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a b s t r a c t
Human pluripotent stem cell-derived cardiomyocytes (hPSC-CMs) in culture are randomly organized and do not
typically show directional alignment. In the present study, we used uniaxial cyclic stretch to facilitate the
alignment of cultured human embryonic stem cell-derived cardiomyocytes (hESC-CMs), so that these cells can
be more adult-like for potential future application in drug screening and in vitro studies of cardiac function.
We then explored the functional role of mechanosensitive TRPV4 channels in cyclic stretch-induced realignment
of hESC-CMs. RT-PCR, immunoblots and immunostaining detected TRPV4 expression in these cells. 4α-phorbol
12,13-didecanoate (4α-PDD), a TRPV4 agonist, elicited a cytosolic Ca2+ ([Ca2+]i) rise, the effect of which was
abolished by TRPV4 inhibitors RN1734 and HC067047, and a TRPV4 dominant negative construct. These results
conﬁrmed the functional presence of TRPV4 in these cells. Importantly, longitudinal stretch was found to induce a
[Ca2+]i rise, the effect of which was inhibited by TRPV4 antagonists. Furthermore, uniaxial cyclic stretch for 2 h
induced realignment of hESC-CMs in the direction transverse to the direction of stretch, the effect of which
was also abolished by TRPV4 antagonists. Akt phosphorylation was found to be a downstream signal of TRPV4.
Taken together, these data strongly suggest endogenous TRPV4 channels as a mechanosensor, mediating cyclic
stretch-induced realignment of hESC-CMs.
© 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Human pluripotent stem cell-derived cardiomyocytes (hPSC-CMs)
provide an unlimited source of human vascular cardiomyocytes for potential application in disease modeling, drug screening and cell-based
heart therapies. However, hPSC-derived CMs in culture are randomly
organized and do not typically show directional alignment [1]. In contrast, adult cardiac tissue is highly organized in vivo. In adult heart,
cardiomyocytes with clear sarcomere structure are joined end to end
to form long, branching and anastomosing muscle ﬁbers. Furthermore,
these ﬁbers align parallel to each other so that synchronized contraction
can be generated.
Various approaches have been used to facilitate alignment of
cultured hPSC-CMs, which include uniaxial mechanical stress as
mechanical cues [2] and nanofabricated substratum with ridges and
grooves as topographic cues [3,4]. Comparison of nonaligned and
aligned hPSC-CMs in culture showed some marked differences between
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the two, including cell geometry, conduction velocity, and susceptibility
to arrhythmia [1,3]. Evidence shows that the aligned hPSC-CMs exhibit
properties more similar to native heart [1,3] and that these cells are a
more suitable surrogate for drug screening and in vitro studies of
cardiac function [1,3]. However, up to the present, there is no report
on the molecular mechanisms and signaling pathways underlying the
facilitated alignment of hPSC-CMs.
Cardiac organogenesis during heart development may provide some
clues about the mechanisms underlying the cardiomyocyte alignment.
Mechanical forces are a key player that could change the shape and
alignment of cardiomyocytes during heart development and remodeling [5]. One type of mechanical forces that cardiomyocytes are constantly subjected to is the cyclic stretch due to heart contraction during
cardiac cycle. Indeed, cyclic stretch has been found to promote parallel
alignment of neonatal rat cardiomyocytes and to induce the polarization
of connexin 43 and N-cadherin [6]. However, the underlying mechanism of how cyclic stretch can lead to cardiomyocyte realignment is
poorly understood. A general hypothesis postulates that various types
of mechanical forces are transmitted across the integrin — extracellular
matrix interface to the cytoskeleton, where they activate mechanosensitive signal transducers such as focal adhesion kinase (FAK) [7], ultimately leading to actin cytoskeleton rearrangement to yield changes
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in cell shape, size and spatial organization [7,8]. However, it is unclear
whether this general scheme for mechanical force transmission is
applicable to the situation of cyclic stretch.
Mechanosensitive ion channels are activated in response to
mechanical stimuli [9]. The activity of these channels induces ion ﬂux
across the cells, resulting in changes in membrane potential and/or cytosolic Ca2 + level, which then elicit cellular signaling cascades. Thus,
mechanosensitive channels are attractive candidates for cellular mechanical sensors. Several transient receptor potential (TRP) channels
are sensitive to direct membrane stretch, including TRPV2, TRPM4,
TRPM7, and possibly TRPV4 [10–12]. TRPC1 and TRPC6 have also once
been suggested to be activated by direct membrane stretch [13,14],
but later studies argued against this notion [15]. Up to the present, functional role of TRP channels in hPSC-CMs has never been reported. In the
present study, we explored the functional role of mechanosensitive
TRPV4 channels in hESC-CMs. Our results demonstrated an essential
role of TRPV4 channels in cyclic stretch-induced realignment of hESCCMs. This is the ﬁrst study demonstrating functional role of a TRP
channel in hESC-CMs.
2. Materials and methods
2.1. Differentiation of human embryonic stem cells (hESCs) into
cardiomyocytes
Human embryonic stem cell line HES2 was differentiated into
cardio-spheres as described elsewhere [16]. Brieﬂy, hESCs were
suspension-cultured to form cardiogenic embryonic bodies. Directed
cardiac differentiation was performed by treating the embryonic bodies
with BMP4 and Activin A, followed by IWR-1. Cardiac derivatives
appeared after 8 days. The cardiac-spheres were maintained in
StemPRO-34 (SP34) medium (Invitrogen, Carlsbad, CA) supplemented
with 50 μg/ml ascorbic acid (Sigma-Aldrich, St. Louis, MO) and 1% fetal
bovine serum (FBS) (Invitrogen). Fresh medium was supplied every
3–4 days. Beating of the cardiac-spheres could be observed after 8 to
10 day's differentiation.
To obtain single cells, on day 30–60 of differentiation, cardiacspheres were digested with 1 mg/ml collagenase type IV (Invitrogen)
and 0.1 mg/ml DNase I (Sigma) at 37 °C for 30 min, followed by 0.05%
trypsin (Invitrogen) at 37 °C for 5 min. The cells were dispersed by
gentle pipetting, then seeded onto matrigel (BD Biosciences, Franklin
Lakes, NJ)-coated culture plate or glass coverslips at the cell density of
105 cells/ml and cultured in H1-DIF medium (DMEM supplemented
with 20% FBS, 1% penicillin-streptomycin, 1% nonessential amino acids
and 1% L-GlutaMAX-I). After 24 h's culture at 37 °C, the cells were transduced by lentivirus particles of pLV-MLC2v-mGFP/mTdTomato-t2Azeocin at a titer of N108 and the multiplicity of infection (MOI) of 1
[16]. 72 h later, cardiomyocytes could be identiﬁed by ﬂuorescence,
the expression of which was driven by a cardiomyocyte-speciﬁc myosin
light chain-2v promoter (MLC2v) [16]. Zeocin selection (H1-DIF
medium with 300 μg/ml zeocin) was performed to kill non-cardiac
cells. The yield of human ESC-derived cardiomyocytes (hESC-CMs)
was typically ~90%.
2.2. Reverse transcription-PCR (RT-PCR) of hESC and hESC-CM samples
Total RNAs were extracted from hESCs and hESC-CMs using Trizol
reagent (Invitrogen) according to the manufacturer's protocol. Total
RNA of human fetal cardiomyocytes was obtained from ScienCell, USA.
The total RNAs were treated with DNase I (Invitrogen) and subjected
to reverse transcription using SuperScript® First-Strand Synthesis System (Invitrogen). GoTaq Green Master Mix (Promega, Madison, WI)
was applied for PCR reactions. The ampliﬁcation was performed using
Bio-Rad S1000 thermal cycler (Bio-Rad, Hercules, CA) under the following conditions: 95 °C initial denaturation for 3 min; followed by 35 repeating cycles of 95 °C denaturation for 30 s, 58 °C annealing for 30 s,

72 °C extension for 1 min; and a ﬁnal extension at 72 °C for 5 min. Control reactions without the ﬁrst stand cDNA were included as control. The
primer sequences for TRPV4 were: 5′-CGCTCCTTCCCCGTATTCCT-3′
(forward primer) and 5′-TTGATGATGCCCAAGTTCTGGTT-3′ (reverse
primer).
2.3. Immunoreactivity of TRPV4 and cTnT
For immunostaining, the cells after differentiation were dissociated
from beating cardiospheres. These cells were cultured on glass coverslips and ﬁxed with 4% paraformaldehyde in PBS for 20 min and permeabilized with 0.1% Triton X-100 in PBS for 15 min, followed by
incubation with 2% BSA for 1 h at room temperature. The samples
were then incubated with the primary antibodies: anti-TRPV4 (1:50 dilution) (Santa Cruz Biotechnology, Santa Cruz, CA) or anti-cTnT (1:500
dilution) (Abcam, Cambridge, CA) at 4 °C overnight, followed by the secondary antibodies: AlexaFluor 488 IgG and/or AlexaFluor 546 IgG
(1:1000 dilution) (Invitrogen). Nuclei were counterstained with DAPI
(Invitrogen). Negative controls without the primary antibodies were
performed to conﬁrm the speciﬁcity of primary antibodies. Fluorescent
images were captured by confocal microscope (Olympus, Japan).
2.4. Lenti-viral constructs containing wild-type or dominant-negative TRPV4
Mouse TRPV4 (NM_022017) was inserted into lenti-vector to yield a
recombinant lenti-viral construct pSIN-EF2-TRPV4-Pur. TRPV4M680D
carried a point mutation at the pore region of TRPV4 gene that could disrupt TRPV4 function, serving as a dominant-negative construct (TRPV4DN) [17]. TRPV4-DN (TRPV4M680D) was generated using the plasmid
pSIN-EF2-TRPV4-Pur as backbone by QuickChange Site-Directed Mutagenesis Kit (Stratagene) to yield pSIN-EF2-TRPV4-DN-Pur. In pSIN-EF2TRPV4-Pur and pSIN-EF2-TRPV4-DN-Pur, the expression of the target
gene was inserted downstream of EF2α promoter but upstream of an
IRES element and puromycin resistant gene. hESC-CMs were transduced with lentivirus particles of pSIN-EF2-TRPV4-Pur at a titer of
5.6 × 106, or pSIN-EF2-TRPV4-DN-Pur at a titer of 7.1 × 106. The cells
were further subjected to puromycin selection.
2.5. Cytosolic Ca2+ ([Ca2+]i) measurement
hESC-CMs were from zeocin-selected cells transduced with pLVMLC2v-mTdTomato-t2A-zeocin. Cytosolic Ca2+ was measured as described elsewhere [18]. Brieﬂy, the cells were loaded with Fura-2/AM
(5 μM) (Invitrogen) for 1 h in dark at 37 °C with 0.02% Pluronic F127
(Invitrogen) in culture medium. [Ca2+]i measurement was performed
in a normal physiological solution, which contained in mM: 140 NaCl,
5 KCl, 1 MgCl2, 1 CaCl2, 10 glucose, 10 HEPES, pH 7.4. Some experiments
were carried out in a Ca2+-free physiological saline, which contained in
mM: 140 NaCl, 5 KCl, 1 MgCl2, 10 glucose, 0.2 EGTA and 5 HEPES, pH 7.4.
The Ca2 +-bound and -unbound Fura-2 ﬂuorescence signals were
measured by dual excitation wavelengths at 340 and 380 nm using an
Olympus ﬂuorescence imaging system. The real-time ﬂuorescent images were captured every 10 s and analyzed by MetaFluor imaging software (Molecular Devices, USA). The maximal changes in the magnitude
of [Ca2+]i response (ΔF340/F380) represent the difference between initial basal F340/F380 value before 4α-PDD/stretch and the maximal
F340/F380 value after 4α-PDD/stretch. T1/2 represents the time taken
for [Ca2+]i level to drop to 50% of its maximal value.
In mechanical stretch experiments, the cells were seeded on
matrigel-coated silicone stretch chamber (ST-CH-04, Strex, Japan).
After 1–2 days, the cells were subjected to uniaxial longitudinal static
stretch using STREX cell stretching system (ST-150, Strex). The extent
of stretch was 10%, 15%, 20%, 25% or 30% elongation in length, followed
by a 3 s holding time and then returned to its original position at room
temperature. [Ca2 +]i was recorded before and after the stretch with
sufﬁcient recording time for complete Ca2+ response.
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2.6. Cyclic stretch and cell orientation
Human ESC-derived cardiomyocytes were from zeocin-selected
cells transduced with pLV-MLC2v-mTdTomato-t2A-zeocin. The cells
were seeded on matrigel-coated silicone chamber at a density of
1–2 × 104 cells per cm2. After 48 h growth in H1-DIF culture medium,
the cells were subjected to uniaxial cyclic stretch (10%, 20% or 30% elongation in length; 1 Hz) at 37 °C using STREX cell stretching system as described elsewhere [6,19]. The wave protocol was 0.5 s stretch, followed
by 0.5 s relaxation, repeating at a frequency of 1 Hz. This was to mimic
rhythmic cardiomyocyte contraction/relaxation under physiological
conditions. Control cells were maintained under identical conditions
but in the absence of stretch.
After the stretch protocol, the cells were ﬁxed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100 containing 1% of BSA,
followed by staining with Alexa Fluor 488-conjugated phalloidin
based on the manufacturer's protocol (Invitrogen). Fluorescent images
of phalloidin-stained ﬁlamentous actin (F-actin) were captured by
FV1000 confocal microscope (Olympus). Cell alignment was measured
using the method described elsewhere [20]. Cell orientation was calculated as an angle (θ) of the direction of F-actin against the direction of
stretch. If there were multiple directions of F-actin in single cell, the
major F-actin direction or long axis direction of cell were selected. The
cells with θ from 60° to 120° were deﬁned as aligned cells. Images of
10 to 20 ﬁelds/per chamber were analyzed, with more than 100 cells
per chamber. The percentage of aligned cells was quantiﬁed using ImageJ
software (NIH, Bethesda, MD). The quantiﬁcation was doubly conﬁrmed
by another person who was blinded to treatment. The detailed procedure for cell orientation analysis is described in Supplementary Data.
2.7. Statistical analysis
All experimental conditions were performed at least in triplicate.
The results were expressed as mean ± SEM. Statistical signiﬁcance
was evaluated by using Student's t-test or one-way analysis of variance
(ANOVA) using Prisms 6.0 software (GraphPad Software Inc., La Jolla,
CA, USA) at the 95% conﬁdence limit.
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the [Ca2+]i rise in response to 4α-PDD (Fig. 2B, C). Ruthenium red (RuR,
5 μM, 10 min pretreatment), a nonselective TRPV inhibitor that inhibits
all TRPV isoforms, almost abolished the 4α-PDD-induced [Ca2+]i rise
(Fig. 2B, C). The [Ca2+]i rise was due to extracellular Ca2+ entry, because
4α-PDD failed to elicit any [Ca2+]i rise in the absence of extracellular
Ca2+ (Fig. 2C).
Wild-type TRPV4 and a dominant-negative construct of TRPV4
(TRPV4M680D) [17] were packed in lentiviral vector. The dominant negative TRPV4 (lenti-TRPV4-DN) markedly suppressed the magnitude of
[Ca2 +]i rise in response to 4α-PDD. Overexpression of wild-type
TRPV4 (lenti-TRPV4-WT) had no signiﬁcant effect on the magnitude
of [Ca2 +]i response to 4α-PDD (Fig. 2D, E), but it prolonged the
[Ca2+]i transient (Fig. 2D, F). T1/2, which is the time taken for [Ca2+]i
level to drop to 50% of its peak value, was longer in TRPV4overexpressing hESC-CMs than in normal hESC-CMs (Fig. 2D, F). In
these experiments, control cells were transduced with empty lentiviral
vector. Overexpression of TRPV4 proteins was veriﬁed by immunoblots
(Fig. 2D, inset).
3.3. Role of TRPV4 channels in cell stretch-induced [Ca2+]i rise in hESC-CMs
hESC-CMs were grown on a silicone chamber and subjected to uniaxial static stretch (10–30% of cell elongation in length, followed by a
3 s holding time and then returned to original position). Mechanical
stretch induced a rapid and transient [Ca2+]i rise (Fig. 3A). The magnitude of [Ca2 +]i rise was positively correlated with the degree of cell
stretch (Fig. 3A, B). In the presence of RN1734 (10 μM, 30 min pretreatment) and HC067047 (1 μM, 30 min pretreatment), the [Ca2+]i rise in
response to 30% of cell stretch was reduced by 53% (n = 5) and 69%
(n = 7), respectively (Fig. 4A, B). RuR (5 μM, 10 min pretreatment) reduced the stretch-induced [Ca2+]i response by 87% (n = 6) (Fig. 4A, B).
Lenti-TRPV4-DN suppressed the stretch-induced [Ca2 +]i rise by 43%
(n = 8), while lentiviral-mediated overexpression of TRPV4 had little
effect (Fig. 4C, D). These data suggested an important functional role
of TRPV4 channels in stretch-induced [Ca2+]i rise in hESC-CMs.
3.4. Role of TRPV4 channels in cyclic stretch-induced realignment of
hESC-CMs

3. Results
3.1. TRPV4 expression in hESCs and hESC-CMs
RT-PCRs were performed with total RNAs from undifferentiated
hESCs, differentiated hESC-CMs and human fetal cardiomyocytes. A
35-cycle RT-PCR ampliﬁed an expected product of 152 bp in all three
samples (Fig. 1A, B). Control reactions without the ﬁrst stand cDNA
did not yield any product (Fig. 1A, B). Immunoblots conﬁrmed the expression of TRPV4 proteins in hESC-CMs, neonatal rat cardiomyocytes
and adult mouse cardiomyocytes (Fig. 1C).
Immunostaining showed the expression of TRPV4 proteins in c-TnTpositive cardiomyocytes (Fig. 1D, E) as well as in some c-TnT negative
non-cardiomyocytes (Fig. 1E). While some TRPV4 signals were found
near cell membrane, strong TRPV4 signals were also detected near the
cell nucleus (Fig. 1E), which agrees with a previous report [21]. No staining was found in negative control, where the primary anti-TRPV4 antibody and anti-c-TnT antibody were omitted (Fig. 1F). The anti-TRPV4
antibody did not detect any positive signal in TRPV4-negative Chinese
Hamster Ovary cells, conﬁrming the speciﬁcity of this anti-TRPV4 antibody (Fig. 1G).
3.2. Functional expression of TRPV4 channels in hESC-CMs
Fura-2/AM loaded hESC-CMs were quiescent (Fig. 2A). Application
of a selective TRPV4 agonist 4α-PDD (4 μM) elicited a [Ca2 +]i rise
(Fig. 2B). TRPV4 antagonists RN1734 (10 μM, 30 min pretreatment)
and HC067047 (1 μM, 30 min pretreatment) [22] substantially reduced

The orientation of cell direction was assessed based on F-actin ﬁber
arrangement. Uniaxial cyclic stretch (1 Hz, 2 h) resulted in an increase
in the percentage of cells with elongated shape aligned in the direction
traverse to the stretch direction (Fig. 5A, B). The intensity of cell stretch
(0%, 10%, 20% and 30%) was positively correlated with the percentage of
cells realigned after stretch (Fig. 5B). In the presence of RN1734
(10 μM), HC067047 (1 μM) or RuR (5 μM), the cyclic stretch-induced
cell realignment was nearly abolished (Fig. 5C). Overexpression of
TRPV4 (TRPV4 WT) enhanced the stretch response, while TRPV4-DN
abolished the stretch response (Fig. 5D). Application of 4α-PDD alone
(4 μM) without stretch failed to induce cell realignment (Fig. 5E).
3.5. Role of AKT phosphorylation in cyclic stretch-induced realignment of
hESC-CMs
Possible involvement of Akt was examined. Uniaxial cyclic stretch
stimulated Akt phosphorylation, but did not alter the overall expressional level of Akt proteins (Fig. 6). Importantly, the cyclic stretchinduced Akt phosphorylation was abolished by TRPV4 inhibitors
RN1734 (10 μM) and HC067047 (1 μM) (Fig. 6). On the other hand,
Akt-selective inhibitors Akt IV (10 μM) and Akt X (10 μM) abolished
the stretch-induced realignment of hESC-CMs (Fig. 7). Phosphoinositide
3-kinase (PI3K) is a well-known upstream signaling molecule of Akt.
Inhibition of PI3K with LY294002 (40 μM) also abolished the stretchinduced realignment of hESC-CMs (Fig. 7). However, inhibition of Rho
kinase by Y27632 (1 μM) had no effect on the stretch-induced cell
realignment (Fig. 7).
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Fig. 1. TRPV4 expression in hESCs and hESC-CMs. A and B: Representative images of TRPV4 mRNA expression in hESCs (A), hESC-CMs (B) and human fetal cardiomyocytes (hCMs) as
detected by RT-PCRs. Negative control (Neg Ctrl) did not contain the ﬁrst strand cDNA. Mol Std stands for molecular standard. C: Representative images of immunoblots showing
TRPV4 protein expression in hESC-CMs, neonatal rat ventricular cardiomyocytes (NRVMs) and adult mouse cardiomyocytes (AMCMs). D–F: Representative images showing TRPV4
immuno-reactivity of c-TnT-positive hESC-CMs (D and E) and some cTnT-negative non-cardiomyocytes (E). The cells were treated with (D, E) or without (F) anti-TRPV4 antibody and
anti c-TnT antibody. Images from left to right, were DAPI (blue), c-TnT (green), TRPV4 (red), BF (bright ﬁeld view), and overlay. c-TnT immunoreactivity was indicative of cardiomyocytes.
The cells in E were not subjected to zeocin selection, thus contained some non-cardiomyocytes. G: Representative images showing that CHO cells did not react to anti-TRPV4 antibody.
Scale bars, 20 μm in D, and 30 μm in others. Experiments were repeated at least 3 times in A–G. (For interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)

4. Discussion
Compare with nonaligned counterparts, the aligned hPSC-CMs exhibit properties more similar to native heart [1,3], thus the aligned
hPSC-CMs are a more suitable surrogate for drug screening and
in vitro studies of cardiac function [1,3]. However, there is still no report
on the molecular mechanisms and signaling pathways underlying the
facilitated alignment of hPSC-CMs. In the present study, we explored

the potential role of TRPV4 channels in uniaxial cyclic stretch-induced
realignment of hESC-CMs and obtained the following major ﬁndings:
1) RT-PCRs, immunoblots and immunostaining demonstrated the
expression of TRPV4 in hESC-CMs; 2) 4α-PDD was able to evoke a
[Ca2+]i rise, the effect of which was inhibited by RN1734, HC067047
and lenti-TRPV4-DN, demonstrating the functional presence of TRPV4
channels in hESC-CMs; 3) Uniaxial stretch induced a [Ca2+]i rise, the effect of which was inhibited by RN1734, HC067047 and lenti-TRPV4-DN;
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Fig. 2. Functional existence of TRPV4 channels in hESC-CMs. A–B: Representative [Ca2+]i traces in non-treated hESC-CMs (A) and 4α-PDD-stimulated hESC-CMs (B). C: data summary from
A and B. Unless labeled otherwise, hESC-CMs were bathed in normal physiological saline. Some cells were pretreated with RN1734 (10 μM, 30 min), HC067047 (HC, 1 μM, 30 min), ruthenium red (RuR, 5 μM, 10 min), or bathed in a Ca2+-free physiological saline (0Ca). D–F: Representative traces (D) and data summary (E, F) showing the effect of lentivirus carrying
wild-type TRPV4 (V4 WT) or dominant negative TRPV4 (V4 DN). Inset of D displays a representative image of immunoblots, verifying TRPV4 protein overexpression (n = 3 experiments).
A, B and D are raw ﬂuorescence data with each trace in different color representing different individual cell. C and E summarize the maximal change in F340/F380 in response to 4α-PDD,
which is the difference between the ﬂuorescence value immediately before 4α-PDD and the peak ﬂorescence value after 4α-PDD. F summarizes T1/2, which is the time taken for [Ca2+]i
level to drop to 50% of its peak value. Control was transduced with empty lentiviral vector. Results were mean ± SEM. n = 5–12 experiments in C, E and F. *P b 0.05, **P b 0.01, ***P b 0.001.

4) Uniaxial cyclic stretch induced realignment of hESC-CMs in the
direction transverse to the stretch direction, the effect of which was
abolished by RN1734, HC067047 and lenti-TRPV4-DN; 5) Cyclic stretch
was able to induce Akt phosphorylation, the effect of which was
abolished by TRPV4 inhibitors. Furthermore, inhibitors of Akt and PI3K
abolished the stretch-induced hESC-CM realignment. Taken together,
these data gave strong evidence for a crucial functional role of TRPV4PI3K-Akt signaling in mediating the stretch-induced realignment of
hESC-CMs. The results from this study should provide valuable mechanistic insight about the facilitated alignment of hESC-CMs, which is

useful for future application of these cells in drug screening and
in vitro studies of cardiac function.
In addition, this study also provides some useful clues for the mechanism of cardiomyocyte alignment during heart development. It has
been postulated that mechanical stretch generated from rhythmic
heart contraction may alter the shape and alignment of cardiac cells
during heart development [9,23]. Majority of previous publications
utilized neonatal rat cardiomyocytes as the model to study cyclic
stretch-induced response of cardiomyocytes. Reports showed that
uniaxial cyclic stretch could induce realignment of neonatal rat
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Fig. 3. Uniaxial stretch-induced [Ca2+]i rise in hESC-CMs. Shown were representative traces (A) and summary data (B) showing stretch-induced [Ca2+]i rise in hESC-CMs. The cells grown
on matrigel-coated silicone stretch chamber were subjected to uniaxial stretch of increased intensity from 10 to 30% elongation, followed by a 3 s holding time and then returned to
original position. In A, stretch of different degrees was applied at the time points labeled by dotted lines. Each trace in different color represented a different individual cell. B shows
the maximal change in F340/F380 in response to stretch. The maximal change in F340/F380 is the difference between the ﬂuorescence value immediately before stretch and the peak
ﬂorescence value after the stretch. Results were mean ± SEM. n = 4 experiments. *P b 0.05, **P b 0.01.

cardiomyocytes into a uniﬁed direction [6,24]. Our current model of
hESC-CMs offers a clear advantage over neonatal rat cardiomyocytes,
because the contractile mechanisms of rodent heart differ considerably
from that of human heart [25].
As for the detailed signaling pathway, we found that TRPV4 inhibitors RN1734 and HC067047 abolished the cyclic stretch-induced Akt
phosphorylation and cell realignment. Thus TRPV4 should be upstream

of Akt. TRPV4 channels are Ca2+-permeable nonselective cation channels, the activity of which leads to [Ca2 +]i rise. Therefore, it is likely
that [Ca2+]i is the link between TRPV4 and Akt activity. Indeed, previous
reports demonstrated that cyclic stretch-induced [Ca2 +]i rise could
stimulate PI3K-Akt pathway in other cell types including osteoblasts
and vascular endothelial cells [20,26]. Our present study suggests that
the TRPV4-PI3K-Akt signaling pathway may mediate stretch-induced

Fig. 4. Role of TRPV4 channels in uniaxial stretch-induced [Ca2+]i rise in hESC-CMs. A and B: Representative traces (A) and summary data (B) showing the effect of TRPV4 inhibitors on
stretch-induced [Ca2+]i rise in response to 30% uniaxial elongation. The cells were pretreated with RN1734 (10 μM, 30 min), HC067047 (HC, 1 μM, 30 min), or RuR (5 μM, 10 min). Control
had no treatment. C and D: Representative traces (C) and summary data (D) showing the effect of lentivirus carrying wild-type TRPV4 (V4 WT) or TRPV4-DN on stretch-induced [Ca2+]i
rises in response to 30% uniaxial elongation. Control was transduced with empty lentiviral vector. B and D display the maximal change of F340/F380 in response to stretch, which is the
difference between the ﬂuorescence value immediately before stretch and the peak ﬂorescence value after the stretch. Results were mean ± SEM. n = 5–10 experiments. *P b 0.05,
***P b 0.001 vs. control in B and vs. V4 DN in D.
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Fig. 5. Role of TRPV4 channels in uniaxial cyclic stretch-induced realignment of hESC-CMs. A: Representative images showing realignment of F-actin ﬁlaments (Alexa488-phalloidin
positive, green) in response to uniaxial cyclic stretch (2 h, 1 Hz) of 0% (−), 10%, 20% or 30% elongation. Arrows show the direction of applied stretch. Scale bar, 40 μm. B: Summary of
data showing the percentage of cells aligned 90 ± 30° relative to the direction of applied stretch in control (−) and stretched cells. Cell orientation was measured by ImageJ software.
The cells with angle (θ) from 60° to 120° were deﬁned as aligned cells. C and D: Effect of TRPV4 inhibitors (C), lenti-V4 WT (D) and Lenti-V4 DN (D) on stretch-induced realignment of
F-actin ﬁlaments. The cells were exposed to uniaxial cyclic stretch (2 h, 1 Hz) with 0% (−) or 20% elongation. E: Lack of 4α-PDD effect on alignment of F-actin ﬁlaments. Values were
mean ± SEM. n = 3–7 experiments. *P b 0.05, **P b 0.01, ***P b 0.001 vs. stretch (−) in B, and as labeled in C and D. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)

realignment of hESC-CMs. Some reports suggested that mechanical
stretch could also activate RhoA/ROCK pathway [27]. However, in our
hand, inhibition of RhoA/ROCK by Y27632 had no effect on the
stretch-induced realignment of hESC-CMs.
There is controversy as to whether TRPV4 channels can be directly
activated by membrane stretch [12]. One study showed that TRPV4

overexpressed in Xenopus oocytes could be directly activated by membrane stretch [12], while another study failed to observe direct stretch
activation of TRPV4 when the channels were overexpressed in
HEK293 cells [28]. However, there is convincing evidence that TRPV4
can be at least indirectly activated by hypotonicity-induced cell swelling, which is another form of mechanical stimulation different from
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Fig. 6. Uniaxial cyclic stretch-induced Akt activation in hESC-CMs and the role of TRPV4 channels. Representative images (A) and data summary (B) of immunoblot experiments showing
stretch-induced activation of Akt. p-Akt, phosphorylated Akt. β-actin was used a loading control. The cells were exposed to uniaxial cyclic stretch (2 h, 10 min) with 0% (−) or 20%
elongation. RN1734 (10 μM), HC067047 (HC, 1 μM). Results are the mean ± SEM. n = 3 experiments. *P b 0.05, **P b 0.01.

direct membrane stretch, via an arachidonic acid-mediated signaling
pathway [29]. In the present study, uniaxial cell stretch was found to activate TRPV4 in human ESC-CMs. However, it is unclear whether the
TRPV4 activation under this condition is due to direct membrane stretch
or due to indirect activation via some other mechanosensitive signaling
pathway(s). Regardless of the detailed mechanisms, it is clear from
our results that cyclic stretch activated TRPV4 to facilitate the cell
realignment.
We found that TRPV4 antagonists RN1734 and HC067047 reduced
the stretch-induced [Ca2+]i rise by 53–69% in hESC-CMs, and TRPV4DN reduced the [Ca2 +]i response by 43%. These data suggest that
TRPV4 is a major component in the stretch-induced [Ca2+]i response
in hESC-CMs. Also note that even after TRPV4 inhibition/suppression,
there was still residual stretch response, which accounted for 31–57%
of the overall stretch-induced [Ca2+]i rise. We reason that the residual
response might be due to other stretch-activated Ca2 +-permeable

channels such as TRPV2 and TRPM7. Indeed, a nonselective TRPV inhibitor ruthenium red, which inhibits all TRPV isoforms (TRPV1-V4), was
found to have a stronger inhibitory effect (~ 87%) on the stretchinduced [Ca2+]i rise than the sole application of RN1734 or HC067047,
supporting the participation of other TRPVs. In agreement, RT-PCR analyses found the expression of mechanosensitive TRPV2 channels in
hESC-CMs (data not shown). Another point to note is that a range of
different axial stretch, from 10% to 30%, was used to stimulate [Ca2+]i
rise. While 10–20% is considered to be physiological, 25%–30% is
supraphysiological [30,31]. Therefore, certain caution needs to be
taken in data interpretation.
Note that, while TRPV4 inhibition partially reduced the stretchinduced [Ca2 +]i rise (Fig. 4), their effects on cyclic stretch-induced
cell realignment were more marked. Under TRPV4 inhibition, cyclic
stretch-induced cell realignment was nearly abolished (Fig. 5), suggesting a predominant role of TRPV4 in determining the cyclic stretchinduced cell realignment. However, application of 4α-PDD had no effect
on cell realignment, suggesting that activity of TRPV4 alone was not sufﬁcient for cell realignment. It is unclear why TRPV4 had more important
role in cell realignment than in [Ca2+]i rise. One possibility is that TRPV4
is physically localized close to the signal complexes that regulate cell
shape, such as Akt and FAK.
In conclusion, the present study demonstrates a predominant role of
TRPV4-PI3K-Akt signaling in determining cyclic stretch-induced realignment of hESC-CMs. Our results not only provide valuable information for facilitated alignment of hESC-CMs, which is useful for its future
application in drug screening and in vitro studies of cardiac function, but
also give useful clue to the mechanism of cardiomyocyte alignment
during heart development.
Conﬂicts of interest
The authors declare that none of them have any conﬂict of interest.
Acknowledgments
This work was supported by grants from the Hong Kong Research
Grant Committee TBRS T13-706/11, AoE/M-05/12, CUHK478413,
China National Science Foundation Grant 31470912 and RGC-NSFC
Joint Grant N_CUHK439/13.

Fig. 7. Akt inhibitors abolished the uniaxial cyclic stretch-induced realignment of hESCCMs. Data summary showing the effect of inhibitors for Akt PI3K and Rho kinase on
stretch-induced realignment of hESC-CMs. The cells were exposed to uniaxial cyclic
stretch (2 h, 1 Hz) with 0% (−) or 20% elongation. Akt-IV (10 μM), Akt-X (10 μM),
LY294002 (40 μM), Y27632 (1 μM). p-Akt stands for phosphorylated Akt. Results are the
mean ± SEM, n = 4 experiments. **P b 0.01, ***P b 0.001.

Appendix A. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.yjmcc.2015.08.005.

Y. Qi et al. / Journal of Molecular and Cellular Cardiology 87 (2015) 65–73

References
[1] X. Yang, L. Pabon, C.E. Murry, Engineering adolescence: maturation of human pluripotent stem cell-derived cardiomyocytes, Circ. Res. 114 (2014) 511–523.
[2] N.L. Tulloch, V. Muskheli, M.V. Razumova, Growth of engineered human myocardium with mechanical loading and vascular coculture, Circ. Res. 109 (2011) 47–59.
[3] J. Wang, A. Chen, D.K. Lieu, I. Karakikes, G. Chen, W. Keung, et al., Effect of
engineered anisotropy on the susceptibility of human pluripotent stem cellderived ventricular cardiomyocytes to arrhythmias, Biomaterials 34 (2013)
8878–8886.
[4] D.H. Kim, E.A. Lipke, P. Kim, R. Cheong, S. Thompson, M. Delannoy, et al., Nanoscale
cues regulate the structure and function of macroscopic cardiac tissue constructs,
Proc. Natl. Acad. Sci. U. S. A. 107 (2010) 565–570.
[5] L.A. Taber, Biomechanics of cardiovascular development, Annu. Rev. Biomed. Eng. 3
(2001) 1–25.
[6] A. Salameh, A. Wustmann, S. Karl, K. Blanke, D. Apel, D. Rojas-Gomez, et al., Cyclic
mechanical stretch induces cardiomyocyte orientation and polarization of the gap
junction protein connexin43, Circ. Res. 106 (2010) 1592–1602.
[7] S.P. Sheehy, A. Grosberg, K.K. Parker, The contribution of cellular mechanotransduction
to cardiomyocyte form and function, Biomech. Model. Mechanobiol. 11 (2012)
1227–1239.
[8] D.E. Ingber, I.I. Tensegrity, How structural networks inﬂuence cellular information
processing networks, J. Cell Sci. 116 (2003) 1397–1408.
[9] O. Friedrich, S. Wagner, A.R. Battle, S. Schürmann, B. Martinac, Mechano-regulation
of the beating heart at the cellular level, Prog. Biophys. Mol. Biol. 110 (2012)
226–238.
[10] S.F. Pedersen, B. Nilius, Transient receptor potential channels in mechanosensing
and cell volume regulation, Methods Enzymol. 428 (2007) 183–207.
[11] T. Numata, T. Shimizu, Y. Okada, TRPM7 is a stretch- and swelling-activated cation
channel involved in volume regulation in human epithelial cells, Am. J. Physiol.
Cell Physiol. 292 (2007) 460–467.
[12] S. Loukin, X. Zhou, Z. Su, Y. Saimi, C. Kung, Wild-type and brachyolmia-causing mutant TRPV4 channels respond directly to stretch force, J. Biol. Chem. 285 (2010)
27176–27181.
[13] R. Maroto, A. Raso, T.G. Wood, A. Kurosky, B. Martinac, O.P. Hamill, TRPC1 forms the
stretch-activated cation channel in vertebrate cells, Nat. Cell Biol. 7 (2005) 179–185.
[14] M.A. Spassova, T. Hewavitharana, W. Xu, J. Soboloff, D.L. Gill, A common mechanism
underlies stretch activation and receptor activation of TRPC6 channels, Proc. Natl.
Acad. Sci. U. S. A. 103 (2006) 16586–16591.
[15] P. Gottlieb, J. Folgering, R. Maroto, A. Raso, T.G. Wood, A. Kurosky, et al., Revisiting
TRPC1 and TRPC6 mechanosensitivity, Pﬂugers Arch. 455 (2008) 1097–1103.
[16] Z. Weng, C.W. Kong, L. Ren, I. Karakikes, L. Geng, J. He, M.Z. Chow, et al., A simple, cost-effective but highly efﬁcient system for deriving ventricular

[17]

[18]

[19]

[20]

[21]

[22]
[23]
[24]

[25]

[26]
[27]

[28]

[29]
[30]

[31]

73

cardiomyocytes from human pluripotent stem cells, Stem Cells Dev. 23
(2014) 1704–1716.
T. Voets, J. Prenen, J. Vriens, H. Watanabe, A. Janssens, U. Wissenbach, et al., Molecular determinants of permeation through the cation channel TRPV4, J. Biol. Chem.
277 (2002) 33704–33710.
C.Y. Lo, Y.W. Tjong, J.C. Ho, C.W. Siu, S.Y. Cheung, N.L. Tang, et al., An upregulation in
the expression of vanilloid transient potential channels 2 enhances hypotonicityinduced cytosolic Ca2+ rise in human induced pluripotent stem cell model of
Hutchinson-Gillford Progeria, PLoS One 9 (2014) e87273.
M. Yoshigi, L.M. Hoffman, C.C. Jensen, H.J. Yost, M.C. Beckerle, Mechanical force
mobilizes zyxin from focal adhesions to actin ﬁlaments and regulates cytoskeletal
reinforcement, J. Cell Biol. 171 (2005) 209–215.
C.K. Thodeti, B. Matthews, A. Ravi, A. Mammoto, K. Ghosh, A.L. Bracha, et al., TRPV4
channels mediate cyclic strain-induced endothelial cell reorientation through
integrin-to-integrin signaling, Circ. Res. 104 (2009) 1123–1130.
Y. Zhao, H. Huang, Y. Jiang, H. Wei, P. Liu, W. Wang, et al., Unusual localization and
translocation of TRPV4 protein in cultured ventricular myocytes of the neonatal rat,
Eur. J. Histochem. 56 (2012) e32.
J.A. Filosa, X. Yao, G. Rath, TRPV4 and the regulation of vascular tone, J. Cardiovasc.
Pharmacol. 61 (2013) 113–119.
X. Trepat, L. Deng, S.S. An, D. Navajas, D.J. Tschumperlin, W.T. Gerthoffer, et al., Universal physical responses to stretch in the living cell, Nature 447 (2007) 592–595.
H.W. de Jonge, D.H. Dekkers, A.B. Houtsmuller, H.S. Sharma, J.M. Lamers, Differential
signaling and hypertrophic responses in cyclically stretched vs endothelin-1 Stimulated neonatal rat cardiomyocytes, Cell Biochem. Biophys. 47 (2007) 21–32.
R.P. Davis, C.W. van den Berg, S. Casini, S.R. Braam, C.L. Mummery, Pluripotent stem
cell models of cardiac disease and their implication for drug discovery and development, Trends Mol. Med. 17 (2011) 475–484.
T.E. Danciu, R.M. Adam, K. Naruse, M.R. Freeman, P.V. Hauschka, Calcium regulates
the PI3K-Akt pathway in stretched osteoblasts, FEBS Lett. 536 (2003) 193–197.
A.S. Torsoni, T.M. Marin, L.A. Velloso, K.G. Franchini, RhoA/ROCK signaling is critical
to FAK activation by cyclic stretch in cardiac myocytes, Am. J. Physiol. 289 (2005)
H1488–H1496.
R. Strotmann, C. Harteneck, K. Nunnenmacher, G. Schultz, T.D. Plant, OTRPC4, a nonselective cation channel that confers sensitivity to extracellular osmolarity, Nat. Cell
Biol. 2 (2000) 695–702.
W. Everaerts, B. Nilius, G. Owsianik, The vanilloid transient receptor potential channel TRPV4: from structure to disease, Prog. Biophys. Mol. Biol. 103 (2010) 2–17.
H. Kurazumi, M. Kubo, M. Ohshima, Y. Yamamoto, Y. Takemoto, R. Suzuki, et al., The
effects of mechanical stress on the growth, differentiation, and paracrine factor
production of cardiac stem cells, PLoS One 6 (2011) e28890.
K.G. Shyu, Cellular and molecular effects of mechanical stretch on vascular cells and
cardiac myocytes, Clin. Sci. 116 (2009) 377–389.

