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T
he Hippo pathway has been recently
identified as a crucial axis in the reg-
ulation of organ size and shape dur-

ing organogenesis and cancer. The paralog
Yes-associated protein (YAP) and WW
domain-containing transcription regulator
protein 1 (WWTR1 or TAZ) are the down-
stream effectors of the Hippo pathway.
These proteins have also been identified
as mammalian proto-oncogenes.1 More-
over, they perform as transcriptional coacti-
vators in the nucleus, mainly in combina-
tion with transcription factors belonging to

TEAD family.2 In vitro, YAP/TAZ activity has
been associated with mesenchymal stem
cell (MSC) fatedecision through the interaction
with key determinants of osteogenic (Runx2)
or adipogenic (PPARγ) differentiation.3,4

YAP/TAZ axis has also emerged as a
central regulator of human embryonic stem
cell self-renewal through the control of
SMAD complex shuttling to the nucleus,
with TAZ knock-down resulting in the loss
of cell pluripotency.5 The same cofactors
control intestinal6 and neural progenitor cell
number and differentiation7 by targeting
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ABSTRACT Stem cell responsiveness to extracellular matrix (ECM)

composition and mechanical cues has been the subject of a number of

investigations so far, yet the molecular mechanisms underlying stem

cell mechano-biology still need full clarification. Here we demonstrate

that the paralog proteins YAP and TAZ exert a crucial role in adult

cardiac progenitor cell mechano-sensing and fate decision. Cardiac

progenitors respond to dynamic modifications in substrate rigidity and

nanopattern by promptly changing YAP/TAZ intracellular localization.

We identify a novel activity of YAP and TAZ in the regulation of

tubulogenesis in 3D environments and highlight a role for YAP/TAZ in

cardiac progenitor proliferation and differentiation. Furthermore, we

show that YAP/TAZ expression is triggered in the heart cells located at the infarct border zone. Our results suggest a fundamental role for the YAP/TAZ axis in the

response of resident progenitor cells to the modifications in microenvironment nanostructure and mechanics, thereby contributing to the maintenance of

myocardial homeostasis in the adult heart. These proteins are indicated as potential targets to control cardiac progenitor cell fate by materials design.
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the Notch signaling. YAP activity has also been proven
fundamental in controlling epidermal stem cell
homeostasis.8 Finally, TAZ is a critical determinant in
skeletalmuscle differentiation since its nuclear localiza-
tion is required for myofiber formation,9,10 while its
activation through the Hippo pathway inhibition in-
creases induced pluripotent stem cell (iPS) generation
from somatic cells.11

The composition and the mechanical properties of
the substrate are critical parameters in stem cell main-
tenance and differentiation. MSCs can sense the stiff-
ness of the underlying substrate, and thus can have
their fate driven by changes in matrix mechanical
properties.12 The differentiation capacity of muscle
progenitors is hindered by high substrate stiffness,13

while the assembly of functional contractile structures
in embryonic cardiomyocytes requires appropriate
matrix elasticity.14 The importance of substrate com-
pliance in embryonic stem cell (ES) growth and pluripo-
tency has been recently demonstrated, with YAP/TAZ
identified as key factors sensing substrate mechanics
and driving cell fate.15

The YAP/TAZ subcellular localization, strictly regu-
lated by cell�cell and cell�extracellular matrix (ECM)
interaction, has been correlated to cell mechano-
sensing.16 In particular, YAP/TAZ show a preferential
cytoplasmic localization when cells can sense cell-to-
cell contact, while moving into the nucleus when single
cells are seededon stiff substrates. This evidence implies
that YAP/TAZ intracellular localization and activity are
tightly regulated by cytoskeleton arrangement and cell
tension.17 In fact, YAP/TAZhave recently beendescribed
as general relays in cell mechano-sensing, shuttling to
the nucleus when the substrate becomes stiffer and
cells can spread assembling their cytoskeleton.18 As a
matter of fact, ECM elastic properties vary significantly
between tissues, and a number of pathological condi-
tions have been associated with changes in this
parameter.19

The increase in heart size occurring during embryo-
genesis, a process mainly due to cardiac progenitor
cell and fetal cardiomyocyte proliferation, is paralleled
by an increase in myocardium stiffness reaching phys-
iological values around 10 kPa in the adult heart. This
value can locally rise up to 35�70 kPa in the infarcted
myocardium.20 On the other hand, heart growth after
birth is largely due to size increase of postnatal cardio-
myocytes, that is, physiological hypertrophy. Interest-
ingly, the Hippo pathway has been identified as a
critical determinant of the organ size by controlling
fetal cardiomyocyte proliferation,21 through the IGF
axis22 or by inhibiting the Wnt/β-catenin signaling
pathway.23 Cardiomyocyte-specific YAP1 deletion in
the fetal mouse heart causes lethal myocardial hypo-
plasia and a reduction in cardiomyocyte proliferation,
while this factor appears to be dispensable for the
postnatal physiological hypertrophy.21

Cardiac tissue homeostasis throughout life is thought
to depend on the proliferation and differentiation of
resident stem/progenitor cells,22 although their actual
capacity to enhance organ function is still debated.
These cells have been shown to slowly replenish cardio-
myocytes and vascular cells24 when needed and their
maintenance to be tightly regulated by biological and
mechanical cues arising from the surrounding cells and
ECM.25

In the present study, we identified the crucial role of
YAP/TAZ activity in Sca-1þ human cardiac progenitor
cell migration, proliferation, and differentiation. In this
particular cardiac cell subset, which has been shown to
acquire cardiac and endothelial phenotype in vivo,26

we show that YAP/TAZ intracellular localization is a
direct function of substrate elasticity in a physiologi-
cally relevant range (0.5�40 kPa) and depends on
cell spreading as a result of cytoskeleton organiza-
tion. Moreover, by mimicking the modifications
occurring after myocardial infarction in cardiac ECM
through smart thermo-responsive materials, we pro-
vide evidence that YAP/TAZ dynamically respond to
changes in substrate nanostructure and elasticity.
Furthermore, they also control Sca-1þ cardiac pro-
genitor ability to produce tubular structures on a soft
environment and migrate on stiff substrates. Finally,
we show that YAP/TAZ exert a key role in controlling
human cardiac progenitor cell differentiation toward
endothelial or cardiomyocyte lineage as induced
by biological supplements or substrate composition
in vitro.
Together with our observation that YAP/TAZ expres-

sion is induced in cardiac cells at the infarct border
zone, these results highlight a direct role for such
proteins in adult cardiac tissue response to ECM
modifications.

RESULTS

YAP/TAZ Are Mechano-Sensors in Sca-1þ Cardiac Progenitor
Cells and Their Expression Is Triggered at the Infarction Border
Zone. The expression of YAP/TAZ transcriptional coac-
tivators has been shown to regulate cardiomyocyte
proliferation and cardiac morphogenesis during fetal
life.21 In good agreement with what was recently de-
monstrated in the adult healthy myocardium,27 YAP/
TAZ expression is hardly detectable in adult cardio-
myocytes (Figure 1a). Interestingly, in the infarcted
myocardium, YAP/TAZ expression could be detected
in the border zone at days 3, 5, 14, and 36 after myo-
cardial infarction (MI), while cardiomyocytes in remote
areas were faintly stained by the YAP/TAZ-specific
antibody (Supplementary Figure 1a,b).

The occurrence of myocardial infarction is asso-
ciated with an increase in ECM stiffness20 and severe
modifications in ECM nanostructure.19 Along with the
occurrence of a severe inflammatory response, the
loss in ECM compliance associated with myocardium
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remodeling has been described as one of the main
limitations to resident stem/progenitor cell activation
and differentiation.28,29 The effect of increased substrate

stiffness on cardiomyocyte activity has been already
reported by our group and others;14,30 thus, we
hypothesized that substrate stiffening could affect

Figure 1. YAP/TAZ intracellular localization is dynamically regulated in cardiac progenitor cells as a function of substrate stiffness.
YAP/TAZ expression is nearly undetectable in healthy adult murine heart, while its expression is triggered in cardiac cells at the
infarction border zone (a). The images are representative of 12 random fields taken at day 5 aftermyocardial infarction. Scale bar:
200 μm. YAP/TAZ can be detected inside the nucleus in nonconfluent cardiac progenitor cells, while shuttling to the cytoplasm
when suchcells are confluent, as demonstratedbyYAP-GFP transductionor immunostainingwith anti-YAP antibody (b). YAP/TAZ
displaynuclear localization in sparse but not in confluent cells. This relocalization requires cytoskeleton integrity, as demonstrated
through cytochalasin D-induced disruption of F-actin assembly triggering YAP relocalization to the cytoplasm (c). See also
Supplementary Figure 1b (Supporting Information). YAP/TAZ shuttling to the nucleus is sensitive to substrate stiffness, their
expression being stained in the nucleus when E g 10 kPa (24 h) (d,e). When thermo-responsive PCL polymers are induced to a
conformational shift by temperature switch (f), YAP/TAZ intracellular localization is dynamically modified (g). YAP/TAZ
relocalization could not be ascribed to temperature, as demonstrated by culturing the cells onto tissue culture polystyrene
(TCPS) or glass dishes. For more details on substrate mechanical properties, see Supplementary Figure 1e. *P < 0.05, in (d) P: kPa
group vsMPa group. All experiments were performed in triplicate, yielding similar results (n = 3).
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cardiac progenitor cell function and contribute to
the onset of heart failure.

To follow YAP cellular localization, human cardiac
progenitors were engineered to express green fluor-
escent protein (GFP) under YAP promoter (YAP-GFP
hCMPCs). The cells showed prevalent GFP expression
in the cytoplasmwhen confluent, while a predominant
nuclear presence was found in nonconfluent cells. The
data were confirmed by confocal immunostaining
(Figure 1b,c and Supplementary Figure 1c). Similar
results were obtained onmurine Sca-1þ cardiac progeni-
tor cells and neonatal cardiomyocytes (Supplementary
Figure 2).

YAP/TAZ localization in hCMPCs was clearly depen-
dent on cytoskeleton integrity since its disruption by
cytochalasin D (cyto D) treatment triggered their re-
localization into the cytoplasm (Figure 1c and Supple-
mentary Figure 1c). A similar effect on YAP expression
could be induced by 4 h cell treatment with blebbis-
tatin (blebb);inhibiting myosin II contractility;and
Rho A/ROCK inhibitor Y27362. Both inhibitors block
the transmission of tension and remodel cytoskeleton
arrangement (Supplementary Figure 1f). The effectwas
transient and could be reverted after 6 h washout
(Supplementary Figure 1g).

To test the possibility that hCMPCs utilize YAP/TAZ
as a relay for substrate stiffness, collagen- and fibro-
nectin-coated polyacrylamide (PA) gels with different
PA concentrations were prepared as previously de-
scribed.31 The films displayed physiological elastic
moduli (E) in the kPa range and were compared to
PCL cross-linked polymers with increasing E values in
the MPa range, similar to those previously reported.32

Under these conditions, YAP/TAZ displayed a selective
sensitivity to substrate stiffness in the kPa range. The
elastic modulus values are similar to those encoun-
tered in living tissues in physiological and pathological
conditions. Twenty-four hours after seeding, YAP/TAZ
were predominantly located in the cytoplasm on PA
films showing very low stiffness (resembling fat tissue:
0.5�0.7 kPa), while shuttling to the nucleus when
E g 10 kPa. Interestingly, no significant changes in
YAP/TAZ subcellular localization could be found on
supra-physiological stiff substrates. In these conditions,
the factors were predominantly stained in the nucleus
(Figure 1d,e). These data indicated that cardiac pro-
genitor mechano-sensitivity applies only in the phy-
siological range of stiffness and that the process of
mechano-sensing starts as early (3�5 h), as the cells
contact the substrate (Supplementary Figure 2c).
Finally, PCL thermo-responsive films having a melting
temperature (Tm) between 32 and 37 �C were induced
to a stiffness switch by changing the temperature. YAP/
TAZ expression was followed in hCMPCs during the
thermal transition. As expected, YAP/TAZ expression
was mainly detected in the nucleus of hCMPCs cul-
tured on stiff PCL films at 32 �C (E32�C = 20 MPa).

Following the stiffness switch (E37�C = 0.9 MPa), a
significant decrease in nuclear YAP/TAZ expression
occurred. Remarkably, the percentage of YAP nuclear
positive cells returned to the values found before the
temperature switch within 180 min (Figure 1f,g). The
mechanical properties of the thermo-responsive poly-
mer used are thoroughly described in Supplementary
Figure 1e.

YAP/TAZ Intracellular Localization Is Sensitive to Cardiac
Progenitor Cell Spreading and Independent of Cell Shape. Sub-
strate stiffness has been correlated with the ability of
cells to adopt a given morphology while spreading on
the surface, independently of the cell�ECM contact
area.18 To study YAP/TAZ dependency on cell spread-
ing and confinement, we grew hCMPCs onto micro-
patterned fibronectin surfaces with different areas.
In this experimental setting, cells spread onto larger
islands (2025, 10 000 μm2) where actin bundles
could be detected, whereas onto smaller islands (300,
1024 μm2), each cell appeared confined (Figure 2a). This
single cell system allowed the identification of a gradi-
ent in YAP/TAZ nuclear shuttling already 3�5 h after
seeding (Supplementary Figure 3a). After 24 h, YAP/TAZ
localized primarily in the nucleus of spread hCMPCs,
while in cells grown on the smaller islands, their ex-
pression was predominantly cytoplasmic (Figure 2a).
A similar behavior was detected inmurine Sca-1þ cardiac
progenitor cells (Supplementary Figure 3b,c), thus
pointing at YAP/TAZ shuttling as a general mechanism
for substrate sensing in cardiac resident progenitors.
Given the sensitivity of YAP/TAZ localization to cytos-
keleton integrity, we hypothesized that differences in
cell polarity could affect the activity of these factors.
Thus, we designed micropatterned fibronectin-coated
arrays in which cell shape could be controlled (squares,
circles, triangles) by the availability of the adhesion
sites. By this means, the cells would have the same
surface area (2000 μm2) but acquire different shapes
(Figure 2b,c), and we demonstrated that YAP expres-
sion was independent from cell shape, while being
controlled by the surface area.

Although cell shape and spreading has been lately
shown to control osteogenic versus adipogenic differ-
entiation in humanmesenchymal stem cells (hMSCs),33

the expression of early (GATA-4, Figure 2d) or late
(alpha sarcomeric actinin, Supplementary Figure 3d)
differentiation markers was not modified by hCMPCs
spreading onto micropatterned fibronectin islands.

YAP/TAZ Are Required for Cardiac Progenitor Cell Adhesion
and Migration on Stiff Substrates. The role of YAP/TAZ in
different cell types has been associated with their
acknowledged activity as transcriptional coactivators,
thus modulating the expression of genes involved in a
number of specific responses.2 YAP/TAZ nuclear activ-
ity seems to be mostly required for cardiac progenitor
cell adhesion onto stiff substrates (E g10 kPa), as
demonstrated by the AlamarBlue assay, giving a
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meaningful estimation of differences in cell adhesion
rate (Figure 3a). This dissimilar cell behavior can be
easily ascribed to the massive shift in the expression of
genes involved in cell-matrix interaction (collagens,
laminins, integrins) observed in cells in which YAP/
TAZ were silenced (siYAP, Figure 3b). Given that YAP/
TAZ nuclear activity seems to be important for the
adhesion of hCMPCs onto stiff matrices, photoacti-
vated glass surfaces (E = ¥)34 were prepared in which
cells are confined in 900 μm2 adhesive areas, without
the possibility to spread (Figure 3c and Supplementary
Figure 4c). As expected, in this condition, YAP/TAZ
staining was mainly detected in cell cytoplasm, de-
spite substrate stiffness being virtually infinite. Selec-
tive UV light (λ: 365 nm) irradiation of the surface
allowed the cells to spread and migrate out of the
confined areas (Supplementarymovie 1). By following
cell migration in time-lapse automated microscopy, a
significant shuttling of YAP/TAZ from the cytoplasm
to the nucleus was detected (Figure 3d). Notably,
YAP/TAZ-silenced cardiac progenitor cells dis-
played reducedmigration capacity, thus showing that

YAP/TAZ axis is required for hCMPC migration on stiff
substrates.

YAP/TAZ in Cardiac Progenitor Cells Are Sensitive to Dynamic
Changes in Substrate Nanotopography. Given the selective
relocalization of YAP/TAZ in response to modifications
in substrate mechanics, we reasoned that these
proteins could be sensitive to dynamic changes in
matrix nanostructure, thus acting as an on�off relay.
Thermo-responsive cross-linked PCL polymers display-
ing shape-memory properties in response to slight
temperature modifications32 were fabricated in an
attempt to mimic the modifications in ECM nano-
structure following myocardial infarction.19 A con-
trolled nanopattern was printed on the films at 32 �C
(line width = 300 nm; spacing = 500 nm; line height =
120 nm; Figure 4a) that could be dynamically re-
moved by switching the temperature to 37 �C
(Figure 4b and Supplementary movie 2). A significant
shift in YAP/TAZ nuclear expression could be de-
tected after 90 min, when the surface nanopattern
was modified by the temperature switch (Figure 4c).
The percentage of cells expressing nuclear YAP/TAZ

Figure 2. YAP/TAZ sense cell spreading and cytoskeleton organization in cardiac progenitor cells. YAP/TAZ intracellular
localization in response to cell spreading on fibronectin micropatterned square islands of increasing area (300, 1024, 2025,
and 10 000 μm2) suggests a gradient in the intracellular localization of such factors as dependent on cell spreading on
adhesive surfaces (for a time-course kinetic and quantification of YAP/TAZ expression, see Supplementary Figure 3). YAP/TAZ
expression is exclusively nuclear in cardiac progenitors grown onto large islands, while it is confined to the cytoplasm on
small islands after 24 h (a).Micropatternedfibronectin-coated islandsweredesigned to control cell area (2000μm2) and shape
(squares, circles, and triangles). No differences in YAP expression were detected in cardiac progenitors having same cell area
and different shape, thus showing that cell area controls YAP sublocalization independently of cell shape (b,c). No change in
GATA-4 early cardiac commitment marker expression could be detected as an effect of cell spreading in human cardiac
progenitors (d). The data represent n = 3 independent experiments being performed in duplicate.
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was restored, approaching the original value after
180 min (Figure 4d). This dynamic modification is
consistent with a cellular response to the modification
of substrate nanopattern.

YAP/TAZ Contribute to the Control of Cardiac Progenitor
Cell Differentiation by Sensing Substrate Elasticity. YAP/TAZ
ability to control the differentiation potential of em-
bryonic5 and adult6�10 stem cells has been compel-
lingly demonstrated, while the Hippo pathway has
been described as a barrier to cellular reprogramming
in induced pluripotent stem cells.11

In the cardiac system, YAP/TAZ key role in cardio-
myocyte proliferation and maturation during prenatal
life,23 but not in postnatal physiological hypertrophy,21

is acknowledged.
Sca-1 expression in cardiac stem/progenitor cells

has been associated with the multipotential capacity
of these cells, which is lost in long passaged cardiac
progenitor cells in culture.35

In human cardiac progenitor cells, YAP silencing
correlated to a significant increase in cell proliferation,
as demonstrated by ki67 expression (Figure 5a and
Supplementary Figure 5a), and to a significant

enhancement in Sca-1 positivity in long cultured pas-
sage (p25) hCMPCs (Figure 5b). The concomitant
down-regulation in the expression of genes typical
of differentiated cardiomyocytes (actn2, adrb1, ckm,
kcnq1, mb, myh7, myl2, myl3, myl7, ryr2, tnni3, tnnt2,
nat1) and the up-regulation of endothelial-specific
genes (edn1, eng, flt1, id1, kdr, pecam1, pgf, tek) were
demonstrated in YAP-silenced cells as compared to the
controls (Figure 5c). To investigate the role of YAP/TAZ
in cardiac progenitor cell differentiation, fibronectin-
coated polyacrylamide gels having stiffness values
similar to those found in patho-physiological condi-
tions in vivo (0.5, 10, and 40 kPa) were seededwith cells
expressing green fluorescent protein under cardiac-
specific promoter cTNT (cTnT-GFP hCMPCs) or YAP-
silenced cells. At standard heart stiffness (i.e., 10 kPa),
hCMPCs more efficiently unfolded the cardiac differ-
entiation program as demonstrated by GATA-4 and
Nkx-2.5 increase (Figure 5d) and GFP (cTnT) expression
(Figure 5e and Supplementary Figure 5b). Few cells
showing cardiac Troponin T (cTNT) staining in struc-
tures resembling sarcomeres could be found on such
substrate (Figure 5f). The assembly of the sarcomeres

Figure 3. YAP/TAZ nuclear expression is required for cardiac progenitor cell adhesion and migration onto stiff substrates.
AlamarBlue assay has been used to quantify cell adhesion and reveals that YAP/TAZ expression is needed for the adhesion of
cardiac progenitor cells on stiff substrates (E g10 kPa), while being nonessential on soft surfaces (E e 0.7 kPa) (a). Cells in
which the expression of YAP was abolished (siYAP) show a marked remodeling in the expression of genes involved in cell-
matrix interaction (b). Photoactivated patterned glass surfaces were prepared to confine single hCMPCs on small rounded
adhesive areas (900 μm2) and to study YAP activity in migrating cells. Confined cells show a characteristic cytoplasmic
YAP/TAZexpression (c).When cardiac progenitor cellmigrationwas triggeredbyUV irradiation (UV), YAP/TAZ translocated to
the nucleus in migrating cells (YAP in green). No specific effect of UV light per se independently of cell migration could be
detected. As expected, YAP silencing significantly impaired hCMPC ability to migrate (d). *P < 0.05, n = 3.
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was never complete on PA gels, as expected from
previous experiments.25 Conversely, YAP silencing sig-
nificantly hindered the cardiac differentiation in
hCMPCs on 10 kPa gels (Figure 5e,f). Alternatively,
the expression of YAP/TAZ in cTnT-GFP-expressing
murine cardiac progenitors was abolished by shRNA
technology and cells induced to differentiate by car-
diogenic growth factor stimulation, as previously
described.35 A clear impairment in CPCs' differentiation
ability in cells stably silenced for YAP/TAZ (shYAP)
demonstrated that these factors are involved in cardiac
progenitor cell differentiation as induced by cardiac
induction medium (Figure 5g).

Since a significant up-regulation in genes involved
in endothelial commitmentwasdetected in YAP-silenced
cells, a meaningful tube formation assay was set up
to study YAP and TAZ activity during this process.

Therefore YAP- (siYAP) and TAZ-silenced (siTAZ) cells
were prepared and cultured on Matrigel (Figure 6).

As expected for such a soft substrate (E < 1.0 kPa),
YAP/TAZ expression was exclusively detected in the
cytoplasm of hCMPCs, while the cells demonstrated the
ability to branch and migrate within the gel (Figure 6a
and Supplementary Figure 6a). In YAP/TAZ-silenced
cells, the up-regulation of genes encoding for the
metalloproteinases (MMPs) 2, 3, 9, 10, 13, and 15 and
the concomitant down-regulation of those codifying
for tissue inhibitors of metalloproteinases (TIMPs) 1
and 3 could be detected (Figure 6b). As a consequence,
YAP/TAZ-silenced cells (siYAP, siTAZ) displayed a more
pronounced ability to migrate and produce vessel-like
structures. This effect was abrogated by a pretreatment
with the broad rangeMMP inhibitor GM6001 (Figure 6c,
d). Interestingly, preincubation with the nuclear

Figure 4. YAP/TAZ nuclear localization is sensitive to dynamic changes in substrate nanopattern in cardiac progenitor cells.
PCL-based thermo-responsive substrates having shape-memory effect were produced to display a temporary nanopattern at
32 �C. (a) Topographic surface analysis of nanopatterned PCL films as obtained by atomic force microscopy (AFM). The width
(top), space between (middle), and the height (bottom) of the nanolines are shown and compared to the same parameters
calculated in the glass mold used. The surfaces could be induced to a thermal transition after switching the temperature to
37 �C to acquire a permanent nanopattern and mimic the modifications in cardiac ECM nanostructure following myocardial
infarction (b). When substrate nanopattern is modified, cells are displaced from the surface and encounter a dramatic but
transient switch in YAP/TAZ nuclear expression, which is restored after 180min (c). SEM analysis shows hCMPC cells adhering
to the surface before (left) and after (right) the thermal transition (d). *P < 0.01, n = 3.

A
RTIC

LE



MOSQUEIRA ET AL. VOL. XXX ’ NO. XX ’ 000–000 ’ XXXX

www.acsnano.org

H

transport inhibitor Leptomycin B (preventing YAP/TAZ
shuttling to the cytoplasm; see Supplementary Figure 6b)
abolished the ability of hCMPCs to produce vessels in
Matrigel vasculogenic environment.

DISCUSSION

In the adult heart, tissue homeostasis is mainly
maintained by resident cardiac stem/progenitor cell

proliferation and differentiation throughout the organ-
ism lifespan.24,36,37 These cells are endowed with
the capacity to replenish cardiac tissue by generating
new contractile and vascular cells after an ischemic
insult,26,38 despite their efficiency is still debated.39

Tissue remodeling is a complex process occurring
after the myocardial infarction, leading to severe mod-
ifications in the cardiac ECM nanostructure;19,40 the

Figure 5. YAP/TAZ contribute to the control of cardiac stemcell proliferation anddifferentiation. The silencingof YAP/TAZ (siYAP)
triggers a significant enhancement in cell proliferation in human cardiac progenitor cells, as assessed by ki67 expression (a), and
restores the expression of Sca-1 antigen in long-term passaged cells (p25) (b). YAP-silenced cells display a reduction in the
expression of cardiomyocyte-specific genes (actn2, adrb1, ckm, kcnq1, mb, myh7, myl2, myl3, myl7, ryr2, tnni3, tnnt2, nat1) and
the concomitant up-regulation in the expression of endothelial genes (edn1, eng, flt1, id1, kdr, pecam1, pgf, tek) (c). *P < 0.05,
betweenCTRand siYAP (n=3). Cardiac commitment (as determinedbyGATA-4 andNkx-2.5 up-regulation) canbe achievedwhen
hCMPCs are grownontofibronectin-coatedpolyacrylamidegelswith cardiac tissue-like stiffness (10 kPa) (d). *,**P<0.05, between
10 kPa and 0.5 and 40 kPa (n = 3). Cardiac differentiation is impaired in YAP/TAZ-silenced cells, as demonstrated by cTnT-GFP
expression analysis in FACS (e) and immunofluorescence (f) (n = 3). A murine cardiac progenitor cell line expressing GFP
fluorescentproteinunderTroponinTcardiacdifferentiationpromoter (cTNT-GFP) canbe induced todifferentiatewhencultured in
cardiacdifferentiationmedium,whileYAPstable silencing (shYAP) results in a significant reduction in cell differentiation (g) (n=3).
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remodeling is guided by the activity of tissue metallo-
proteinases and eventually ends with the local com-
pliance increasing from ≈10 kPa to 35�70 kPa with-
in 4�6 weeks.14 The alteration in matrix stiffness is
responsible for the impairment of cardiac contractility
following MI and eventually hinders stem/progenitor
cell differentiation andhoming to the infarcted area.28,29

The responsiveness of adult and undifferentiated
cells to substrate stiffness and topology has been the
subject of a number of investigations so far, showing that
cell-specific responses canbe triggeredby themechanics
of the substrate.12,20,30,41,42 Moreover, a specific response
of tissue resident cardiac progenitor cells to substrate
mechanical properties has been highlighted.25,43

Recently, cell sensitivity to substrate composition
has been associated with the ability of the Hippo
pathway downstream effectors YAP and TAZ to act
as transcriptional coactivators directly binding to line-
age-specific effectors, thus acting as on�off relays in
mechano-transduction.18 These factors are also re-
sponsible for proper cardiac development during
fetal life by controlling cardiomyocyte proliferation21

and to promote adult cardiomyocyte survival after a
myocardial insult.27

Here we demonstrate that YAP/TAZ are crucial for
cardiac progenitor cell fate decision, as controlled by
cardiac- or endothelial-like substrate properties. More-
over, these proteins were also involved in cardiac
progenitor cell differentiation when cardiogenic sup-
plements were added to the growth medium. In fact,
YAP/TAZ silencing in cardiac progenitor cells results in
a significant reduction of the basal level of a number of
differentiation transcripts (actn2, adrb1, ckm, kcnq1,
mb, myh7, myl2, myl3, myl7, ryr2, tnni3, tnnt2, nat1)
and in a clear enhancement in cell proliferation and
stem cell antigen-1 (Sca-1) expression. Consistently,
the induction of Troponin T (a protein specifically
expressed in mature cardiomyocytes) expression
by 10 kPa fibronectin-coated PA gel is impaired by
nearly 70% by YAP/TAZ silencing in these cells. These
data expand the knowledge about these pro-
teins being fundamental coactivators of differentia-
tion in a variety of adult stem2�8 and pluripotent11

cell subsets.
Cardiac cell maturation in vitro and in vivo requires

the nuclear activation of specific transcription factors,
like GATA-4 and Nkx-2.5.25,38 Indeed, we demonstrate
the up-regulation of such factors on 10 kPa gels, which

Figure 6. YAP/TAZ control hCMPC endothelial differentiation within soft substrates through metalloproteinase regulation.
YAP/TAZ expression was followed in hCMPCs grown onto Matrigel substrate, showing that their expression was exclusively
detected in the cytoplasm, as it was expected for such a soft substrate (E < 1 kPa) (a). YAP silencing in cardiac progenitor cells
(siYAP) (b) resulted in the up-regulation of genes coding formetalloproteinases (MMPs) (c) and the down-regulation of tissue
inhibitor of metalloproteinases (TIMPs). Thus, siYAP cells displayed enhanced tubulogenesis in Matrigel (c,d). This event was
reverted by treatment with the broad-spectrum MMP inhibitor GM6001. Nuclear transport inhibitor Leptomycin B (Lepto,
triggering YAP/TAZ nuclear retention) abolished cell tubulogenesis. These results suggest that YAP/TAZ exert an effect in the
cytoplasm of hCMPC and control cell migration in a soft environment by repressing MMP activation. *P < 0.01 between
samples treated or not with GM6001 inhibitor; **P < 0.05 between siYAP cells and control.
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are likely to interact with YAP/TAZ coactivators to
promote cell differentiation.
Together with our in vivo results showing that YAP

and TAZ up-regulation is triggered at the infarction
border zone in adult mammalian heart, these data
highlight a prompt response of resident cells to ECM
stiffening in the postinfarcted myocardium.
On the other side, YAP/TAZ silencing in cardiac

progenitors resulted in a massive up-regulation in
endothelial-specific genes (edn1, eng, flt1, id1, kdr,
pecam1, pgf, tek), thus suggesting a role for these
proteins in controlling the switch between cardiac and
endothelial lineages in the adult heart.
This evidencewas strengthened by aMatrigel-based

tube formation assay: in these vasculogenic conditions,
where YAP and TAZ showed an exclusive cytoplasmic
localization (given to the softness of thematerial), their
silencing enhanced cardiac progenitor migration and
tube formation. These data suggest additional roles
for YAP/TAZ in the cytoplasm when cells are grown on
soft materials (E < 0.7 kPa), which will require further
investigation. This possibility is corroborated by the
use of the selective inhibitor of nuclear transport
Leptomycin B, which prevents cell migration and en-
dothelial differentiation in Matrigel.
In turn, we demonstrate that YAP and TAZ act as

general mechano-sensors in cardiac progenitor cells:
their subcellular localization is modulated by cell

spreading and dynamic changes in substrate stiffness
and nanostructure. In fact, a gradient in YAP/TAZ
nuclear expression can be detected in cardiac progeni-
tors as a result of their ability to spread and organize
their cytoskeleton, similarly to what has been pre-
viously demonstrated in other cell types.18 Interest-
ingly, the evidence that YAP/TAZ expression does not
change in cells having the same area but different
shapes suggests that cell fate can be controlled by the
availability of adhesion sites within the substrate more
than by the cell shape itself.
More importantly, our data provide the first evi-

dence for YAP/TAZ shuttling activity between the
nucleus and the cytoplasm being promptly activated
in response to dynamic modifications in substrate
stiffness or nanostructure. By using thermo-respon-
sive materials displaying shape-memory properties,
we aimed at mimicking in vitro the modifications in
cardiac ECM nanotopography and follow YAP/TAZ
response in cardiac progenitors. YAP/TAZ shuttling
to the cytoplasm, an event known to precede their
inactivation by phosphorylation occurs immediately
after a modification in substrate stiffness or nano-
structure is imposed by slight temperature changes in
thermo-responsive polymers. This result is consistent
with previous data showing that perturbations in cell
adhesion cause a temporary alteration in YAP/TAZ
intracellular localization.17 Unfortunately, due to the

Figure 7. YAP/TAZ control cardiac progenitor cell fate by acting as sensors of extracellular matrix composition. YAP/TAZ
activity as transcriptional coactivators is regulated via their phosphorylation in the cytoplasm. Phosphorylated YAP/TAZ are
thought to be inactive when retained in the cytoplasm. Nuclear shuttling is triggered in cardiac progenitor cells by substrate
stiffening (a), cell spreading ormigration (b), andmodifications in substrate nanopattern (c). More importantly, the regulation
of YAP/TAZ intracellular localization is required for cardiac progenitor cell fate decision (d).When a vasculogenic environment
(likeMatrigel) is provided, YAP/TAZ are retained in the cytoplasm, while they shuttle to the nucleuswhen cardiac progenitors
are cultured in cardiogenic conditions (E = 10 kPa).
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chemical composition of thermo-responsive PCL
polymers displaying shape-memory properties, by
this means it is not possible to decouple completely
the effect of stiffness from that induced by the
modification in nanotopography on cardiac progeni-
tor cells.
YAP/TAZ seem to be required for CPCmotility on stiff

surfaces, given that their silencing is responsible for a
significant reduction in cell migration. While pointing
at the different roles exerted by the two Hippo effec-
tors on materials with distinct compliances, these
results can also be explained by the different nature
of 2D and 3D migration, the latter relying on MMP
activation.44,45 As such, these results would confirm the
pivotal function of YAP and TAZ in the switch between

mesenchymal and amoeboid migration previously
suggested.46

CONCLUSIONS

In conclusion, the data herein, in addition to indicate
YAP/TAZ as novel regulators of cardiac differentiation,
also outline the multifaceted effects of these factors in
determining the cellular response to modifications
in substrate nanostructure, altering cell adhesion and
spreading, triggering their migration or controlling
their differentiation (Figure 7). These results propose
YAP/TAZ as a pivotal axis in cardiac progenitor cell
interaction with the signals coming from the ECM.
They are thus indicated as potential targets to control
cardiac progenitor cell fate by materials design.

MATERIALS AND METHODS

Isolation of Human and Murine Sca-1þ Cardiac Progenitor Cells and
Preparation of Murine Sca-1þ Cardiac Progenitor Cell Line. Murine
Sca-1þ cardiac progenitor cells were obtained from 6 week
male C57Bl/6 mice heart as previously described.43 Cells were
cultured in DMEM supplemented with 10% FCS, 100 IU/mL
penicillin, 100 μg/mL streptomycin, insulin/transferrin/selenium
1X, 300 ng/mL endothelial growth factor (hereafter referred
to as “complete medium”). To obtain a stable murine Sca-1þ

cardiac progenitor cell line, 10 μg of plasmid pCINeo-TERT or
control vector pCINeo was introduced into Sca-1þ cardiac-
derived cells using the calcium phosphate method (Promega,
Madison, WI, USA), as previously described.47,48

Human Sca-1þ cardiac progenitor cells (hCMPCs or Sca-1þ

hCMPCs) were obtained from human biopsies as previously
described36 and their characterization and differentiation re-
ported.26 Briefly, human adult auricles wereminced and treated
with collagenase. By usingmagnetic cell sorting (MACS,Miltenyi
Biotec), hCMPCswere separatedwith Sca-1 coupled beads. Cells
were cultured in M199 þ EGM-2 (3:1), supplemented with 10%
FCS, 0.02% penicillin/streptomycin, and 0.01% MEM nonessen-
tial amino acids.

For cell confinement studies, cells were cultured onto
different fibronectin-coated micropatterned surfaces (Cytoo
SA, Grenoble, France). The first set was designed to display
square adhesive islands of different surface areas (300, 1024,
2025, and 10 000 μm2). The second set had the same surface
area (2000 μm2) and different shapes (square, round, or triangle).
Single cells were allowed to adhere for 3, 5, and 24 h, stainedwith
the appropriate antibodies, and visualized under the confocal
microscope.

Cytochalasin D (1 mg/mL) (Sigma, USA), Y27632 (50 μM)
(WAKO chemicals, Japan), and Blebbistatin (Blebb, 50 μM)
pharmacological inhibitors (Merck Biosciences, USA) were dis-
solved in PBS and added to growth medium (10% of the final
treatment volume) for 4 h. Alternatively, the inhibitors were
added for 4 h to cell growth medium, then the medium was
removed and substituted with fresh one. The cells were anal-
yzed after 6 h recovery.

Preparation and Characterization of Thermo-Responsive Polymers with
Shape-Memory Properties. Thermo-responsive polymers were pre-
pared by cross-linking tetra-branched poly-ε-caprolactone
(PCL) with acrylate end groups in the presence of linear
PCL telechelic diacrylates, according to a previously reported
protocol.32 Briefly, two-branched and four-branched PCL were
synthesized by ε-caprolactone (CL) ring-opening polymeriza-
tion that was initiated with tetramethylene glycol and penta-
erythritol as initiators, respectively. Then, acryloyl chloride was
reacted to the end of the branched chains. The structures and
themolecular weights were estimated by 1H NMR spectroscopy

(JEOL, Japan) and gel permeation chromatography (JASCO
International, Japan). The obtained PCL macromonomers were
then dissolved in xylene containing benzoyl peroxide (BPO),
and the solution was injected between a glass slide with a
0.2 mm thick Teflon spacer to prepare the substrate layers.
The PCL macromonomers were cured for 180 min at 80 �C. The
mechanical properties of the cross-linked materials were char-
acterized by tensile test (EZ-S 500N, Shimadzu, Japan). The
contact angles on the PCL layers were determined by sessile
drop method 30 s after a water drop was placed on the surface
at 32 or 37 �C. The contact angles and themechanical properties
of the PCL layers are detailed in Supplementary Figure 1d.

To prepare shape-memory PCL substrates with permanent
surface nanopattern, the PCL macromonomer solution was
cured between a nanopatterned glass mold and a flat glass
slide with a 0.2 mm thick Teflon spacer for 180 min at 80 �C.
Nanopatterned molding of glass substrates was performed by
using an electron beam (EB) lithography system (ELS-7500EX,
Elionix, Hachioji, Japan). To program temporary surface pat-
terns, the films were compressed in a thermochamber. A
compressive stress of 0.1 MPa was applied to the samples at
37 �C andmaintained for 5 min. The embossing stress was then
released at 4 �C after 10 min of cooling. Samples had a tem-
porary surface pattern that could be triggered to transition to
the permanent surface pattern by heating. Nanopatterned PCL
surfaces were observed by AFM (SPM-9500J3, Shimadzu Co.,
Kyoto, Japan) in noncontact mode using a Si3N4 cantilever
(spring constant; 42 N m�1), and the sample temperature was
controlled. The nanostructure characterization of the scaffolds
is shown in Supplementary Figure 5.

Generation of YAP-GFP and cTnT-GFP Cardiac Progenitor Cells. pEGFP-
C3-hYAP1 clonewas obtained fromAddgene nonprofit plasmid
repository (ADDGENE, Cambridge, MA, USA). pEGFP-C3-hYAP1-
bearing colonies were plated on LB agar plates containing
30 μg/mL kanamycin and incubated at 37 �C overnight. Positive
colonies were picked the day after and DNA extracted, purified
with QIAGEN plasmid midi purification kit (QIAGEN GmbH,
Hilden, Germany) following the manufacturer's instructions,
and dissolved in TE buffer (pH = 7). DNA concentration and
purity were estimated with Nanodrop ND-1000 (Nanodrop
Technologies).

Subsequently, hCMPCs were transiently transfected with
pEGFP-C3-hYAP1 (2 μg) using SuperFect transfection reagent
(QIAGEN GmbH, Hilden, Germany). Briefly, the day before
transfection, hCMPCs cells were seeded on 24 multiwell plates
and incubated at 37 �C and 5% CO2 overnight. On the day of
transfection, 2 μg of pEGFP-C3-hYAP1 DNA was diluted in cell
growth medium containing no serum or antibiotics (120 μL).
Thereafter, 10 μL of SuperFect transfection reagent was added
to the DNA solution, mixed, and incubated 10 min at room
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temperature to allow transfection complex formation. Cell
growth medium (530 μL) containing serum and antibiotics
was added to the reaction tube containing the transfection
complexes. hCMPCs were incubated at 37 �C and 5% CO2 and
after 7 h medium was replaced with fresh cell growth medium
(containing serum and antibiotics). Cells transfected were anal-
yzed 24�72 h after transfection.

The pGreenZeo lentiviral expression vector carrying the full-
length copGFP gene under the control of mouse- or human-
specific cardiac Troponin (cTnT) promoter was purchased
from SBI (System Biosciences Inc., Mountain View, CA; cat nos.
SR10013PA-1, SR10012PA-1) and delivered into mammalian
cells according to the manufacturer's instructions. The cells
were transduced at an approximate multiplicity of infection
(MOI) of 20 and incubated at 37 �C overnight. The following day,
half of the culture medium was replaced with fresh medium,
and 48 h after infection, the mediumwas substituted with fresh
one.

Fluorescence-Activated Cell Sorting (FACS) Analysis. FACSCalibur
flow cytometer (BD Biosciences, USA) was used to measure
the percentage of cTnT-GFP expressing cells and Sca-1þ cells.
Cells with fluorescence intensity greater than 101 were consid-
ered to be positive, and the gatingwas done accordingly. A total
of 10 000 events were scored. To determine the percentage of
Sca-1þ cells, control and transduced cells were washed in 0.5%
bovine serumalbumin in PBS buffer (washing buffer), incubated
on ice in the dark with PE/Cy5 anti-mouse Ly-6A/E (Sca-1)
(Biolegend Inc., San Diego, CA) for 15 min, and washed twice
with cold washing buffer. Data were acquired using Cell Quest
software and the analysis performed using the WinMDI 2.9
software.

Transfection of siRNA and shRNA into Cardiac Progenitor Cells. siRNAs
targeting YAP or TAZ genes were purchased from Santa Cruz
(Santa Cruz Biotechnology Inc., Santa Cruz, California 95060,
USA; cat nos. sc-38637 and sc-38568, respectively). Briefly, cells
were seeded at 2.5 � 104 cells/well in serum- and antibiotic-
free Opti-MEM reduced serum medium (Life Technologies) in
24-well plates the day prior to transfection. A mixture of siRNA
duplex (1.5 μL/well) and siRNA transfection reagent (1.5 μL/well,
sc-29528, Santa Cruz Biotechnology) was formed in siRNA
transfection medium (47 μL/well, sc-36868, Santa Cruz Bio-
technology) for 15 min at room temperature. Complexes were
added to wells (50 μL/well) containing cells and incubated for
7 h at 37 �C in 0.2 mL of siRNA transfection medium. At the end
of the incubation, normal growth medium containing 20% FBS
and 2X antibiotics was added in every well without removing
the transfection mixture. Twenty-four hours later, the medium
was replaced with fresh normal growth medium. All experi-
ments with silenced cells were performed 48 h post-transfec-
tion in triplicate, and they were repeated three times. A similar
procedure was used with scrambled siRNA (control siRNA, sc-
37007) to rule out the occurrence of off-target effects. The data
shown are from representative experiments.

Stable yap gene silencing was achieved in murine CPC cell
line (mCPCs) by transducing them with YAP shRNA lentiviral
particles (MOI = 20, Santa Cruz Biotechnology, sc-38637-V).
Twenty-four hours after the infection, fresh medium was added
and infected cells selected with 10 μg/mL puromycin (Santa
Cruz) for 1 month. Puromycin-resistant cells were transduced
with the lentiviral construct encoding for copGFP under the
control of mouse cTnT promoter as above-described and
induced to differentiate toward cardiac lineage according to a
previously reported protocol.36 Two weeks later, stably selected
transduced cells were analyzed for eGFP expression by flow
cytometry.

Matrigel Tubulogenesis Assay. BD Matrigel basement mem-
brane matrix growth factor reduced, phenol red free (BD Bio-
sciences, USA), was prepared for the thick gelmethod according
to the manufacturer's instructions. Briefly, 40 μL of Matrigel
solution containing or not GM6001 inhibitor (100 nM, EMD
Millipore Corporation, Billerica, MA, USA) were added on 96
cooled wells (IWAKI, Japan). Thereafter, the plates were placed
at 37 �C for 30min in order to enable proper gelation. Afterward,
3.0� 104 hCMPCs were suspended in 100 μL complete medium
containing or not GM6001 inhibitor (100 nM) and plated on top

of the gel. At each relevant time point (3, 6, and 8 h), bright-
field pictures were taken using an Olympus IX71 microscope
equippedwith a digital camera. The number and length of tube-
like structures were measured by manual tracing of vessels by
ImageJ software (version 1.46; National Institutes of Health,
Bethesda, MD). Average values were determined by counting
10 fields per sample at different time points from three inde-
pendent experiments. At the same time points, cells were fixed
and analyzed by immunofluorescence by staining them with
anti-YAP antibody as described below.

Preparation of Polyacrylamide Films with Physiological Stiffness.
Polyacrylamide gels with stiffness values of 0.5, 10, and 40 kPa
were prepared as described,20 with minor modifications. Glass
round coverslips (Matsunami glass, Japan) were amino-silanized
using aminopropyltriethoxysilane (APTES), whereas square glass
slides were fluoro-silanized by the use of fluorosilane (Trichloro
(1H,2H,2H-perfluorooctyl)silane) (Sigma Aldrich). Afterward, PA
gelswerepreparedby the additionof the adequateproportionof
40% (w/v) acrylamide stock solution (Sigma, USA) to 2% (w/v)
bisacrylamide (N,N0-methylenebisacrylamide) (Tokyo Chemical
Industry, Japan) stock solution and PBS, toward achieving the
desired stiffness (Young's modulus, E), according to the reported
protocol. Polymerizing catalysts were added (10% (wv) ammo-
nium persulfate (APS) at 1% of final volume and tetramethyl-
ethylenediamine (TEMED) at 0.1% final volume). Themixturewas
poured between the fluoro-silanized glass slide and amino-
silanizedcoverslip for 30min, afterwhich the PAgelwas attached
to the amino-silanized coverslip.

Finally, PA gels were functionalized with collagen (100 μg/mL)
by the attachment to 0.2mg/mL sulfosuccinimidyl-6-(40-azido-
20-nitrophenylamino)hexanoate (sulfo-SANPAH; Pierce Bio-
technology) covalently bound to the gel surface by
photoactivation.

Preparation of Photoactivated Patterned Surfaces for Cell Migration.
Photocleavable 1-[5-methoxy-2-nitro-4-(trimethoxysilylpropyl-
phenyl)]ethyl N-succinimidyl carbonate was covalently bound
to an activated glass surface and further coupled to a PEG
monoamine (PEG12k-NH).49 After thoroughly washing the sub-
strates, a passivated glass surface was obtained, on which cells
were not able to adhere.34 By introducing a photomask in the
field diaphragm of an inverted microscope, equipped with an
HBOmercury arc lamp (Olympus) and focusingUV light through
an objective (UPlanSApo 10�/0.4, Olympus) with a wavelength
of 365 nm on the photoactive substrate and exposing it with a
dose of 10 J/cm2, the PEG12k-NH is cleaved off. Thereby, the
surface at the irradiated regions became cell-adhesive. Subse-
quently, YAP-GFP hCMPC cells at a density of 3.5� 104 cells/cm2

were seeded on the patterned substrates. One hour after
seeding, the medium was replenished to remove nonattached
cells. After an incubation time of 3 h, a second UV exposure of
the whole substrate with a dose of 10 J/cm2 released the
confinement, initiating cell migration. In order to rule out the
possibility that the UV irradiation itself could be the major
driving force of the nuclear translocation of YAP, single cardiac
progenitor cells were first seeded onto the micropatterned
array of 900 μm2 circular adhesive islands and, after 3 h in-
cubation, exposed to the UV irradiation. However, in this case,
the substrate was irradiated through an array-pattern photo-
mask in order to selectively exposeUV to the regionswhere cells
were attached but not to the surrounding regions. The proce-
dure for aligning the primary and secondary irradiation regions
was previously reported by our group.50 Thus cells exposed to
UV light were not able to start migrating since the surrounding
regions remained non-cell-adhesive. The cells were fixed with
4% paraformaldehyde at 2 h after the secondary irradiation and
the location of YAPwas examined by staining the cells with anti-
YAP antibody and DAPI.

Time-Lapse Microscopy and Migration Assay. Single cell migration
at multiple positions (n = 10) was monitored with phase
contrast and fluorescent time-lapse imaging on an automated
inverted microscope (XI81; Olympus) equipped with a charge-
coupled device camera (Retiga-EXi, Q-Imaging), motorized
stage (Molecular Devices), and a heating chamber (INUeONIeF1,
Tokai Hit) controlled by MetaMorph (Molecular Devices) software.
The time frame between images was set at 5 min, and cell
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migration induced between frames 4 and 5. The acquisitionwas
protracted up to 150 min in total. Cell migration was quantified
by ImageJ software. Briefly, single cells were manually outlined,
the center of mass calculated, and the point-to-point displace-
ment in the center of mass obtained byMicrosoft Excel analysis.

Immunofluorescence Staining and Confocal Microscopy Analysis. Cells
seeded on TCPS dishes, PCL layers, photopatterned surfaces, or
PA gels were fixed with 4% paraformaldehyde in PBS for 30 min
at 4 �C and permeabilized with 0.1% Triton X-100 (Sigma-
Aldrich) in PBS for 2 min at room temperature. Cells were
incubated with antibodies against YAP, TAZ, GATA-4, Tbx-5,
cardiac Troponin T-C (cTnT) (1:200; Santa Cruz Biotechnology),
ki67 (ABCAM), vinculin, alpha sarcomeric actinin (sarc actinin)
(Sigma-Aldrich), and TurboGFP (Evrogen JSC, Moscow, Russia)
for 2 h at room temperature. The appropriate fluorophore-
conjugated secondary antibodies were as follows: Alexa Fluor
488 goat-anti-rabbit, 546 goat-anti-mouse, and 405 donkey-
anti-goat (Invitrogen Corp.). Nuclei were counterstained with
4�6-diamidino-2-phenylindole (DAPI; Sigma Aldrich). Second-
ary antibodies in the absence of a specific primary antibody
were used to exclude the occurrence of unspecific signals. The
images were taken using a Leica SF5 laser scanner confocal
microscope, after excitation at 405, 488, and 543 nm wavelengths
for blue, green, and redchannel acquisition, respectively. All pictures
are representative of at least three independent experiments.

Protein Extraction and Western Blot. Cell pellets were lysed with
ice-cold RIPA buffer (Sigma-Aldrich) containing protease inhi-
bitor cocktail (Thermo Scientific, Asheville, NC) and protein
concentration determined using Quick Start Bradford Pro-
tein Assay (Bio-Rad, Hercules, CA, USA) and a NanoDrop 1000
spectrophotometer (Thermo Scientific). Forty micrograms of
protein lysate was loaded on a 10% SDS-PAGE precast gel (Bio-
Rad) and then transferred onto polyvinylidene difluoride (PVDF)
filters (Bio-Rad). Filters were blocked with 1% casein solution for
45min andprobedwith anti-YAP, anti-TAZ antibodies, or anti-β-
tubulin (1:300, Santa Cruz) diluted in Tris-buffered saline�1%
casein for 2 h at room temperature.

Membranes were probed with 1:3000 diluted horseradish
peroxidase (HRP)-conjugated secondary antibodies (Sigma) for
1 h and visualized by enhanced chemoluminescence assay
(Pierce). Proteins were visualized using Fuji Medical X-ray film,
and density of bands was determined using ImageJ software
and corrected for loading.

AlamarBlue Assay. The cells were seeded at low density
(2 � 103 cells per cm2) in complete medium with 10% Alamar-
Blue onto PA gels. Cell adhesion on the substrates was mea-
sured by AlamarBlue at 8 h time point to rule out the occurrence
of cell proliferation. Fluorescence intensity was measured by
ARVO MX1420 multilabel counter (Perkin-Elmer, Waltham, MA,
USA) at F544/F590. Intensity readings were normalized by
background intensity and calculated as percentage of the
intensity obtained for TCPS at 8 h.

RNA Extraction and Real-Time PCR Array. Total RNA was extracted
by TRIZOL Reagent (Gibco BRL). Retrotranscription was carried
out with 2 mg of RNA for each sample using reverse transcrip-
tion (RT) Moloney murine leukemia virus (Invitrogen Corp.) in
the presence of random hexamers. Real-time PCR was used to
determine the expression profile of key genes involved in
different signal transduction pathways in human cardiac pro-
genitors. After synthesis of first-strand cDNAs, RT-PCR (n = 3)
was performed with a 7500 real-time PCR system (Applied
Biosystems) using the RT2 Profiler PCR arrays and human
extracellular matrix and adhesion molecules (PAHS-013A,
Qiagen), cardiac (iPHS-102), and endothelial differentiation
(PAHS-024Z) with the RT2 SYBR green/ROX PCR master mix
(Qiagen) according to the manufacturer's protocol. The thresh-
old cycle (Ct) is defined as the fractional cycle number at which
the fluorescence reaches 10-fold standard deviation of the
baseline (from cycle 3 to cycle 12). The specificity of the SYBR
PCR signal was confirmed by melt curve analysis.

Scanning Electron Microscopy (SEM) Analysis. hCMPCs were grown
for 24 h on nanopatterned surfaces at 32 �C. Therefore, the
sampleswere switched to 37 �C for 90 and 180min. The samples
were fixed in 4% PFA for 15 min at room temperature, dried
under flow laminar hood, prepared for scanning electron

microscopy analysis as previously reported,30 and examined
using Hitachi S-4800 low-voltage scanning electron microscope.

Experimental Model of Myocardial Infarction. All the in vivo ex-
periments were carried out in accordancewith the Guide for the
Care and Use of Laboratory Animals, following the approval by
the Animal Ethical Experimentation Committee, Leiden Univer-
sity. Myocardial infarction was induced by ligation of the left
coronary artery in C57BL/6 mice (Charles River Laboratories)
under isoflurane anesthesia (n = 6). The mice were sacrificed
3, 5, 7, 14, and 36 days after MI, and immunohistochemistry
analysis was performed as described elsewhere.26

Statistical Analysis. Statistical analyses were performed using
Microsoft Excel software. The results are shown as mean (
standard deviation (SD). Student's t test was used to generate all
P values. P < 0.05 was considered statistically significant. The
number of replicated experiments performed is given as n.
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