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A B S T R A C T

Dilated cardiomyopathy (DCM) is cardiac disease characterized by increased left ventricular chamber volume
and decreased systolic function. DCM patient-specific human induced-pluripotent stem cells-derived cardio-
myocytes (DCM-hiPSC-CMs) were generated. We found that uniaxial stretch elicited a cytosolic [Ca2+]i rise in
hiPSC-CMs. Compared to control-hiPSC-CMs, DCM-hiPSC-CMs displayed a greater magnitude of [Ca2+]i re-
sponses to the cell stretch of 10–15% elongation in length. This stretch-induced [Ca2+]i rise was abolished by
removal of extracellular Ca2+ and markedly attenuated by TRPV4 inhibitors HC-067047 and RN-1734.
Application of nifedipine and tranilast also reduced the [Ca2+]i response but to a lesser degree. Moreover, the
augmented [Ca2+]i was decreased by cytochalasin D treatment. Taken together, our study for the first time
demonstrated an abnormal TRPV4-related mechanosensitive Ca2+ signaling in DCM-hiPSC-CMs.

1. Introduction

Dilated cardiomyopathy (DCM) is a common cardiomyopathy
characterized by ventricular chamber enlargement and impaired sys-
tolic function, leading to progressive heart failure and sudden cardiac
death [1]. The genetic basis of DCM is partially known, with 30% of
cases harboring mutations in genes coding for sarcomere, z-disc, cy-
toskeleton, mitochondrial and nuclear lamina [2]. Dysregulation of
mechanical signaling is one of the contributing factors for DCM [3].
Excessive mechanical loads may result in maladaptive remodeling of
heart, leading to cardiomyopathies including DCM [3,4]. DCM cardio-
myocytes also display abnormal Ca2+ handling. In several animal
models of DCM, there is an increase in amplitude and duration of Ca2+

transients in cardiomyocytes [5–8]. Mutation of the proteins that affect
Ca2+ handling is associated with DCM [6,9–11].

Mechanosensitive ion channels are activated in response to

mechanical stimuli [12]. The activity of these channels induces ion flux
across the cells, resulting in changes of membrane potential and/or
cytosolic [Ca2+]i level, which then elicits cellular signaling cascades.
Cardiac myocytes express multiple mechanosensitive Ca2+-permeable
transient receptor potential (TRP) channels, including TRPC1, -C3, -C5,
-C6, -V1, -V2, -V4, and -P2 [13]. It is intriguing to postulate that dys-
regulation or dysfunction of some mechanosensitive TRP channels
could alter Ca2+ signaling, contributing to DCM progression. Indeed,
recent studies found an association between TRPV2 and DCM [14]. In
DCM animal models as well as in DCM patients, TRPV2 was found to be
abnormally accumulated in the sarcolemma [14]. Furthermore,
blockade of sarcolemmal TRPV2 accumulation inhibited the progres-
sion of DCM [14].

We and others have successfully generated patient-specific hiPSC-
CMs from DCM patients [10,11,15]. These iPSC-CMs from DCM patients
recapitulate to some extent the pathogenic phenotypes of DCM, thus
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may serve as a useful platform for exploring disease mechanisms. One
of these DCM-hiPSC-CM lines carries a point mutation in desmin pro-
teins (A285V-DES) [15]. Desmin (DES) is an intermediate filament
protein that interacts with other proteins to maintain cytoskeletal or-
ganization, force transmission and mechano-chemical signaling within
cardiomyocytes [16]. DES mutations are linked to DCM [17,18].

Previously, TRPV4 was reported to mediate stretch-induced Ca2+

influx in urothelial cells and oesophageal keratinocytes [19,20]. Re-
cently, we also found an important functional role of TRPV4 in med-
iating stretch-induced cytosolic [Ca2+]i rise in human embryonic stem
cell-derived cardiomyocytes [21]. However, it is unclear whether
TRPV4-mediated [Ca2+]i response is altered in DCM cardiomyocytes.
In the present study, we utilized the DCM-hiPSC-CMs generated from
A285V-DES patients as the DCM model to investigate TRPV4 involve-
ment in stretch-induced [Ca2+]i response. Our results demonstrated
that DCM-hiPSC-CMs had a greater [Ca2+]i rise in response to me-
chanical stretch than that of control-hiPSC-CMs. This abnormal [Ca2+]i
response was mostly related to TRPV4 with some contribution from
TRPV2 and L-type Ca2+ channels.

2. Material and methods

2.1. Generation of human induced pluripotent stem cells and cardiac
differentiation

Detailed methods on hiPSC generation and characterization, and in
vitro cardiac differentiation have been previously reported [15]. Skin
biopsies were obtained under standard aseptic technique from a 43-
year-old Caucasian man with dilated cardiomyopathy. Fibroblasts were
reprogrammed to hiPSCs via retroviral transduction of Yamanaka
transcription factors OCT-4, SOX2, KLF4 and c-MYC [22]. Cardiac dif-
ferentiation of hiPSCs (IMR90, WiCell) clone and human ES cell line
(HES2) were achieved via Wnt signaling [23]. Cardiac-spheres on days
30–40 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 to derive single cardiomyocytes.
After dispersal, the cells were seeded onto matrigel (BD Biosciences,
Franklin Lakes, NJ)-coated silicone stretch chamber (ST-CH-04, B-
Bridge International, Inc.) and were fed every other day with serum-
free RPMI-B27 medium (Life Technologies). After 1–2 days, the cells

Fig. 1. Uniaxial cell stretch elicits a [Ca2+]i rise in hESC-
CMs, control-hiPSC-CMs and DCM-hiPSC-CMs. (A)
Representative pseudo-color images showed the changes
in the fluo-4 fluorescence signal of hESC-CMs, control-
hiPSC-CMs and DCM-hiPSC-CMs before and after uniaxial
stretch equivalent to 10%, 15% and 20% elongation in
Tyrode's solution containing 1.8 mM Ca2+. (B)
Representative time course traces of [Ca2+]i rise in re-
sponse to different stretch elongation (left) and data
summary of the peak florescence value after the stretch
(right). (C) Representative traces of stretch-induced
[Ca2+]i rise in response to 30% uniaxial elongation (left)
and data summary showing the percentages of DCM-
hiPSC-CMs with abnormal Ca2+ transients under 30%
stretch (right). Values in data summary are mean ± SEM
(n = 5–9 experiments). ⁎P < 0.05, ⁎⁎P < 0.01,
#P < 0.001, ns = not significant.
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were ready for stretching experiments. α-actinin immunofluorescence
staining was performed to confirm cardiac phenotype. Flow cytometry
analysis performed on differentiated cardiomyocytes showed 90% of
cells were c-TnT+.

2.2. Mechanical stretch experiment

Uniaxial mechanical stretch was applied to hESC-CMs, control-
hiPSC-CMs and DCM-hiPSC-CMs using STREX cell stretching system
(ST-150; Strex, B-Bridge International, Inc.). The chamber was uni-
axially stretched equivalent to 10%, 15%, 20% or 30% elongation of the
initial length for 3 s and was returned to the initial unstretched state at
room temperature. In the preliminary study, we also tested the stretch
time duration of 1 s and found no difference in stretch-induced [Ca2+]i
rise between the stretch duration of 1 s and 3 s (Supplementary Fig. 1).

2.3. Reagents

Stock solutions of nifedipine (Sigma), HC-067047 (Sigma), RN-1734

(Santa Cruz Biotechnology, Inc.), Pyr3 (Sigma), tranilast (Sigma),
SAR7334 (MedChem Express) and MS-PPOH (Santa Cruz
Biotechnology, Inc.) were prepared in DMSO. The final concentration of
DMSO was 0.1% in each experiment. 17-Octadecynoic acid (17-ODYA)
(Cayman Chemical) and Cytochalasin D (Sigma) were dissolved in
ethanol. Capsazepine (Sigma) was dissolved in methanol. Clemizole
(TOCRIS) and amiloride (Sigma) was prepared in H2O. T1E3 antibody
and preimmune IgG were prepared as described elsewhere [24]. All
other chemicals were purchased from Sigma.

2.4. Ca2+ imaging

hESC-CMs, control-iPSC-CMs or DCM-iPSC-CMs were loaded with
fluo-4/AM (Invitrogen, 5 μM) and 0.02% Pluronic F-127 (Invitrogen)
for 30 min in dark at 37 °C, which then were observed with a confocal
microscope (Olympus FV1000). Fluo-4 was excited at 488-nm line and
captured at wavelengths 505–530 nm. Two-dimensional images were
obtained with the confocal microscope operating in the frame-scan
(X–Y, 320 × 320 pixels). Changes in [Ca2+]i were displayed as a ratio

Fig. 2. TRPV4 channels are the major contributor
mediating the stretch-induced Ca2+ influx. (A)
Representative time course traces of [Ca2+]i rise in
response to different stretch elongation (left) and
data summary of the peak florescence value after
the stretch (right) in the absence of extracellular
Ca2+. (B and C) Representative time course traces
of [Ca2+]i rise in response to different stretch
elongation (left) and data summary of the peak
florescence value after the stretch (right) before and
after 1 μM HC-067047 or 10 μM RN-1734 treatment
in control-hiPSC-CMs (B) and DCM-hiPSC-CMs (C).
The cells were stretched without inhibitors, fol-
lowed by application of inhibitors and then another
series of stretch. Values in data summary are
mean ± SEM (n = 5–6 experiments). ⁎⁎P < 0.01,
⁎⁎P < 0.01, #P < 0.001, ns = not significant.
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of fluorescence relative to the basal intensity before the application of
extracellular Ca2+ (F/F0). Ca2+ imaging experiments were performed
in Tyrode's solution containing in mM: NaCl 140, KCl 5.4, CaCl2 1.8,
MgCl2 1, glucose 10, HEPES 10, adjusted to pH 7.40 with NaOH. Some
experiments were carried out in a Ca2+-free Tyrode's solution, which
contained in mM: NaCl 140, KCl 5.4, EGTA 1, MgCl2 1, glucose 10,
HEPES 10, adjusted to pH 7.40 with NaOH.

2.5. Immunoblotting

For immunoblotting experiments, twenty micrograms of cardio-
myocyte lysates were resolved on SDS/PAGE. Membrane was incubated
with primary antibodies: anti-TRPV4 (1:1000, Alomone Labs), anti-
TRPC1 (1:1000, Alomone Labs), anti-TRPC3 (1:1000, Alomone Labs),

anti-TRPC5 (1:1000, Proteintech), anti-TRPC6 (1:1000, Alomone Labs),
anti-TRPV1 (1:1000, Alomone Labs), anti-TRPV2 (1:1000, Alomone
Labs), anti-TRPP2 (1:500, Santa Cruz Biotechnology Inc.) and β-actin
(1:3000, Santa Cruz Biotechnology Inc.). Samples were detected with
Amersham ECL Western Blotting Detection Reagent (GE Healthcare).
For all immunoblotting experiments, the protein concentration was
measured by using the DC™ protein assay (Bio-Rad).

2.6. Statistical analysis

The experimental results were expressed as means± SEM.
Independent experiments using different batches of differentiated car-
diomyocytes were used as the repeats in statistical analysis. Statistical
significance was evaluated by using Student's t-test, one-way analysis of

Fig. 3. L-type Ca2+ channels partially con-
tribute to the stretch-induced Ca2+ influx in
DCM-hiPSC-CMs. Shown are representative
time course traces of [Ca2+]i rise in response to
different stretch elongation (left) and data
summary of the peak florescence value after the
stretch (right) before and after 10 μM nifedi-
pine (A–C) or 1 μM HC-067047 (C) or combined
application of 10 μM nifedipine + 1 μM HC-
067047 (C) in control-hiPSC-CMs (A) and DCM-
hiPSC-CMs (B and C). The cells were stretched
without inhibitors, followed by application of
inhibitors and then another series of stretch.
Values in data summary are mean ± SEM
(n = 5–7 experiments). ⁎P < 0.05,
⁎⁎P < 0.01, #P < 0.001, ns = not significant.
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variance (ANOVA) or two-way analysis of variance (ANOVA) followed
by Bonferroni post-tests using Prisms 6.0 software (GraphPad Software
Inc., La Jolla, CA, USA). P < 0.05 was considered statistically sig-
nificant.

3. Results

3.1. [Ca2+]i rise in response to uniaxial cell stretch

hESC-CMs, control-hiPSC-CMs and DCM-hiPSC-CMs seeded onto
matrigel-coated silicon stretch chambers were subjected to uniaxial
stretch equivalent to 10%, 15%, 20% and 30% elongation of the initial
length for 3 s and then returned to original position. Most cardiomyo-
cytes exhibited a transient [Ca2+]i rise in response to 10–20% stretch
(Fig. 1A). Fig. 1B showed a typical time course of [Ca2+]i rise in re-
sponse to different degree of uniaxial stretch in representative cardio-
myocytes. Compared with hESC-CMs and control-hiPSC-CMs, DCM-
hiPSC-CMs displayed a greater magnitude of [Ca2+]i response to the
cell stretch of 10% elongation in length and 15% elongation in length
(Fig. 1B). However, under 20% stretch, there was no apparent differ-
ence in [Ca2+]i rise among the three cell types (Fig. 1B). In addition,
under excessive stretch of 30%, ~25% of DCM-hiPSC-CMs displayed a
more prolonged Ca2+ transient with small oscillation, which was not
observed in control-hiPSC-CMs or hESC-CMs (Fig. 1C). These results
showed that DCM-hiPSC-CMs had a greater [Ca2+]i response to me-
chanical stretch.

3.2. TRPV4 channels are the major contributor in stretch-induced Ca2+

influx

Next we examined the role of extracellular Ca2+ entry in this
[Ca2+]i rise. In the absence of extracellular Ca2+, uniaxial stretch was

only able to induce a very small magnitude of [Ca2+]i rise (Fig. 2A),
suggesting that extracellular Ca2+ entry is a prerequisite for this
stretch-induced [Ca2+]i rise.

Next we determined the possible involvement of TRPV4 channels in
the stretch-induced [Ca2+]i rise. HC-067047 and RN-1734 are two
highly selective inhibitors of TRPV4 [25]. In control-hiPSC-CMs, 1 μM
HC-067047 and 10 μM RN-1734 had no obvious effect on the stretch-
induced [Ca2+]i rise in the stretch range of 10%–15%. The inhibitory
effect of 1 μM HC-067047 and 10 μM RN-1734 on the [Ca2+]i rise only
became obvious when the stretch reached 20% (Fig. 2B). In contrast, in
DCM-hiPSC-CMs, the peak magnitude of stretch-induced [Ca2+]i rise
was markedly inhibited by 1 μM HC-067047 or 10 μM RN-1734 in the
all stretch range (10%, 15% and 20%) (Fig. 2C). Interestingly, 1 μMHC-
067047 or 10 μM RN-1734 both reduced the abnormally high [Ca2+]i
response in DCM-hiPSC-CMs to a very low level, similar to that of
control-hiPSC-CMs. The inhibition was about 80% in DCM-hiPSC-CMs
(Fig. 2C). These results suggest that the abnormally high stretch-in-
duced [Ca2+]i response in DCM-hiPSC-CMs was largely associated with
the activity of TRPV4 channels.

3.3. L-type Ca2+ channels also contribute to the stretch-induced Ca2+

influx

Nifedipine, a selective inhibitor of L-type Ca2+ channels, was used
to test the involvement of L-type Ca2+ channels in the stretch-induced
[Ca2+]i rise. Interestingly, while nifedipine (10 μM) had no effect on
the stretch-induced [Ca2+]i rise in control-hiPSC-CMs (Fig. 3A), it
significantly reduced the stretch-induced [Ca2+]i rise in DCM-hiPSC-
CMs (Fig. 3B). Therefore, the involvement of L-type Ca2+ channels in
the stretch [Ca2+]i response appears to be a unique property of DCM-
hiPSC-CMs. Note that, compared to nifedipine, TRPV4 antagonists had
substantially greater inhibition on the stretch-induced [Ca2+]i rise in

Fig. 4. TRPV4 protein expression and cyto-
chrome P450 epoxygenases in control-hiPSC-CMs
and DCM-hiPSC-CMs. (A) Representative im-
munoblot images (left) and data summary (right)
of TRPV4 protein expression. β-actin was used as
the loading control. (B) representative time
course traces of [Ca2+]i rise in response to dif-
ferent stretch elongation (left) and data summary
of the peak florescence value after the stretch
(right) before and after 30 μM MS-PPOH or
10 μM 17-ODYA treatment in DCM-hiPSC-CMs.
The cells were stretched without inhibitors, fol-
lowed by application of inhibitors and then an-
other series of stretch. Values in data summary
are mean ± SEM (n= 4–5 experiments),
ns = not significant.
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DCM-hiPSC-CMs (80% inhibition for TRPV4 inhibitors vs. 50% inhibi-
tion for nifedipine at 20% cell stretch. Combined application of 10 μM
nifedipine + 1 μM HC-067047 had more effect than nifedipine alone,
but was similar to that of 1 μM HC-067047 alone (Fig. 3C).

3.4. TRPV4 expression and cytochrome P450 epoxygenases in control-
hiPSC-CMs and DCM-hiPSC-CMs

Immunoblots were performed to compare the expression level of
TRPV4 proteins between control-hiPSC-CMs and DCM-hiPSC-CMs.
Fig. 4A showed that TRPV4 protein level was not significantly upre-
gulated in DCM-hiPSC-CMs. Furthermore, the expression level of
TRPV4 was not different among iPSC-CMs at different differentiation
stages, adult mouse heart samples and neonatal rat cardiomyocytes
(Supplementary Fig. 2).

It is well documented that hypotonicity-induced cell swelling can
activate TRPV4 via cytochrome P450 epoxygenases and epoxyeicosa-
trienoic acids [26]. However, inhibition of cytochrome P450 epox-
ygenases by 30 μM MS-PPOH or 10 μM 17-ODYA failed to alter the
stretch-induced [Ca2+]i response in DCM-hiPSC-CMs (Fig. 4B).

3.5. Role of other mechanosensitive Ca2+-permeable channels

Possible involvement of several other mechanosensitive Ca2+-
permeable channels, including TRPC1, -C3, -C5, -C6, -V1, -V2 and -P2,
in the stretch response of hiPSC-CMs was also explored. Immunoblot
results showed no difference in the protein expression of all these iso-
forms between control-hiPSC-CMs and DCM-hiPSC-CMs
(Supplementary Fig. 3). Functional inhibition by selective pharmaco-
logical antagonists or blocking antibody, TRPC1 by 10 μg/ml T1E3

blocking antibody [24], TRPC3 by 10 μM Pyr3 [27], TRPC5 by 4 μM
clemizole [28], TRPC6 by 100 nM SAR7334 [29], TRPV1 by 10 μM
capsazepine [30] and TRPP2 by 100 μM amiloride [31], had no effect
on the stretch-induced [Ca2+]i rise in control-hiPSC-CMs and DCM-
hiPSC-CMs (Supplementary Fig. 4). Interestingly, while inhibition of
TRPV2 by 75 μM tranilast [32] did not alter the stretch-induced
[Ca2+]i in control-hiPSC-CMs, this treatment did reduce the stretch-
induced [Ca2+]i rise in DCM-hiPSC-CMs by ~40% at the cell stretch
ranges of 15%–20% (Fig. 5). On the other hand, at 10% cell stretch
75 μM tranilast had no effect on the stretch-induced [Ca2+]i rise in
DCM-hiPSC-CMs (Fig. 5).

3.6. Actin cytoskeleton is involved in stretch-induced Ca2+ influx

It has been suggested that mechanical force may transmit through
cytoskeleton to activate TRPV4 and TRPV2 [33,34] and that actin cy-
toskeleton could modulate stretch-mediated Ca2+ influx [34–36]. We
used 10 μM cytochalasin D to disrupt actin polymerization [37]. In
control-hiPSC-CMs, treatment with cytochalasin D for 30 min reduced
the stretch-induced [Ca2+]i rise only at 20% stretch but not in the
stretch range of 10–15%. In contrast, in DCM-hiPSC-CMs, 10 μM cyto-
chalasin D treatment reduced the stretch-induced [Ca2+]i rise at both
15% and 20% stretching ranges. Compared to control-hiPSC-CMs, the
effect of cytochalasin D was greater in DCM-hiPSC-CMs (Fig. 6A and B).

4. Discussion

In the present study, we utilized patient-specific iPSC-derived car-
diomyocytes as DCM model to investigate the stretch-induced [Ca2+]i
change and obtained the following findings: a) Uniaxial stretch elicited

Fig. 5. TRPV2 channels partially contribute to
the stretch-induced Ca2+ influx in DCM-hiPSC-
CMs. Shown are representative time course
traces of [Ca2+]i rise in response to different
stretch elongation (left) and data summary of
the peak florescence value after the stretch
(right) before and after 75 μM tranilast treat-
ment in control-hiPSC-CMs (A) and DCM-
hiPSC-CMs (B). The cells were stretched
without inhibitors, followed by application of
tranilast and then another series of stretch.
Values in data summary are mean ± SEM
(n = 6 experiments). ⁎P < 0.05, ⁎⁎P < 0.01,
ns = not significant.
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a [Ca2+]i rise in hiPSC-CMs. The magnitude of [Ca2+]i rise was posi-
tively correlated with the degree of cell stretch. b) Compared to control-
hiPSC-CMs, DCM-hiPSC-CMs displayed a greater magnitude of [Ca2+]i
responses to cell stretch, especially in the range of low to moderate
stretch (10–15%). c) This stretch-induced [Ca2+]i rise was substantially
reduced by TRPV4 inhibitors HC-067047 and RN-1734, suggesting that
an important role of TRPV4. Nifedipine and tranilast also attenuated
the [Ca2+]i response but to a lesser degree, suggesting some partici-
pation of L-type Ca2+ channels and TRPV2 channels. d) Cytochalasin D
treatment reduced the stretch-induced [Ca2+]i response to a greater
degree in DCM-hiPSC-CMs than in control-hiPSC-CMs. Taken together,
our study for the first time demonstrated an abnormal TRPV4-mediated
mechanosensitive Ca2+ signaling in DCM-hiPSC-CMs.

DCM is characterized by cardiac dilation and reduced systolic
function [1]. DCM cardiomyocytes show abnormal Ca2+ handlings. In
several animal models of DCM, there is an increase in the amplitude
and duration of Ca2+ transients in cardiomyocytes [5–8]. DCM cardi-
omyocytes also display abnormal mechanical response [38]. Mutations
in cytoskeleton desmin and nuclear lamins are known to cause the
pathogenesis of DCM [17,39]. However, up to the present, there is still
no report about an altered [Ca2+]i response to mechanical stretch in
DCM cardiomyocytes. In this study, we clearly demonstrated a much
greater [Ca2+]i response to unidirectional stretch in DCM-hiPSC-CMs
than in control-hiPSC-CMs. It is previously documented that 10% cell
elongation (stretch) is considered to be “physiological” while a cell
elongation of 20% or more is considered to be pathological [40,41].
Interestingly, greater differences in the amplitude of stretch-induced
[Ca2+]i responses between control-hiPSC-CMs and DCM-hiPSC-CMs
were found in the physiological stretching range of 10%, suggesting its
physiological relevance. Furthermore, highly selective TRPV4

inhibitors HC-067047 and RN-1734 strongly inhibited the stretch-in-
duced [Ca2+]i response in DCM-hiPSC-CMs by up to 80% in all
stretching ranges including the physiological stretching range of 10%,
suggesting a major role of TRPV4. Moreover, under excessive me-
chanical stretch of 30%, the shape of stretch-induced [Ca2+]i transient
in DCM-hiPSC-CMs became grossly abnormally, appearing more pro-
longed with some small oscillations. Previous reports from others have
proposed that an abnormally high Ca2+ level in cardiomyocytes may
stimulate apoptosis, thereafter weaken the contractility of cardiac
muscle and exacerbate DCM progression [5,42]. Our present study
uncovered an abnormality in TRPV4-mediated [Ca2+]i response in
DCM cardiomyocytes. Cardiomyocytes in vivo are constantly subjected
to cyclic contraction and relaxation/extension during cardiac cycle. It is
highly likely that the abnormally high TRPV4-mediated [Ca2+]i re-
sponse to stretch cycle may induce apoptotic cell death, leading to the
pathological progression of DCM.

Also note that TRPV4 may not be the only TRP channels involved in
DCM. A recent study suggests that TRPV2 may also play a role in DCM
progression [14]. Indeed, we also found that inhibition of TRPV2 by
tranilast reduced the stretch-induced [Ca2+]i response in DCM-hiPSC-
CMs. However, the effect of TRPV2 inhibition on the stretch-induced
[Ca2+]i response was much smaller than that of TRPV4 inhibition at
the cell stretch ranges of 15%–20% (Figs. 2 and 5). Furthermore, the
effect of TRPV2 inhibition was absent in the physiological stretching
range of 10% (Fig. 5). Together, our data suggest that Ca2+ entry
through several TRPs, including TRPV4 and to a lesser degree TRPV2,
may affect DCM disease progression.

We also found that nifedipine could partially inhibit the stretch-
evoked [Ca2+]i response in DCM-hiPSC-CMs but not in control-hiPSC-
CMs (Fig. 2B–C), suggesting an involvement of L-type Ca2+ channels in

Fig. 6. Actin cytoskeleton is involved in stretch-
induced Ca2+ influx. Shown are representative
time course traces of [Ca2+]i rise in response to
different stretch elongation (left) and data sum-
mary of the peak florescence value after the
stretch (right) before and after 10 μM cytocha-
lasin D treatment in control-hiPSC-CMs (A) and
DCM-hiPSC-CMs (B). The cells were stretched
without inhibitors, followed by application of
cytochalasin D and then another series of stretch.
Values in data summary are mean ± SEM
(n = 5–6 experiments). ⁎P < 0.05, ⁎⁎P < 0.01,
#P < 0.001, ns = not significant.
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the stretch response in DCM-hiPSC-CMs. Because L-type Ca2+ channels
cannot be directly activated by cell stretch [43–45], we postulate that
the activation of L-type Ca2+ channels is a secondary response after
TRPV4 and TRPV2 activation. It is likely that, in DCM-hiPSC-CMs, ex-
cessive activities of TRPV4 and TRPV2 under cell stretch result in
membrane depolarization, which subsequently activates voltage-gated
L-type Ca2+ channels. A similar scheme, which links TRPC6-mediated
membrane depolarization to the activity of L-type Ca2+ channels was
previously proposed in vascular smooth muscle [46]. Another point to
note is that cardiomyocytes possess a well-characterized mechanism of
Ca2+-induced Ca2+ release [47], in which extracellular Ca2+ entry
through plasma membrane channels serves to stimulate intracellular
Ca2+ release from sarcoplasmic reticulum. Therefore, overall amount
of [Ca2+]i rise is attributed to both extracellular Ca2+ entry and in-
tracellular Ca2+ release. It is likely that an abnormally high Ca2+ entry
via TRPV4, TRPV2 and L-type Ca2+ channels would induce more Ca2+

release from sarcoplasmic reticulum, both of which contribute to the
excessive [Ca2+]i response to uniaxial cell stretch in DCM cardiomyo-
cytes.

We explored possible underlying mechanism for the abnormally
high stretch responses of TRPV4 and TRPV2 in DCM-hiPSC-CMs.
Immunoblot analysis showed no difference in TRPV4 and TRPV2 ex-
pression between DCM-hiPSC-CMs and control-hiPSC-CMs (Fig. 4A and
Supplementary Fig. 3). Previous studies demonstrated that hypotoni-
city-induced cell swelling may activate TRPV4 indirectly via a signaling
axis involving arachidonic acid-cytochrome P450 epoxygenases-epox-
yeicosatrienoic acids [26]. However, in our study, treatment with cy-
tochrome P450 epoxygenase inhibitor MS-PPOH or 17-ODYA failed to
alter the stretch-induced [Ca2+]i response in DCM-hiPSC-CMs
(Fig. 4B), suggesting that arachidonic acid and epoxyeicosatrienoic
acids were not involved. Another line of ideas is the relationship be-
tween cytoskeleton and TRPV4/TRPV2. DCM is often associated with
alteration of cytoskeleton arrangement [48]. Previous studies have
demonstrated that the mechanical force can act through cytoskeleton to
stimulate the activity of TRPV4 and TRPV2 [33,34,49]. Therefore, it is
intriguing to propose that an abnormal organization of cytoskeleton in
DCM cells could be an underlying reason for the hyperactivity of TRPV4
and TRPV2 under stretch. In agreement, disruption of actin cytoske-
leton with cytochalasin D reduced the stretch-induced [Ca2+]i rise in
both cell types, but the effect of cytochalasin D was greater in DCM-
hiPSC-CMs than in control-hiPSC-CMs, supporting the notion that the
hyperactivity of TRPV4 and TRPV2 may be related to an altered actin
cytoskeleton in DCM cardiomyocytes.

5. Conclusions

In conclusion, with the use of patient-specific DCM-ihPSC-CMs as
model, we uncovered an abnormally high stretch-induced [Ca2+]i re-
sponse in DCM cardiomyocytes, which is related to the activity of
TRPV4, and to a lesser degree, TRPV2 and L-type Ca2+ channels. It is
likely that this abnormal [Ca2+]i response could be a contributing
factor for DCM progression.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbadis.2017.07.021.
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