the post (D, 01, top view).

Table 1 List of used antibodies and dyes

Antigen Source Cat. No Isotype Label Species Dilution IF Dilution WB

Vinculin (IF) SA V9131 IgG1 — Mouse 1/400 1/500
ILK SC sc-20019 IgG2b — Mouse 1/100
FAK (WB) BD bd-610087 IgG1 — Mouse 1/500
FAK (pY397) (IF) BD 611723 IgG1 — Mouse 1/100 1/1000
b1-Integrin SC sc-53711 IgG1 — Mouse 1/400
Actin Ab ab-3280 IgG1 Mouse 1/10 000
GAPDH MI CS207795 IgG1 — Mouse 1/5000
Mouse IgG1 MP A21121 IgG1 Alexa Fluor 488 Goat 1/300
Mouse IgG2b MP A21141 IgG2b Alexa Fluor 488 1/300
Mouse IgG + IgM Pi 31457 IgG + IgM HRP Rabbit 1/10 000
Rabbit IgG IV A214228 IgG (H + L) Alexa Fluor 555 Goat 1/300
Phalloidin SA P1951 TRITC Amanita phalloides 1/200
DAPI SA D9542 1/500

Abbreviations used in this table: SC, Santa Cruz; SA, Sigma Aldrich; BD, BD Biosciences; Ab, Abcam; MI, Millipore; MP, Molecular Probes; IG,
Invitrogen; Pi, Pierce; HRP, horseradish peroxidase.
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2.6 Mechanosome development on silicone and glass
substrates

To observe the development of the mechanosome in undiffer-
entiated and predifferentiated CMPCs during cell spreading
and on different substrates, cells were seeded on: (a) collagen
IV-coated Bioflex 6-well plates as purchased by the manufacturer,
and (b) 13 mm diameter glass coverslips, placed in 24-well culture
plates and sterilized with 70% (v/v) ethanol, coated with 25 mg ml�1

collagen IV (Corning). Cells were seeded with a density of
1�104 cells per cm2, and fixed after 1 h, 6 h and 24 h following
plating for immunofluorescence staining.

2.7 Total Protein Isolation and Isolation of Cytoskeletal and
Soluble Protein Fractions

Total protein extracts of L3, L6 and L9TB CMPCs were obtained
by lysing the cells in Ripa lysis buffer (Sigma-Aldrich) containing
protease inhibitors (Sigma-Aldrich) (n = 6). Protein concentra-
tions were determined using a Bicinchronic Acid (BCA) protein
assay (Pierce). Total protein extracts were stored at �80 1C until
analysis.

Soluble and cytoskeletal bound protein fractions of L3, L6,
L9TB CMPCs were isolated using the ProteoExtracts cytoskeletal
isolation and enrichment kit (Millipore) (ddiff1 n = 6; ddiff 7,
ddiff n = 4; ddiff n = 5). In short, after washing the cells with cold
PBS, soluble proteins were isolated using cellular extraction buffer
(CEB). After washing with cytoskeletal wash buffer (CWB), nuclear
proteins were isolated after 10 min incubation with nuclear
extraction buffer (NEB). Cells were washed again with CWB and
cytoskeletal proteins were isolated after scraping in cytoskeletal
solubilization buffer (CSB). All buffers contained a protease
inhibitor cocktail and sodium orthovanadate, included in the
kit. To further solubilize cytoskeletal protein extracts of 14 days
cultured CMPCs, lysates were sonicated 3 times for 10 s at an
amplitude of 7 microns (Soniprep 150, Sanyo). Separate protein
fractions are further referred to as soluble fraction (S), nuclear
fraction (N) and cytoskeletal fraction (C). For comparison
between fractions, equal volumes of the different fractions were
used. To check for proper separation of the different fractions,
samples were checked with Western blotting for GAPDH (only
present in S and N) and vimentin (only present in C) (data not
shown). Protein fractions were stored at �20 1C until further
analysis.

2.8 Western blotting

The level of focal adhesion development was semi-quantitatively
examined in total protein extracts and separated protein frac-
tions (S and C) by Western blotting for b1-integrin and vinculin.
Equivalents of 5 mg total protein or 12.5 mL of the separated
protein fractions were size fractioned on a 10% polyacrylamide
gel and blotted onto a Hybond PVDF membrane (Immobilon-P,
Millipore). Non-specific binding sites were blocked with 5% milk
powder (ELK) in 0.1% PBS/Tween20. Membranes were probed
with primary antibodies at 4 1C overnight, washed and sub-
sequently incubated at room temperature with horse-radish
peroxidase (HRP) labeled secondary antibodies for 1 h

(for used antibodies and their dilutions see Table 1). For total
protein extracts, GAPDH was used as loading control. For visuali-
zation, membranes were incubated with enhanced chemilumines-
cence substrate (Thermo Scientific Pierce), and bands were
detected using the Proxima C16 Phi+ (Isogen) imager. Bands were
quantified by determining the intensity of the bands (INT*mm2

with global background correction) using Quantity One image
analysis software (Biorad, version 4.6.6).

2.9 Statistical analysis

Cell orientation data are presented as mean � standard devia-
tion (SD; n = 16–23 from 3 independent experiments). Western
blot data are shown as mean � standard error of the mean
(SD; ddiff 1: n = 6, ddiff 7–14: n = 4 from three independent
experiments). Statistical analysis was performed using one-way
ANOVA with Bonferoni post hoc test for multiple comparisons.
Significance was assumed when P o 0.05. Graphics and
statistical analyses were performed with GraphPad Prism soft-
ware (version 5.04).

3. Results
3.1 CMPC strain avoidance is induced by differentiation

The ability of CMPCs to sense and respond to mechanical cues
was analyzed by applying uniaxial cyclic strain for 48 h,
and visualizing cell alignment with calcein staining. The early
differentiation state was verified by gene expression and immuno-
stainings of cardiac markers (Fig. S1, ESI†). The applied strain had
no influence on the CMPC cardiac lineage commitment and
differentiation state, as demonstrated by the unchanged gene
expression of cardiac markers following strain application
(Fig. S2, ESI†). Before strain was applied (day 0), both undiffer-
entiated and predifferentiated cells were randomly oriented
(Fig. 2A and B). This random orientation was maintained through-
out the experiment in the unstrained samples for both cell types
(Fig. 2C, D, G and H). After 24 h (day 1), strained undifferentiated
CMPCs displayed random orientation, although some cells, espe-
cially in the areas characterized by higher cell density, showed
orientation perpendicular to the strain direction (Fig. 2E and M).
After 48 h of strain (day 2), undifferentiated cells did not show a
preferred orientation. However, in those areas where undifferen-
tiated cells showed strain avoidance at day 1, some reorientation
at 901 was observed at day 2 as well (Fig. 2I and O). Interestingly,
strained predifferentiated CMPCs displayed random orientation
at day 1, regardless of cell density (Fig. 2F and M). In contrast, at
day 2 strained predifferentiated CMPCs showed a distinct strain
avoidance response, and re-oriented perpendicularly to the
direction of applied strain (Fig. 2J and O). The amount of cells
oriented at exactly 901 was used as representative value of
orientation for all groups to perform statistical analysis (Fig. 2P
and Q). At day 2, the fraction of oriented cells was significantly
different between strained undifferentiated and strained pre-
differentiated CMPCs (P o 0.001, Fig. 2P and Q). Moreover,
a significant difference was observed between unstrained and
strained predifferentiated CMPCs (P o 0.01, Fig. 2P).
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Fig. 2 CMPCs respond to cyclic strain upon differentiation. (A–J) Representative fluorescent images (calcein staining) of undifferentiated (undiff) and
predifferentiated (prediff) CMPCs at day 0, day 1, and day 2 of strain (strain direction is indicated by the arrow, 01). (K–O) Frequency distributions display
the cell orientation corresponding to each group. While undifferentiated CMPCs (blue) do not respond to the strain, predifferentiated cells (red) show
strain avoidance response at day 2. The fraction of cells oriented at 901 (P and Q) shows a clear strain avoidance response of predifferentiated CMPCs at
day 2 (u = undifferentiated; p = predifferentiated; S = strained, patterned fill; NS = unstrained, solid fill). Scale bar indicates 400 mm. Results are expressed
as mean � SD (n = 16–23 from 3 independent experiments); * = P o0.05; ** = P o 0.01; *** = P o 0.001.

Integrative Biology Paper

Pu
bl

is
he

d 
on

 0
1 

Se
pt

em
be

r 
20

16
. D

ow
nl

oa
de

d 
by

 E
in

dh
ov

en
 U

ni
ve

rs
ity

 o
f 

T
ec

hn
ol

og
y 

on
 0

7/
12

/2
01

6 
08

:4
1:

17
. 

View Article Online

http://dx.doi.org/10.1039/c6ib00117c


996 | Integr. Biol., 2016, 8, 991--1001 This journal is©The Royal Society of Chemistry 2016

3.2 Differentiation but not strain induces the mechanosome
development in CMPCs

The mechanosome plays a crucial role in cellular mechano-
transduction; it includes integrins, FA proteins, and actin
SFs.24,27,28 Upon application of forces to the cell, FA proteins
at the cell–ECM adhesion sites, such as vinculin, ILK, and FAK,
are activated, relocated to the FAs, and allow the cell to respond
by modifying its actin cytoskeleton.29 Here, we examined the
protein distribution of vinculin, ILK, and FAK, and the develop-
ment of SFs in undifferentiated and predifferentiated CMPCs
in response to cyclic strain. At day 0 (Fig. 3A–F), undifferen-
tiated CMPCs showed an undeveloped mechanosome. These
cells displayed a mainly cytoplasmic expression of FA proteins,
with few small protein clusters localized at the cell edges,
typical of immature adhesions (Fig. 3A, C and E).17,30 Staining
for F-actin showed the presence of cortical and cytoplasmic
actin, while no SFs were visible (Fig. 3A). Upon early cardiac
differentiation (predifferentiated) CMPCs exhibited a more devel-
oped mechanosome. At day 0, the presence of mature FAs was
demonstrated by the expression of all investigated FA proteins,
distributed as clusters localized on the basal side of the cell and

at the cell edges (Fig. 3B, D and F). Cortical and cytoplasmic actin
with a few SFs were visible (Fig. 3B).

After one (day 1, Fig. 3G–R) and two days (day 2, Fig. 3S–AD)
of straining, undifferentiated CMPCs still showed an immature
mechanosome, with only small clusters of vinculin and absence
of SFs (Fig. 3G, M, S and Y), and cytoplasmic expression of
ILK (Fig. 3I, O, U and AA) and pFAK (Fig. 3K, Q, W and AC).
Predifferentiated cells instead, exhibited FA clusters and well
developed SFs (Fig. 3H, J, L, N, P, R, T, V, X, Z, AB and AD). In
both cell types, slightly larger FAs were observed in unstrained
samples (Fig. 3G–L, S–X), suggesting the presence of more
stable adhesions, whereas strained samples displayed thinner
and more elongated FA assemblies (Fig. 3M–R, Y–AD). Therefore,
the applied strain does not seem to induce the development of
the mechanosome.

3.3 The CMPC mechanosome develops with differentiation
regardless of the substrate characteristics

To verify the differentiation-induced mechanosome develop-
ment, we analyzed cell spreading and mechanosome develop-
ment in undifferentiated and predifferentiated CMPCs seeded

Fig. 3 The mechanosome development is enhanced in CMPCs upon differentiation, and is not promoted by the applied strain. (A–F) At day 0 of straining,
undifferentiated (undiff, A, C, E) CMPCs display immature FAs (green) and absence of actin SFs (red), whereas predifferentiated (prediff, B, D, F) CMPCs show
a more developed mechanosome, characterized by large FA clusters and SFs. (A) At day 1 (G–R) and day 2 (S–AD) of straining, undifferentiated CMPCs
(G, I, K, M, O, Q, S, U, W, Y, AA, AC) show small clusters of vinculin and cytoplasmic expression of ILK and pFAK, indicating immature adhesions. Cortical and
cytoskeletal actin, with absence of SFs are observed. In predifferentiated cells (H, J, L, N, P, R, T, V, X, Z, AB, AD), larger clusters of vinculin, ILK, and pFAK are
visible. Actin SFs are present in predifferentiated cells, with thicker fiber bundles in strained samples. In both cell types, unstrained cells display larger FA
protein clusters, with more elongated assemblies in strained cells. Scale bar is 100 mm. (n = 3 independent experiments).
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on glass cover-slips. Since vinculin is one of the first adhesion
proteins to be recruited to FAs,17,27 and actin SFs are respon-
sible for cell contractility,31 we investigated the distribution of
vinculin and the formation of stress fibers at 1 h, 6 h, and 24 h
after seeding. It is well-known that some cell types only develop
FA clusters and SFs when cultured on stiff substrates.32–34 To
verify whether the mechanosome maturation is influenced by
the seeding substrate in CMPCs, we analyzed the development
of vinculin clusters and SFs in undifferentiated and pre-
differentiated CMPCs on two collagen IV-coated surfaces: the
silicone Bioflex membrane and glass.

During attachment to and spreading on both substrates cell
morphology was remarkably different between undifferentiated
and predifferentiated CMPCs (Fig. 4). Both on silicone and
glass, undifferentiated CMPCs showed a more elongated shape
than predifferentiated cells, and displayed faster spreading and
less extensive adhesions to the substrate.

On the Bioflex membrane, undifferentiated cells showed an
undeveloped mechanosome, with mostly perinuclear expression of
vinculin (Fig. 4A, E, I and M), and only cortical and cytoplasmic
actin (Fig. 4Q). In predifferentiated cells instead, vinculin was
mainly localized around the nucleus and at the cell edges up to
6 h after plating (Fig. 4B and F), while at 24 h vinculin clusters
were visible especially at the cell edge (Fig. 4J and O). On the

silicon surface, SFs (Fig. 4S) were formed in predifferentiated cells,
as shown after 48 h of seeding in Fig. 3G and H. Undifferentiated
CMPCs did not develop the mechanosome even when seeded on
glass cover-slips (Fig. 4B, F, J, N and R), whereas predifferentiated
cells developed slightly larger vinculin clusters and more prominent
stress fiber bundles on glass (Fig. 4D, H, L, P and T), as compared to
the silicone substrate. However, the absence of mechanosome in
undifferentiated CMPCs was evident on both substrates.

Furthermore, CMPCs displayed a similar mechanosome
development on substrates with different composition (collagen I,
collagen IV, fibronectin, and gelatin coating on glass, data not
shown). This suggests that the development of the mechano-
some is also not determined by the substrate composition (i.e.,
by specific integrin isotypes), but predominantly intrinsic to the
cellular differentiation status.

This shows that neither changes in the mechanical properties,
nor substrate composition, can induce the maturation of FAs
and SFs in undifferentiated CMPCs. The differentiation-induced
mechanosome development is an intrinsic property of these cells.

3.4 Mechanotransduction is activated during early cardiac
differentiation

To further verify the maturation of the mechanosome and the
activation of the mechanotransduction pathways, we examined

Fig. 4 Undifferentiated and predifferentiated CMPCs show different cell spreading and mechanosome development after seeding. (A–L) Undifferentiated
CMPCs (undiff, A, C, E, G, I, K) show immature adhesions and weak expression of actin SFs; predifferentiated CMPCs (prediff: B, D, F, H, J, L) present more
pronounced expression of vinculin and stress fiber formation. (M–T) Both cell types show faster spreading on glass (N, P, R, T) than on the silicone Bioflex
surface (M, O, Q, S), but the difference in the mechanosome development induced by early differentiation is maintained. Scale bar indicates 100 mm.

Integrative Biology Paper

Pu
bl

is
he

d 
on

 0
1 

Se
pt

em
be

r 
20

16
. D

ow
nl

oa
de

d 
by

 E
in

dh
ov

en
 U

ni
ve

rs
ity

 o
f 

T
ec

hn
ol

og
y 

on
 0

7/
12

/2
01

6 
08

:4
1:

17
. 

View Article Online

http://dx.doi.org/10.1039/c6ib00117c


998 | Integr. Biol., 2016, 8, 991--1001 This journal is©The Royal Society of Chemistry 2016

how different functional components of the mechanosome
are activated during CMPC differentiation. FA formation and
maturation is initiated by the accumulation and clustering of
integrins and FA proteins, such as vinculin and focal adhesion
kinase (FAK). Vinculin is well known for its role in cell mechano-
transduction; b1-integrin has high binding affinity for collagen IV,
which is the main ECM component of the cardiac basement
membrane. Thus, the expression levels and clustering of vinculin
and b1-integrin, the cytoskeletal development, and the auto-
phosphorylation of FAK were studied after 1, 7, 8, and 14 days
from the start of the differentiation process.

From immunofluorescent images it is evident that undiffer-
entiated CMPCs did not display neither vinculin clusters nor
actin SFs, but only cytoplasmic expression of vinculin and actin
was observed (ddiff 1, Fig. 5A). On ddiff 7 and 8, a few SFs, mainly
located close to the cell membrane, and small vinculin clusters
could be observed (Fig. 5B and C), whereas at ddiff 14 numerous
prominent actin SFs throughout the whole cell were present, and
large vinculin clusters co-localized with SFs (Fig. 5D). Corresponding
to our observations from immunofluorescent images, the results

of Western blot analysis on total protein extracts show that the
amount of vinculin increased from ddiff 1 onwards to approxi-
mately 2-fold on ddiff 14 (P o 0.05, Fig. 5E). The amount of
b1-integrin first slightly increased on ddiff 7, followed by a small
decrease on ddiff 8 and ddiff 14 (Fig. 5F).

FA maturation is mainly due to clustering of integrins and
FA proteins. Therefore, soluble (S) and cytoskeletal bound (C)
protein fractions were analyzed separately. Indeed, the C : S ratio
of vinculin increased from 0.12� 0.02 on ddiff 1 to 0.17� 0.06 on
ddiff 14 (Fig. 5H), suggesting the incorporation of vinculin into
FA complexes during the early phases of CMPC differentiation.
Although the C : S ratio of vinculin on ddiff 7 and 8 seem to be
slightly higher compared to ddiff 14, the total amount of vinculin
present in the cells was lower at these days, indicating that
the formation of FA still increases towards ddiff 14. Moreover,
integrin clustering at the cell membrane upon CMPC differen-
tiation was shown by an increase in the C : S ratio of b1-integrin
from 0.83 � 0.50 on ddiff 1 to 2.50 � 1.21 on ddiff 14 (Fig. 5I).
Surprisingly, pFAK was only present in the S fractions, possibly
because the binding of pFAK to the FA complex is not strong

Fig. 5 The CMPC mechanosome components are activated during early differentiation. (A–D) Immunofluorescent stainings of vinculin (green) and actin
(red) of CMPCs during induced cardiomyogenic differentiation. The mechanosome starts to form at ddiff 8 (C) and is fully developed at ddiff 14 (D).
(E–J) Western blots for mechanosome components from total protein extracts of CMPCs during differentiation. The total amount of vinculin (E)
increased with differentiation, while the levels of total b1-integrin stay roughly stable; cytoskeletal to soluble protein fractions (C : S) of vinculin (H) and
b1-integrin (I) increased with differentiation of CMPCs, as well as the ratio of fibrillar to globular actin (G, F-actin:G-actin); the amount of pFAK over the
amount of total FAK also increased during differentiation (J). Scale bar is 100 mm. Data are presented as mean fold change� SD, (ddiff 1: n = 6, ddiff 7–14: n = 4).
*P o 0.05, **P o 0.01 and ***P o 0.001.
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enough and already loosens during the protein extraction and
washing steps. Alternatively, the levels of pFAK in the C-fraction
were too low to detect with Western blot analysis. However, the
level of pFAK normalized to total FAK increased from 2.55� 0.75
on ddiff 1 to 3.93 � 2.36 on ddiff 14 (Fig. 5J), indicative of the
activation of the mechanotransduction pathway.

Finally, the cytoskeletal development during CMPC differ-
entiation was further examined by determining the ratio of
fibrillar actin (F-actin) to globular actin (G-actin), derived from
the cytoskeletal and soluble protein fractions, respectively. The
F- to G-actin ratio showed an increasing trend from 0.71 � 0.14
on ddiff 1 to 1.79� 0.27 on ddiff 14 (P o 0.001, Fig. 5G), indicating
a shift from globular to fibrillar actin upon cardiomyogenic
differentiation of CMPCs, and supporting our data from immuno-
fluorescent stainings, showing the formation of actin fibers
during the differentiation process.

Altogether, these results suggest that the mechanosome of
CMPCs is activated during early cardiomyogenic differentiation.

4. Discussion

In this study, we investigated the mechanosensitivity of CMPCs,
and found a relationship between their differentiation state and
their ability to respond to mechanical stimuli. Human CMPCs are
a promising cell source/target for cardiac regeneration strategies.
Understanding the interaction of CMPCs with their niche is
therefore essential to identify target mechanisms for possible
therapeutic strategies; in particular, mechanical stimuli can
have a deep influence on cell behavior in the continuously
strained heart. Here, we describe for the first time that the
mechanosensitivity of CMPCs is developed upon early cardio-
myogenic differentiation, concomitantly with the maturation
of the mechanosome. To investigate how CMPCs respond to
biomechanical stimuli, we determined the orientation of undif-
ferentiated and predifferentiated cells upon applied uniaxial
cyclic strain. We demonstrate that CMPCs are able to respond
with strain avoidance to external mechanical stimuli only upon
early differentiation. This is in agreement with numerous
previous studies and models, describing strain avoidance as a
behavior that allows cells to be minimally perturbed by the
applied strain, and thus minimize the energy expenditure.10–12

Strain avoidance after application of 10% strain at 1 Hz has
been reported in several other stem cells, e.g. adipose-derived
stem cells,15 bone marrow mesenchymal stem cells,13 and
bone marrow-derived progenitor cells.14 Interestingly, these
cells showed clear stress fiber development,14,15,35,36 although
detailed information regarding the presence of the other com-
ponents of the mechanosome in these other stem cells is
lacking. In contrast to our study, French et al. described strain
avoidance of rat c-kit+ CPCs after 24 h of applied cyclic strain
(5, 10 and 15%). They show that rat c-kit+ CPCs give the strongest
strain avoidance response when cultured on fibronectin and
collagen I.37 However, they do not look at collagen IV, which
is the coating substrate used in our study (since it is the
main component of the cardiomyocyte basement membrane).

Moreover, the strain avoidance described by French and
coworkers (that we only observed in predifferentiated cells) might
depend on the different cell source and type used. Overall, this
may suggest that the strain response of early cardiac progenitors
is dependent on a delicate balance between environmental factors
and the differentiation state of the cells. In cardiomyocytes, which
are continuously exposed to mechanical cues, response to cyclic
strain is dependent on the time of cultivation and on the straining
protocol. In rat cardiomyocytes, 20% elongation at 0.5 Hz applied
2 h38 or 3 h39 after seeding, led to alignment parallel to the strain
direction. Cardiomyocytes aligned parallel to the direction of the
stretch also when exposed to strain of 120% at 0.5 Hz applied 12 h
after seeding, whereas when previously cultured for 24 h they
oriented perpendicularly to the strain direction after one day of
strain.40 However, cardiomyocytes failed to change their orien-
tation when strained 72 h after seeding.39 Unfortunately, the
different strain amplitudes and rates in these previous studies
make it inaccurate to compare the mechanoresponse of cardio-
myocytes to that of undifferentiated and predifferentiated
CMPCs. Additionally, it is important to mention that the pre-
sented results were obtained in a 2D setup, which is rather
different from the in vivo environment.

In this study, the different mechanoresponse of undifferen-
tiated and predifferentiated CMPCs is attributed to the develop-
ment of the mechanosome, which is linked to the cardiac
differentiation status of CMPCs. We show that although undif-
ferentiated CMPCs express b1-integrin as well as FA proteins
vinculin and (p)FAK, undifferentiated cells do not form stable FA
complexes. Upon differentiation, formation of focal adhesion
complexes and cytoskeleton development is initiated as shown
by clustering of b1-integrin and recruitment of vinculin at the FA
sites, and a shift from globular to fibrillary actin. In line with our
findings, the connection between differentiation and stress fiber
development, has previously been described.41,42 Jacot et al.43

suggested that pluripotent stem cells start to express and activate
their mechanotransduction pathway during the process of
cardiogenesis. Related to other cell types, a study by Mack
et al.41 showed that Rho kinase (ROCK), whose activation by
RhoA is responsible for actin polymerization and stress fiber
formation, has a crucial role in the regulation of differentiation
markers in smooth muscle cell. Similarly, it has been shown
that b1-integrin deficient cardiac precursors display impaired
cardiac specification and formation of sarcomeric structures.44

These previous studies support our suggestion that differentia-
tion is responsible for the maturation of the mechanosome in
CMPCs. Furthermore, in undifferentiated CMPCs the mechano-
some development is neither induced by changed mechanical
properties of the substrate, nor by applying strain. The more
prominent mechanosome observed in predifferentiated CMPCs
seeded on glass as compared to silicone represents a behavior
that has extensively been described by a number of papers,
showing that a stiffer seeding substrate induces the formation of
more static (larger) FAs and a more organized cytoskeleton.32–34

Moreover, each seeding substrate might induce a different organi-
zation of the collagen coating, and therefore different distribution
of the cellular adhesion sites.45 However, undifferentiated CMPCs
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did not succeed to develop FAs and SFs on none of the used
substrates, and the difference between the mechanosome in
the two cell types was maintained both on silicone and on
glass. This indicates that undifferentiated CMPCs are not able
to develop a mechanosome, regardless of the seeding substrate.

We found that cyclic loading did not induce the mechano-
some development in undifferentiated CMPCs. Similarly, cyclic
strain did not seem to enhance the maturation of FAs and SFs
even in predifferentiated cells. Interestingly, when CMPCs were
cultured statically on the Bioflex well-plate (unstrained cells),
both undifferentiated and predifferentiated cells seemed to
develop slightly larger, more static adhesions than strained
samples, as demonstrated by clustering of vinculin (at day 1 only),
ILK and, to a minor extent, pFAK. Although it is known that
application of force typically results in FA strengthening in a
seconds-to-minutes timescale (catch-bonds),46–48 it appears
that in cells that are cyclically strained, continuously and
relatively quickly (0.5 Hz), the formation of stable adhesions
is impaired by the mechanical loading, as FAs undergo a faster
assembly/disassembly process.29,49

Taken together, our data show that undifferentiated CMPCs
do not form stable FAs and have no developed actin cytoskeleton,
and thus have an impaired mechanosome. The mechanosome
development in CMPCs is intrinsically connected with differen-
tiation, and cannot be induced neither by changing the substrate
type or composition, nor by applying cyclic strain. With differ-
entiation, CMPCs start to develop SFs and consequently mature
focal adhesions, along with the ability to respond to cyclic strain,
indicating mechanosensing development. The presented results
might suggest that resident undifferentiated CMPCs are shielded
from the external mechanical cues due to the lack of mechano-
some. This might be a protective effect of the undifferentiated
CMPCs themselves. With an impaired mechanosensing appara-
tus these cells may remain in undifferentiated and quiescent
state while continuously exposed to mechanical cues in the
beating heart. Predifferentiated CMPCs instead are more prone
to align and integrate with the host cells and tissue, and might
thus represent a more promising source for cardiac regeneration
therapy.

5. Conclusions

In conclusion, our findings indicate that the cell mechano-
sensing apparatus in direct contact with the ECM, or mechano-
some, is developed during cardiomyogenic differentiation in
CMPCs, regardless of the used substrate. Stress fiber develop-
ment and focal adhesion maturation enable predifferentiated
cells to sense and respond to uniaxial cyclic strain, by aligning
perpendicularly to the direction of the strain after two days.
On the contrary, the lack of a developed mechanosome in
undifferentiated CMPCs shields them from external mecha-
nical stimuli. Moreover, actin stress fiber formation and FA
maturation cannot be induced in undifferentiated CMPCs only
by mechanical stimulation, but it requires (early) cardiomyogenic
differentiation.
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