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Human pluripotent stem cell-derived cardiomyocytes have potential applications in disease modeling and drug
screening. Therefore, it is important to understand the mechanisms and signaling pathways underlying the
survival and death of these cells. Endoplasmic reticulum (ER) stress is triggered by various cellular stresses that
disturb protein folding in the ER. Cells cope with ER stress by activating the unfolded protein response (UPR), a
homeostatic signaling network that orchestrates the recovery of ER function. In the present study, we hypothesized that ER stress may upregulate the expression of transient receptor potential channel TRPV6, which in
turn serves to protect human embryonic stem cell-derived cardiomyocytes (hESC-CMs) from ER stress-induced
apoptotic cell death. Indeed, we found that ER stress induced by thapsigargin and tunicamycin led to increased
expression of TRPV6 via ATF6α signaling branch. siRNA-mediated knockdown of TRPV6 aggravated ER stressinduced apoptotic cell death, whereas overexpression of TRPV6 attenuated ER stress-induced apoptosis in hESCCMs. Furthermore, the signaling pathway downstream of TRPV6 was MAPK-JNK. Taken together, these results
provide strong evidence that, under ER stress, TRPV6 is upregulated to protect hESC-CMs from apoptotic cell
death via ATF6α-TRPV6-JNK pathway.

1. Introduction
Secreted and membrane proteins are synthesized and folded in the
endoplasmic reticulum (ER). Various pathophysiological stimuli, such
as nutrient deprivation, hypoxia, inhibition of glycosylation, calcium
depletion from the ER lumen, lead to accumulation and aggregation of
unfolded and/or misfolded proteins in the ER and induce the unfolded
protein response (UPR). In mammals, the UPR comprises three parallel
signaling branches: inositol-requiring protein 1α (IRE1α)-X-box
binding protein 1 (XBP1), PRKR-like ER kinase (PERK)-eukaryotic
translation initiation factor 2α (eIF2α)-activating transcription factor 4
(ATF4), and activating transcription factor 6α (ATF6α) [1]. Initially,
the UPR is a cytoprotective response promoting adaption to re-establish

⁎

1

normal ER function, but excessive or prolonged UPR activates maladaptive arm of the UPR, resulting in cell apoptosis.
Human pluripotent stem cell-derived cardiomyocytes (hPSC-CMs)
provide an unlimited source of human cardiomyocytes for potential
applications in disease modeling, drug screening and cell-based heart
therapies [2]. For disease modeling, PSC-CMs have been used as models
to study ER stress-related cardiomyopathies such as cardiac hypertrophy [3,4] and ischemic/reperfusion injury [5,6]. Therefore, it is
important to understand the mechanisms and signaling pathways underlying the survival and death of these stem cells, including ER stress
response, the UPR and apoptotic cell death. Such basic knowledge
should provide essential and valuable information for proper maintenance and disease modeling of hPSC-CMs. Up to the present, the
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QuikChange II XL Site-Directed Mutagenesis Kit (Agilent Technologies,
Santa Clara, CA).

research regarding ER stress in cardiomyocytes is mostly based on animal experiments or primary cultured rodent cardiomyocytes. However,
there are considerable diﬀerences in cardiac physiology between
human and rodent cardiomyocytes [7]. By contrast, hPSC-CMs are
suggested to have many properties of authentic cardiomyocytes [8,9].
Therefore, these cells may provide an ideal model system to study
human heart diseases.
The transient receptor potential (TRP) channels are a superfamily of
cation channels that have diverse physiological function. They can be
grouped into six subfamilies: TRPC, TRPV, TRPM, TRPP, TRPML and
TRPA [10]. Some TRP channels have been reported to be involved in ER
stress and cell viability. For example, TRPC1 may inhibit the UPR and
thus contribute to neuronal survival [11]. Conversely, TRPC3, TRPC6
and TRPV1 may increase ER stress, consequently promoting apoptotic
death in endothelial cells, podocytes and lung epithelial cells [12–15].
TRPV6 is a highly Ca2+-selective channel important for body Ca2+
homeostasis. TRPV6 knockout mice show various phenotypes linked to
impaired Ca2+ homeostasis, such as impaired fertility, defective Ca2+
absorption, and lower body weight [16]. By contrast, upregulation of
TRPV6 has been implicated in cancer progression [16,17]. TRPV6 is
also an important regulator of cell apoptosis [17–20]. The activity of
TRPV6 may either promote or inhibit cell apoptosis dependent on the
cell types [17–20]. However, the role of TRPV6 in apoptotic cell death
has never been studied in any stem cell model or in the context of ER
stress response.
In this report, we hypothesized that, under ER stress, TRPV6 expression in hESC-CMs is upregulated as a part of UPR, and that the
signaling pathway involves ATF6α-TRPV6. We further hypothesized
that the upregulation of TRPV6 serves to protect hESC-CMs from ER
stress-induced cell apoptosis. The results from this study demonstrated
a cytoprotective role of TRPV6 in hESC-CMs under ER stress.

2.5. Dual-luciferase reporter assay
hESC-CMs were co-transfected with the plasmids encoding the luciferase reporter constructs generated above together with internal
control plasmid encoding Renilla luciferases. The cells were then infected with pAAV-sXBP1, or pAAV-ATF4, or pAAV-cleaved-ATF6α
(1–373). 48 h after infection, the cells were washed with PBS and luciferases were measured.
2.6. Immunoblot analysis
hESC-CMs were lysed in RIPA buﬀer comprising 1% (vol/vol)
Nonidet P-40, 150 mM NaCl, 20 mM Tris-HCl (pH 7.5), protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktail (Roche).
Protein concentrations were determined using the detergent-compatible protein assay (Bio-Rad, Hercules, CA). Boiled samples were subjected to SDS-PAGE and then transferred to polyvinylidene diﬂuoride
membranes. The following antibodies were used in immunoblot analysis: anti-ATF4 (1:1000, Proteintech Group),anti-ATF6 (1:1000,
Abcam), anti-β-actin (1:2000, Santa Cruz), anti-Caspase-3 (1:1000, Cell
Signaling Technology), anti-Caspase-12 (1:1000, Proteintech Group),
anti-CHOP (1:1000, Proteintech Group), anti-GRP78 (1:1000,
Proteintech Group), anti-HA (1:1000, TransGen Biotech), anti-phosphoSAPK/JNK Antibody (1:1000, Cell Signaling Technology), anti-SAPK/
JNK Antibody (1:1000, Cell Signaling Technology), anti-TRPC5
(1:1000, Proteintech Group), anti-TRPM6 (1:1000, Alomone Labs),
anti-TRPML1 (1:1000, Alomone Labs), anti-TRPP1 (1:500, Santa Cruz),
anti-TRPV5 (1:1000, Alomone Labs), anti-TRPV6 (1:1000, Proteintech
Group), anti-XBP1s (1:1000, Proteintech Group).

2. Materials and methods
2.1. ES cell culture and embryonic body diﬀerentiation

2.7. Lentiviral TRPV6-shRNA
HES2 cell line was maintained in a feeder-free system in the
mTeSR™1 medium on Matrigel (BD Biosciences)-coated plates. HES2
was diﬀerentiated into embryonic bodies (EBs) as described elsewhere
[21]. Beating EBs were digested into single cardiomyocytes with collagenase type IV [21]. To purify cardiomyocytes, cells were infected
with pLV-MLC2v-mGFP/mTdTomato-t2A-zeocin lentivirus particles,
followed by zeocin selection [22].

Two short hairpin RNA (shRNA) constructs against human TRPV6
were generated using pLKO.1 puro vector containing a cassette for
puromycin. The shRNA target sequences used were: TRPV6 sh1: GTA
CATCATCTGCTTCACCAT, TRPV6 sh2: GGGAAACACAGTGTTACAC.
Scrambled shRNA was used as the control. Lentiviral particles were
produced in 293 T cells by co-transfecting pLKO.1 and packaging vectors. 48 h after transfection, the lentiviral supernatant was collected,
centrifuged for 2 h at 50,000g, followed by re-suspension in cold PBS.

2.2. Quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from hESC-CMs using Trizol reagent
(Invitrogen). cDNA was generated using SuperScript® First-Strand
Synthesis System (Invitrogen). qRT-PCR was performed with 7500 Fast
Real-time PCR system (Applied Biosystems, NY) using Power SYBR
Green PCR Master Mix (Applied Biosystems, NY). The primer sequences
were listed in Supplemental Table 1.

2.8. Adeno-associated virus (AAV)
The shuttle vectors used to generate pAAV-sXBP1, pAAV-ATF4 and
pAAV-cleaved-ATF6α (1–373) were constructed by cloning respective
cDNAs into the BamHI and BglII sites in pAAV-MCS. AAV was packaged
as described elsewhere [22]. In brief, the shuttle plasmids were cotransfected into HEK293T cells with pAAV-RC and pHelper plasmid.
After transfection for 72 h, cells were harvested and viral particles were
puriﬁed by PEG concentration.

2.3. TUNEL assay
Apoptotic cardiomyocytes were detected using the terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL)
method (Roche) as per the manufacturer's instructions.

2.9. ERAD assay

2.4. Luciferase reporter constructs

ER-associated degradation (ERAD) was performed using a TCR-αHA plasmid as described elsewhere [23]. hESC-CMs were transfected
with TCR-α-HA. 48 h later, the cells were treated with 360 μM cycloheximide (CHX) to inhibit protein synthesis, and harvested immediately
or 30 min or 60 min following the addition of CHX. Immunoblot analysis was performed to determine the relative levels of TCR-α-HA/βActin.

The 5′-ﬂanking sequence of human TRPV6 gene (GenBank™ accession number NM_018646.5) from nucleotides −573 to +31 was cloned
into the pGL4.10 luciferase reporter vector (Promega). Truncated versions of human TRPV6 luciferase were also cloned into pGL4.10 luciferase reporter vector. Point mutation was performed using
2

Journal of Molecular and Cellular Cardiology 120 (2018) 1–11

Z. Li et al.

experiments further demonstrated that, while all three transcription
factors could stimulate TRPV6 expression at mRNA level (Fig. 3C), only
cleaved-ATF6α caused a statistically signiﬁcant increase of TRPV6
proteins (Fig. 3D and E). These results suggest that the ATF6α signaling
pathway is the main branch of UPR that could stimulate TRPV6 expression in hESC-CMs under ER stress. To verify these ﬁndings, we
made deletion mutations at the putative ATF6 binding site of TRPV6
promoter (−246 to −241), followed by promotor luciferase reporter
assay. As shown in Fig. 3A-B, the truncation mutant human-TRPV6
(−395/+31)-Luc, which did not interfere the putative ATF6 binding
site, had little eﬀect on TRPV6 expression. However, another truncation
mutant human-TRPV6 (221/+31)-Luc, which removed the putative
cleaved-ATF6α binding site, resulted in a signiﬁcant decrease in TRPV6
expression (Fig. 4B). Moreover, a point mutation was introduced at the
putative ATF6 binding site by substituting two nucleotides to generate a
new construct M1 (Fig. 4C). Compared with human-TRPV6 (−573/
+31)-Luc (WT), M1 resulted in a signiﬁcant reduction of TRPV6 expression in luciferase reporter assay (Fig. 4D).

2.10. Statistical analysis
All experiments were performed at least in triplicate. The results
were expressed as mean ± SEM. Statistical signiﬁcance was determined using Student's t-test, one-way analysis of variance (ANOVA)
or two-way ANOVA using Prisms 6.0 software (GraphPad Software Inc.,
La Jolla, CA, USA). P < 0.05 was accepted as statistically signiﬁcant.
Additional methods are provided in Online Supplemental Materials.
3. Results
3.1. Basic properties of diﬀerentiated hESC-CMs
EBs derived from human HES2 line showed spontaneous contractile
activity as early as day 8 after induction of diﬀerentiation. Flow cytometry analysis performed on the diﬀerentiated HES2 cells at days
16–18 showed that 86% of cells were cTnT+ [24]. Immunostaining
experiments conﬁrmed the expression of MLC2v, indicating that, after
zeocin selection, almost all the cells were MLC2v+ [24]. These MLC2v+
cells displayed spontaneous beating with ~30 beats/min and had typical ventricular-like action potentials [21].

3.6. Knockdown of TRPV6 increased ER stress-induced apoptosis in hESCCMs
We evaluated the eﬀects of TRPV6 knockdown on ER stress-induced
apoptosis of hESC-CMs using TUNEL and caspase assays. In TUNEL
assay, compared to the control (lenti-scrambled shRNA), two lentiTRPV6-shRNAs (si1 and si2) increased the percentage of TUNEL-positive apoptotic cells under ER stress (100 nM TG or 2 μg/ml TM for 48 h)
(Fig. 5A-B). Caspase 12 is known to be involved in ER stress-induced
apoptosis [25], whereas caspase-3 is the downstream executioner caspase leading to cell apoptosis [26]. As expected, TG and TM treatments
both increased the level of cleaved caspase 12 (37 kD) (Fig. 5C and D)
and cleaved caspase 3 (17 kD) (Fig. S4). Importantly, two lenti-TRPV6shRNAs (si1 and si2) further enhanced the level of cleaved caspase 12
(Fig. 5C and D) and cleaved caspase 3 (Fig. S4) under ER stress. Together, these data suggest that TRPV6 protects against apoptotic cell
death under ER stress in hESC-CMs.

3.2. TG and TM upregulated the expression of ER stress markers in hESCCMs
hESC-CMs were treated with two commonly used ER stress inducers,
TG at 100 nM and TM at 2 μg/ml, for 6–24 h to induce ER stress. Both
TG and TM increased the expression of two ER stress markers GRP78
and CHOP at mRNA and protein levels (Fig. S1A–E).
3.3. TG and TM increased the expression of TRPV6 in hESC-CMs
Quantitative RT-PCR was used to determine the mRNA levels of all
TRP members in hESC-CMs (Fig. S2). Among all known TRP members,
treatments with TG and TM for 24 h increased the mRNA levels of
TRPC5, TRPM6, TRPML1, TRPP1, TRPV5 and TRPV6. Among them,
TRPV6 mRNA had a greater increase of expression in response to TM
and TG than other TRP members (Fig. S2). Time course experiments
were performed for TRPV6. The results demonstrated that TG and TM
treatments markedly increased the expression of TRPV6 at both mRNA
(Fig. 1A-B) and protein levels (Fig. 1C-E) in a time-dependent manner.
TG and TM treatments also increased the protein expression of TRPC5
and TRPV5, and to a less degree TRPML1 (Fig. S2EeF). Furthermore,
TRPV6 expression was also detected in non-diﬀerentiated hESCs (Fig.
S3).

3.7. Overexpression of TRPV6 reduced ER stress-induced apoptosis
To further conﬁrm the protective role of TRPV6 against ER stressinduced apoptosis of hESC-CMs, we infected hESC-CMs with lentivirus
carrying either TRPV6 (pLVX-TRPV6) or empty vector (pLVX-C) as
control. As expected, lenti-pLVX-TRPV6 infection increased TRPV6
expression (Fig. 6A-B). Importantly, TRPV6 overexpression reduced the
percentage of TUNEL-positive apoptotic cells under ER stress (Fig. 6C)
and also reduced the level of cleaved caspase 12 under ER stress
(Fig. 6D-E).

3.4. Lack of eﬀect for TRPV6 knockdown on the UPR in hESC-CMs

3.8. JNK signaling pathway was downstream of TRPV6

Two lentiviral-based TRPV6-shRNAs were constructed. As expected,
knockdown of TRPV6 with two lenti-TRPV6-shRNAs decreased the
expression of TRPV6 mRNA by ~75% and TRPV6 proteins by ~70%
(Fig. 2A-C). However, knockdown of TRPV6 had no eﬀect on the UPR,
as indicated by expression level of two ER stress markers GRP78 and
CHOP (Fig. 2D-F).

ER stress can stimulate JNK to activate apoptotic pathway [27].
Thus, we explored the possible relationship of MAPK-JNK with TRPV6.
As expected, treatment of hESC-CMs with 100 nM TG or 2 μg/ml TM for
48 h resulted in JNK activation (Fig. 7A). Compared to the control with
lenti-scrambled-shRNA, knockdown of TRPV6 with lenti-TRPV6shRNAs (si1 and si2) further increased the JNK activity under ER stress,
as indicated by increased level of p-JNK (Fig. 7A-B). Conversely, TRPV6
overexpression reduced the JNK activation under ER stress (Fig. 7C-D).
A JNK inhibitor SP600125 was used. Treatment with 20 μM
SP600125 for 24 h markedly inhibited the activation of JNK (Fig. 7E-F).
Interestingly, in the presence of 20 μM SP600125, lenti-TRPV6-shRNAs
could no longer stimulate the JNK activity under ER stress (Fig. 7E-F).
In addition, in the presence of SP600125, two lenti-TRPV6-shRNAs (si1
and si2) could no longer increase the percentage of TUNEL-positive
apoptotic cells under ER stress (Fig. 7G). Collectively, these results
suggest that TRPV6 acted through MAPK-JNK signaling pathway to

3.5. The ATF6 pathway of UPR regulated TRPV6 expression in hESC-CMs
As expected, ER stress inducers TG and TM stimulated all three
branches of UPR signaling pathways, as indicated by increased expression of three transcription factors, i.e., sXBP-1, ATF4 and cleavedATF6α (Fig. 3A). To determine which branch is more relevant to TRPV6
upregulation, we co-expressed each individual transcription factor
(carried by adeno-associated virus) with a TRPV6 promotor luciferase
reporter plasmid in hESC-CMs. The results showed that, while all three
transcription factors could stimulate TRPV6 expression, the cleavedATF6α had the strongest eﬀect (Fig. 3B). qRT-PCR and immunoblot
3
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Fig. 1. ER stress increased the expression of TRPV6 in hESC-CMs. hESC-CMs were treated with TG (100 nM) or TM (2 μg/ml) for indicated 6–48 h. CTL stands for
vehicle control without TG or TM treatment. A and B, relative mRNA expression of TRPV6 by qRT-PCR. C-E, protein level of TRPV6 by immunoblot. Mean ± SEM
(n = 3 independent experiments). *P < .05, **P < .01, ***P < .001, ns = not signiﬁcant.

exert its cytoprotective action against ER stress-induced apoptosis.

3.10. Knockdown of TRPV6 did not alter spontaneous Ca2+ oscillations,
while an ER stress inducer TG abolished the Ca2+ oscillations

3.9. Knockdown of TRPV6 had no eﬀect on ERAD

We examined whether knockdown of TRPV6 could aﬀect spontaneous Ca2+ oscillations in hESC-CMs. The cells were bathed in normal
Ca2+-containing physiological saline at 37 °C. Application of a β-adrenergic agonist isoprenaline at 10 μM increased the frequency of cytosolic Ca2+ oscillations. However, knockdown of TRPV6 with lentiTRPV6-shRNA (si2) did not alter the frequency (Fig. S6A,B) and amplitude (Fig. S6A,C) of spontaneous and isoprenaline-stimulated cytosolic Ca2+ oscillations. Furthermore, overexpression of TRPV6 with
lenti-pLVX-TRPV6 also had no eﬀect on the spontaneous and isoprenaline-stimulated cytosolic Ca2+ oscillations (Fig. S6E,F,G).
However, treatment of cells with 100 nM TG, an ER stress inducer
that depletes SR Ca2+ content, abolished the spontaneous and isoprenaline-stimulated cytosolic Ca2+ oscillations (Fig. S6D), which

ERAD is an essential component of the adaptive ER stress response
that serves to protect cardiomyocytes from ER stress-induced cell death
[28]. We thus examined the relationship of TRPV6 with ERAD. Here,
hESC-CMs were transfected with HA-tagged T-cell antigen receptor αchain (TCR-α-HA) as an ERAD substrate, and the degradation of TCR-αHA was determined by cycloheximide chase assay. However, we found
that knockdown of TRPV6 with lenti-TRPV6-shRNAs had no eﬀect on
the degradation of TCR-α-HA (Fig. S5), suggesting that TRPV6 was not
involved in ERAD.

4
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Fig. 2. Lack of eﬀect for TRPV6 knockdown on the UPR. hESC-CMs were treated with lentivirus-based scrambled shRNA (scr), TRPV6-shRNA1 (si 1), or TRPV6shRNA2 (si 2) for 72 h. A, relative mRNA expression of TRPV6 by qRT-PCR. B and C, representative images (B) and summary data showing the protein level of
TRPV6. D-F, hESC-CMs were transfected with lentivirus-based shRNAs. These cells were further treated with vehicle (CTL), TG (100 nM), or TM (2 μg/ml) for 48 h,
followed by immunoblot analysis of GRP78 and CHOP protein levels. Shown are representative images (D) and summary data (E and F). Mean ± SEM (n = 3
independent experiments). ***P < .001, ns = not signiﬁcant.

anterior descending artery ligation. Immunoblots showed that ischemic
injury via left anterior descending artery ligation increased the expression of TRPV6 proteins in myocardial infarction heart (Fig. S7D,E).
Immunostaining on thin tissue sections further conﬁrmed an increased
TRPV6 expression in ischemic injured heart tissue compared to shamoperated control (Fig. S7F.G). As a conﬁrmation, artery ligation-induced ischemia indeed induced ER stress as shown by an induction of
truncated ATF6 (Fig. S7D,E).

could not be restored by knockdown or overexpression of TRPV6 (Fig.
S6D,H).
3.11. Upregulation of TRPV6 expression in ischemia-reperfusion-treated
hESC-CMs and in ischemia-injured heart
We next determined the eﬀect of physiological stress of ischemiareperfusion on TRPV6 expression in hESC-CMs. The results showed that
ischemia-reperfusion increased the expression of TRPV6 proteins in
hESC-CMs in immunoblots (Fig. S7A,B). Immunoﬂuorescence staining
further demonstrated an increased TRPV6 expression in individual
hESC-CMs after TG or ischemia-reperfusion (Fig. S7C). As a conﬁrmation, ischemia-reperfusion indeed induced ER stress as shown by an
induction of truncated ATF6 (Fig. S7A,B).
A mouse model of myocardial infarction was established using left

4. Discussion
In the present study, we explored the role of TRPV6 in the ER stress
response in hESC-CMs and had the following major ﬁndings. 1) ER
stress induction by TG, TM and ischemia-reperfusion caused a marked
increase in the expressional level of TRPV6 proteins in hESC-CMs.
5
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Fig. 3. The ATF6 pathway of the UPR caused TRPV6 up-regulation in hESC-CMs. A, hESC-CMs were treated with TG (100 nM) or TM (2 μg/ml) for 6–48 h, followed
by immunoblot analysis of protein levels of sXBP-1, ATF4 and cleaved-ATF6α. CTL stands for vehicle control without TG or TM treatment. B, 5′-ﬂanking sequence of
human TRPV6 (−573/+31) containing TRPV6 promoter was cloned to luciferase reporter plasmid to generate human-TRPV6 (−573/+31)-Luc, followed by
transfection to hESC-CMs. The cells were also infected with AAV-vector, AAV-sXBP-1, AAV-ATF4, or AAV-cleaved-ATF6α, respectively. Luciferase activity in each
group was normalized to that in AAV-vector infected group. C, mRNA level of TRPV6 induced by AAV-sXBP-1, AAV-ATF4, or AAV-cleaved-ATF6α by qRT-PCR. D and
E, representative immunoblot images (D) and summary data (E) showing protein level of TRPV6 induced by AAV-sXBP-1, AAV-ATF4, or AAV-cleaved-ATF6α.
Mean ± SEM (n = 3 independent experiments). **P < .01, ns = not signiﬁcant.

hESC-CMs. Conversely, TRPV6 overexpression attenuated the apoptotic
cell death. Taken together, these results provide strong evidence for the
cytoprotective role of endogenous TRPV6 against ER stress-induced
apoptosis in hESC-CMs.
Previously, several TRP isoforms, including TRPC1, eC3, eC6 and
eV1, have been found to be associated with the UPR in various cell

TRPV6 expression was also upregulated in neonatal mouse heart in vivo
after myocardial infarction. 2) Cleaved-ATF6 stimulated the TRPV6
expression in hESC-CMs. On the other hand, mutations at a putative
ATF6 binding site in the promoter region of TRPV6 substantially reduced the ER stress-induced TRPV6 upregulation. 3) shRNA-mediated
TRPV6 knockdown substantially increased the apoptotic cell death of
6
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Fig. 4. Mutations at the putative ATF-6 binding site of TRPV6 promoter altered TRPV6 expression in hESC-CMs. A, the consensus binding motif for cleaved-ATF6
from http://motifmap.ics.uci.edu. B, human-TRPV6 (−573/+31)-Luc, human-TRPV6 (−395/+31)-Luc, and human-TRPV6 (−221/+31)-Luc were transfected
into hESC-CMs. The cells were then infected with AAV-cleaved-ATF6α. Luciferase activity in each group was measured. C, illustration showing the nucleotide
sequences of putative cleaved-ATF6 binding site (upper case) and its point mutant version (lower case) in the human TRPV6 promotor region. D, human-TRPV6
(−573/+31)-Luc (WT) and its point mutant version (M1) were transfected into hESC-CMs. The cells were then infected with AAV-vector or AAV-cleaved-ATF6α.
Luciferase activity in each group was measured. Mean ± SEM (n = 3 independent experiments). **P < .01, ***P < .001.

determined whether the upregulated TRPV6 expression under ER stress
could promote cell survival or cause cell death. With the use of TUNEL
assay and caspase-12 assay, we found that knockdown of TRPV6 stimulated apoptosis whereas overexpression of TRPV6 attenuated the
apoptotic cell death, demonstrating a cytoprotective role of TRPV6 in
the UPR in hESC-CMs. These results agree with the notion that ATF6induced genes often contribute to adaptive ER stress responses but
defends against maladaptive ER stress responses in cardiomyocytes
[29].
Numerous studies reported that TRP channel-mediated Ca2+ inﬂux
may result in Ca2+ overload, leading to apoptotic cell death
[12–15,30]. However, at least under certain circumstances, the activity
of some TRP channels may promote cell survival and proliferation. For
example, in LNCaP prostate cancer cells, TRPV6 mediates intracellular
Ca2+ increase, promoting NFAT transcriptional factor-mediated signaling pathways, leading to an increased cell survival and resistance to
apoptosis [17,18]. In addition, the activity of TRPC1 may promote the
survival of mouse dopaminergic neurons under ER stress [11]. In the
present study, we found that TRPV6 protects against ER stress-induced
apoptotic cell death in hESC-CMs. However, unlike TRPC1, which is
situated upstream of the UPR in signaling cascade [11], we found that
TRPV6 is situated downstream of the UPR along its ATF6α axis.

types. Reports showed that these TRP channels are situated upstream of
the UPR in signaling cascade. The activity of these channels could either
inhibit (TRPC1) or stimulate (TRPC3, eC6, eV1) the UPR [11–13].
However, in the present study, we found that knockdown of TRPV6 had
no eﬀect on the UPR, as determined by immunoblot analysis of GRP78
and CHOP, suggesting that TRPV6 was not situated upstream of the
UPR. On the contrary, we found that TRPV6 was situated downstream
of the UPR signaling cascade in hESC-CMs. Two lines of evidence
suggest that, among the three signaling branches of UPR, the ATF6α
branch was particularly important for the TRPV6 upregulation in hESCCMs. 1) Based on immunoblot analysis of TRPV6 protein expression and
dual luciferase assay of TRPV6 promoter, overexpression of cleaved
ATF6α caused a marked increase in TRPV6 expression; 2) Point mutation at the putative ATF6 binding site on TRPV6 promoter substantially attenuated the stimulatory eﬀect of cleaved ATF6α on TRPV6
expression. Taken together, these data demonstrate that TRPV6 is an
ATF6-inducible gene under ER stress. We also found that ER stress
could increase the expression of TRPC5 and TRPV5 proteins in hESCCMs, which may be worth future exploration.
The UPR is initially an adaptive response to promote cell survival
under ER stress. However, excessive or prolonged UPR owing to unresolved ER stress leads to apoptotic cell death. Thus, we next
7
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Fig. 5. Knockdown of TRPV6 increased ER stress-induced apoptosis. hESC-CMs were treated with lentivirus-based scrambled shRNA (scr), TRPV6-shRNA1 (si 1), or
TRPV6-shRNA2 (si 2) for 72 h. The cells were then treated with vehicle (CTL), TG (100 nM), or TM (2 μg/ml) for 48 h. A and B, representative images (A) and
summary data (B) showing TUNEL-positive apoptotic cells. The percentage of TUNEL positive cells was quantiﬁed. C and D, representative immunoblot images (C)
and summary data (D) showing protein level of cleaved-caspase-12. Mean ± SEM (n = 3 independent experiments). *P < .05, **P < .01, ***P < .001, ns = not
signiﬁcant. Scale bar, 50 μm.

its anti-apoptotic action. In addition, we also examined the possible role
of TRPV6 in ERAD in hESC-CMs. However, knockdown of TRPV6 with
TRPV6-siRNA had no eﬀect on ERAD, suggesting that TRPV6 was not
involved in ERAD under ER stress.
It is well documented that Ca2+ transients in cardiomyocytes are
controlled by joint action of several Ca2+ handling proteins including Ltype Ca2+ channels, type-2 ryanodine receptors, sarcoplasmic reticulum Ca2+-ATPase and Na+-Ca2+-exchanger [32]. We explored
whether TRPV6 could contribute to the Ca2+ transients in hESC-CMs.

We next explored the signaling pathway downstream of TRPV6 that
confers its cytoprotective eﬀect in hESC-CMs. JNK is a key regulator of
apoptosis [31]. ER stress can stimulate JNK to activate apoptotic
pathway [27]. In the present study, knockdown of TRPV6 increased the
JNK activity under prolonged ER stress whilst overexpression of TRPV6
attenuated the JNK activation. Moreover, in the presence of a JNK inhibitor SP600125, knockdown of TRPV6 could no longer increase the
JNK activity or promote cell death under ER stress. These data suggested that TRPV6 may function to suppress JNK activity, resulting in
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Fig. 6. Overexpression of TRPV6 reduced ER stress-induced apoptosis. hESC-CMs were treated with lentivirus-based empty vector (pLVX-C) or TRPV6 (pLVX-TRPV6)
for 72 h. The cells were then treated with vehicle (CTL), TG (100 nM) or TM (2 μg/ml) for 48 h. A and B, representative immunoblot images (A) and summary data (B)
showing the expressional level of TRPV6 proteins in pLVX-C group and pLVX-TRPV6 group. C, the percentage of TUNEL positive cells in each group. D and E,
representative immunoblot images (D) and summary data (E) showing the protein level of cleaved-caspase-12 under diﬀerent treatments. Mean ± SEM (n = 3
independent experiments). *P < .05, **P < .01, ***P < .001.

CMs from ER stress-induced cell apoptosis. The signaling pathway involves ATF6α-TRPV6-JNK. The present study is the ﬁrst report investigating ER stress and UPR in human pluripotent stem cell-derived
cardiomyocytes. Our results thus provide valuable information for stem
cell-based disease modeling and drug screening.

However, knockdown or overexpression of TRPV6 was found to have
no eﬀect on spontaneous and isoprenaline-stimulated cytosolic Ca2+
oscillations (Fig. S6). A likely explanation is that the TRPV6-mediated
cytosolic Ca2+ change might be too small and/or local, which we could
not detect in this study. On the other hand, we found that an ER stress
inducer TG abolished the spontaneous and isoprenaline-stimulated cytosolic Ca2+ oscillations in hESC-CMs, which could not be restored by
knockdown or overexpression of TRPV6 (Fig. S6). These data suggested
that the ER stress inducer TG severely altered the Ca2+ homeostasis,
which could not be restored by changing TRPV6 expression alone.
This study has some limitations. The cytoprotective role of TRPV6
against ER stress-induced cell death was only demonstrated with artiﬁcial ER stress inducers TG and TM. Although we have shown that
TRPV6 is upregulated under physiological ER stress conditions, including ischemia-reperfusion in cultured hESC-CMs and myocardial
infarction in vivo, the cytoprotective role of TRPV6 against ER stressinduced apoptosis has yet to be shown in these models. Further studies
are needed to verify our hypothesis under these physiological ER stress
conditions.
In conclusion, the present study demonstrates that ER stress causes
an up-regulation of TRPV6 expression, which serves to protect hESC-
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Fig. 7. JNK signaling pathway was downstream of TRPV6. A and B, hESC-CMs were treated with lentivirus-based scrambled shRNA (scr), TRPV6-shRNA1 (si 1), or
TRPV6-shRNA2 (si 2) for 72 h. The cells were then treated with vehicle (CTL), TG (100 nM), or TM (2 μg/ml) for 48 h. C and D, hESC-CMs were treated with
lentivirus-based empty vector (pLVX-C) or TRPV6 (pLVX-TRPV6) for 72 h. The cells were then treated with vehicle, TG (100 nM), or TM (2 μg/ml) for 48 h. E - G,
hESC-CMs were treated with lentivirus-based scrambled shRNA (scr), TRPV6-shRNA1 (si 1), or TRPV6-shRNA2 (si 2) for 72 h. The cells were then treated with TG
(100 nM) or TM (2 μg/ml) in the absence or presence of SP600125 (20 μM) for 48 h. Shown are representative immunoblot images (A, C, E) and summary data (B, D,
F) of p-JNK and JNK protein levels. G shows the percentage of TUNEL positive cells. Mean ± SEM (n = 3 independent experiments). *P < .05, **P < .01,
***P < .001, ns = not signiﬁcant.
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