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ABSTRACT

Autophagy is a process essential for cell survival under stress condition. The patients with auto-
somal dominant polycystic kidney disease, which is caused by polycystin-1 or polycystin-2
(PKD2) mutation, display cardiovascular abnormalities and dysregulation in autophagy. However,
it is unclear whether PKD2 plays a role in autophagy. In the present study, we explored the
functional role of PKD2 in autophagy and apoptosis in human embryonic stem cell-derived car-
diomyocytes. HES2 hESC line-derived cardiomyocytes (HES2-CMs) were transduced with
adenoviral-based PKD2-shRNAs (Ad-PKD2-shRNAs), and then cultured with normal or glucose-
free medium for 3 hours. Autophagy was upregulated in HES2-CMs under glucose starvation, as
indicated by increased microtubule-associated protein 1 light chain 3-II level in immunoblots
and increased autophagosome and autolysosome formation. Knockdown of PKD2 reduced the
autophagic flux and increased apoptosis under glucose starvation. In Ca21 measurement, Ad-
PKD2-shRNAs reduced caffeine-induced cytosolic Ca21 rise. Co-immunoprecipitation and in situ
proximity ligation assay demonstrated an increased physical interaction of PKD2 with ryanodine
receptor 2 (RyR2) under glucose starvation condition. Furthermore, Ad-PKD2-shRNAs substan-
tially attenuated the starvation-induced activation of AMP-activated protein kinase (AMPK) and
inactivation of mammalian target of rapamycin (mTOR). The present study for the first time
demonstrates that PKD2 functions to promote autophagy under glucose starvation, thereby pro-
tects cardiomyocytes from apoptotic cell death. The mechanism may involve PKD2 interaction
with RyR2 to alter Ca21 release from sarcoplasmic reticulum, consequently modulating the
activity of AMPK and mTOR, resulting in alteration of autophagy and apoptosis. STEM CELLS
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SIGNIFICANCE STATEMENT

Autosomal dominant polycystic kidney disease (ADPKD) caused by mutations in either
polycystin-1 or polycystin-2 is often accompanied by cardiovascular problems. With the use of
human embryonic stem cell-derived cardiomyocytes as model, this study shows an important
functional role of polycystin-2 in promoting autophagy and reducing apoptotic death under glu-
cose starvation. The mechanism involves polycystin-2 interaction with ryanodine receptor 2 to
modulate calcium release from sarcoplasmic reticulum, consequently modulating the activity of
AMP-activated protein kinase and mammalian target of rapamycin, resulting in alteration of
autophagy and apoptosis in human embryonic stem cell-derived cardiomyocytes. This scheme
may have important pathophysiological relevance in ADPKD and ischemic heart diseases.

INTRODUCTION

Autosomal dominant polycystic kidney disease
(ADPKD) is a common hereditary disorder with
an incidence of 1 in 400–1,000 individuals [1].
It is caused by loss-of function heterozygous
mutations either in polycystin-1 (PKD1) or
polycystin-2 (PKD2). The hallmark of ADPKD is
the development of hundreds of microscopic

fluid-filled cysts in the kidney, causing loss of
normal renal tissue [1]. In addition, ADPKD
patients develop cardiac diseases with more
than 70% of the patients having hypertension
and more than 90% of the patients exhibiting
left ventricular hypertrophy at death [2, 3].
However, the mechanism of how PKD1 and
PKD2 mutation could lead to cardiac disorders
is incompletely understood.
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Autophagy is a highly conserved process essential for cell
survival under stress conditions including nutrient starvation,
hypoxia, and intracellular stress [4]. Recent studies have sug-
gested that suppression of autophagy could underlie disease
progression in ADPKD [5, 6]. It is reported that PKD1 knockout
impairs autophagic flux and increases apoptosis in kidney
cells, which could be a contributing reason for cyst formation
in ADPKD [5–7]. Furthermore, autophagy could serve to pro-
mote survival of cardiomyocytes by breaking down unneces-
sary and malfunctioned proteins at least under certain
conditions such as glucose starvation and ischemia [8–10].
Cytosolic Ca21 change, due to alteration in extracellular Ca21

entry and/or intracellular store Ca21 release, is an important
regulator of autophagy [11, 12]. Ca21 could act through multi-
ple downstream targets including AMP-activated protein
kinase (AMPK) and mammalian target of rapamycin (mTOR) to
regulate autophagy [11, 12].

PKD2 is a 968 amino acid membrane protein with six
transmembrane segments. It is a Ca21-permeable nonselec-
tive ion channel predominantly localized in endoplasmic/sar-
coplasmic reticulum (ER/SR) [13]. A recent study suggested
that the channel may be more permeable to Na1/K1 than to
Ca21 [14]. PKD1 is a much bigger protein with �4,300 amino
acids and 11 transmembrane segments, with six of these
transmembrane segments sharing sequence similarity with
PKD2 [15, 16]. PKD1 itself is not an ion channel [15, 16].
Functionally, PKD1 binds to PKD2 to induce the translocation
of PKD2 to the plasma membrane, where it serves as a Ca21-
permeable ion channel [13, 15, 16]. PKD1 and PKD2 can form
a complex via an interaction between their C-termini to mod-
ulate mechanosensitive Ca21 response in renal cells [17].

Ryanodine receptor (RyR2) in cardiomyocytes is the major
Ca21 release channel located in the SR membrane. It is
responsible for releasing the bulk of Ca21 required for con-
traction. During heart beating, fast upstroke depolarization
during the action potential activates extracellular Ca21 influx
via L-type Ca21 channels located in the transverse tubules.
This, in turn, activates sarcoplasmic RyR2 channels to release
SR Ca21, consequently leading to cardiomyocyte contraction
[18].

One report shows that, in cardiomyocytes, the C terminus
of PKD2 binds to RyR2 in its open state, subsequent inhibiting
Ca21 release from SR and causing an elevation in store Ca21

content. As a result of the elevated store Ca21 content, the
amount of SR Ca21 release is increased during spontaneous
Ca21 oscillations and/or caffeine-induced Ca21 transients [19].
In another report, the cardiomyocytes derived from heterozy-
gous PKD21/2 mouse was found to exhibit an abnormal spon-
taneous Ca21 oscillation and a reduced Ca21 release in
response to a RyR2 agonist caffeine [19, 20]. In zebrafish
model of PKD2 knockout, PKD2 mutant hearts display
impaired intracellular Ca21 cycling and Ca21 alternans [21].
These data demonstrate that PKD2 plays an important role in
regulating RyR2-mediated intracellular Ca21 release in the
heart. Interestingly, cardiomyocytes with reduced RyR2
expression (RyR21/2) not only exhibit a reduced Ca21 release,
but also display a decreased autophagy, suggesting a linkage
between RyR2-mediated Ca21 release and autophagy [22].
However, up to the present there is still no report about the
role of PKD2 in autophagy in cardiomyocytes.

Human embryonic stem cells (hESCs) and human-induced
pluripotent stem cells (hiPSCs) provide an unlimited source of
human cardiomyocytes for potential application in disease
modeling, drug screening, and cell-based heart therapies.
These hESC- or hiPSC-derived cardiomyocytes (hESC-CMs or
hiPSC-CMs) are suggested to have many properties of authen-
tic human cardiomyocytes [23]. In the present study, we used
two types of hESC-CMs, HES2-CMs and H7-CMs, as models to
investigate the potential role of PKD2 in autophagy. Our
results demonstrated an important role of PKD2 in promoting
autophagic flux and reducing apoptosis in human cardiomyo-
cytes under glucose starvation.

MATERIALS AND METHODS

Differentiation and Isolation of HES2-CMs and H7-CMs

Detailed methods about the differentiation and isolation of
HES2-CMs and H7-CMs were described elsewhere [24]. In
brief, HES2 cells from passage 40 to 80 were suspension-
cultured to form embryoid bodies (EBs), and then differenti-
ated to cardiomyocytes in culture media with addition of
recombinant human bone morphogenetic protein 4 (BMP-4)
and activin-A under a hypoxic condition of 5% O2. At 8 days
after cardiac differentiation, EBs were transferred to a nor-
moxic environment and maintained in StemPro34 SFM (Invi-
trogen, NY) with ascorbic acid (50 mg/ml, Sigma, NY) medium
for further characterization. HES2-CMs were isolated by
digesting beating cardiospheres (30–40 days) with collagenase
IV (1 mg/ml, Gibco, NY) at 378C for 30 minutes, and then dis-
sociated with Trypsin/EDTA (ethylenediaminetetraacetic acid,
0.05%, Life Technologies). In some experiments, human H7
ESCs maintained in Essential 8 Medium (Life Technologies)
were differentiated to cardiomyocytes in RPMI/B27 (Invitro-
gen, NY) medium lacking insulin. Differentiation was induced
using a modified confluent monolayer system by addition of 6
mM CHIR99021 (Selleckchem, Houston, a GSK3 inhibitor) from
days 0 to 2 followed by addition of 10 mM IWR-1 (Enzo Life
Sciences, NY, a WNT inhibitor) from days 3 to 5 in the
absence of BMP-4 or activin-A. H7-CMs were isolated by
digesting contracting monolayer with Trypsin/EDTA and main-
tained in RPMI/B27 medium with insulin. For glucose starva-
tion experiments, glucose-free RPMI/B27 medium was used.

Adenoviral-Based Short Hairpin RNA

Recombinant adenovirus was generated using the AdEasy sys-
tem [25]. The sequences of two short hairpin RNA (shRNA)
used were 50-GCAGAGATTGAGGAAGCTAAT-30 and 50-CCAGGA
CTTGAGAGATGAAAT-30, respectively. Two shRNA constructs
against human PKD2 were synthesized, annealed, and subcl-
oned into pAdTrack-U6. Adenoviral recombinants were gener-
ated in Escherichia coli strain BJ5183 with an adenoviral
backbone plasmid, pAdEasy-1. Positive recombinants were line-
arized by PacI digestion and transfected into HEK-293A cells for
virus packaging. The medium and cells were collected until the
cytopathic effect was apparent. Recombinant adenoviruses
were purified by AdenoPACK 20 Maxispin column (Satorious,
Germany) and concentrated by VIVA-SPIN 20 concentrator (100
kDa cut-off, Satorious, Germany). Scrambled shRNA in adenovi-
ral vector (Ad-SCR-shRNA) was used as control. HES2-CMs
or H7-CMs were transduced with adenoviral-based constructs.
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After 96 hours, cells were ready for experiments. All subse-
quent experiments were performed when the cell confluence
was about 70%. Ad-mCherry-GFP-LC3 was a generous gift from
Dr. Huang Y, The Chinese University of Hong Kong.

Lentiviral-Based Wild-Type PKD2 and RyR2 shRNAs

Human PKD2 (NM_000297) was inserted into lenti-vector to
yield a recombinant lentiviral construct pLVX-EF1a-PKD2-Puro.
HES2-CMs were transduced with pLVX-EF1a-PKD2-Puro at a
MOI of 3. The cells were further subjected to puromycin
selection. For the controls, hESC2-CMs were transduced with
pLVX- EF1a-BLANK-Puro. For knockdown experiments, The
GV298 vector carried RyR2-shRNA1 (50-CATAATACAAGGTC-
TAATT-30) and RyR2-shRNA2 (50-CAACAACTACTGGGACAAA-30)
together with a scrambled shRNA (SCR-shRNA) were pur-
chased from GeneChem CO, Ltd (Shanghai, People’s Republic
of China). HES2-CMs were transduced with RyR2-shRNAs and
SCR-shRNA individually followed by puromycin selection.

Short Interfering RNA

Short interfering RNAs (siRNAs) were synthesized by Dharma-
con. The ablation of Atg5 was performed by transfection of
the HES2-CMs with Atg5-siRNA: 50-GUCCAUCUAAGGAUGCAA
UTT-30. Scrambled siRNA was used as control. HES2-CMs were
transfected at 70% confluence using Lipofectamine RNAiMAX
Reagent according to the manufacturer’s protocol. After 48
hours, HES2-CMs were ready for experiments.

Cell Apoptosis and Protein Interaction Experiment

The experiments were performed using In Situ Cell Death
Detection kit (Sigma) following the manufacture’s instruction.
Briefly, HES2-CMs were fixed with 4% paraformaldehyde (PFA)
and permeabilized with 0.1% Triton X-100. After wash with
PBS, the cells were incubated with terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) reaction mixture
for 1 hour at 378C in a humidified atmosphere in the dark.
Cell nuclei are counterstained with 40,6-diamidino-2-phenylin-
dole (DAPI). Samples were examined under FV1000 confocal
microscope at the excitation wavelength at 488 nm and
detection wavelength of 515–565 nm (green).

Proximity Ligation Assay

Protein interactions were detected by Duolink In Situ reagents
(Sigma) according to the supplier’s protocol. Briefly, HES2-CMs
on slides were fixed with 4% PFA and permeabilized with
0.1% Triton X-100. The samples were incubated with anti-
PKD2 (1:50) and anti-RyR2 (1:50) antibodies at 48C overnight.
After incubation with PLA probe solution, ligation and amplifi-
cation reactions were performed. The slides were mounted
using Duolink In Situ Mounting Medium with DAPI, and ana-
lyzed by FV1000 confocal microscope.

Immunoblotting and Co-Immunoprecipitation

For immunoblotting experiments, HES2-CMs or H7-CMs
lysates prepared in RIPA lysis buffer were resolved on SDS/
PAGE gel and were blotted onto a polyvinylidene difluoride
(PVDF) membrane. The protein concentration was measured
by using the DC protein assay (Bio-Rad). For co-
immunoprecipitation, 200 lg of HES2-CMs lysate was immu-
noprecipitated with 2 lg of anti-PKD2 antibody or anti-RyR2
antibody with protein G Agarose beads (Sigma) at 48C

overnight. Negative controls were mouse preimmune IgG
(CST) or rabbit preimmune IgG (Proteintech). The PVDF mem-
brane was blocked with 5% BSA in TBS for 1 hour, followed
by incubation with primary antibodies: LC3 (1:1,000 dilution,
NovusBio), PKD2 (1:500 dilution, Santa Cruz Biotechnology),
caspase-3(1:1,000 dilution, CST), phospho-mTOR (1:1,000 dilu-
tion, CST), mTOR (1:1,000 dilution, CST), phospho-AMPK
(1:1,000 dilution, CST), AMPK (1:1,000 dilution, CST), RyR2
(1:1,000 dilution, Thermo Fisher), b-actin (1:3,000 dilution,
Santa Cruz Biotechnology), and b-tubulin (1:1,000 dilution,
Santa Cruz Biotechnology). After incubation with appropriate
secondary antibodies, immunodetection was accomplished via
using horseradish peroxidase-conjugated secondary antibody
and the enhanced chemiluminescence detection system.

Ca21 Measurements

HES2-CMs were loaded with Fura-2/AM (5 lM, Invitrogen) or
Fluo-4/AM (5 lM, Invitrogen) for 30 minutes in dark at 378C.
Fura-2 fluorescence signals was measured by dual excitation
wavelength at 340 nm and 380 nm, and the emitted light sig-
nal was read at 510 nm. F340/F380 was calculated and
acquired with MetaFluor imaging software (Molecular Devi-
ces). Fluo-4 was excited at 488 nm line and captured at wave-
lengths 505–530 nm. Data acquisition was performed using a
confocal microscope (Olympus FV1000). Ca21 imaging experi-
ments 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 car-
ried out in a Ca21-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. All experiments were per-
formed at 378C or room temperature. For Fura-2, change in
cytosolic Ca21 was displayed as the change in 340/380 fluo-
rescent ratio (D340/380). Ca21 oscillations were measured
based on Fluo-4 fluorescence. The frequency of Ca21 oscilla-
tions was determined by MATHLAB software. The amplitude
of Ca21 oscillations was displayed as a ratio of maximal fluo-
rescence increase relative to the basal intensity (F1/F0) and
the data was analyzed by MetaFluor imaging software. The
area under curve (AUC) of Ca21 oscillations was analyzed by
Origin7.0 software. The accumulated area under curve (AAUC)
of Ca21 oscillations was quantified the AUC in 1 minute. AUC
and AAUC were presented as fold changes relative to control
group.

Reagents

To inhibit autophagosome-lysosome fusion, HES2-CMs or H7-
CMs were treated with 50 nM Bafilomycin A1 (Sigma) for 3
hours. To activate or block RyR2, 5 mM Caffeine (Sigma) or 20
lM ryanodine (Calbiochem) was applied individually. To acti-
vate b-adrenergic receptors, 10 lM isoprenaline (Sigma) was
added. To visualize cell boundary, Alexa Fluor 546 Phalloidin
(ThermoFisher) was used. Pluronic acid F-127, EGTA, glucose,
CaCl2, KCl, MgCl2, and Hepes were purchased from Sigma.

Statistical Analysis

The experimental results were expressed as mean6 SEM. Sta-
tistical significance between groups of 2 were conducted with
Student’s t test. Groups of 3 or more were analyzed with
one-way analysis of variance (ANOVA) following Bonferroni
post hoc test. Statistical analyses were performed with the
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Figure 1. PKD2 knockdown reduced autophagic flux in HES2 hESC line-derived cardiomyocytes (HES2-CMs) under glucose starvation.
HES2-CMs were transduced with Ad-SCR-shRNA or Ad-PKD2-shRNA1 for 96 hours, followed by culture with normal or glucose-free
medium (glucose stv) for 3 hours. (A–C): Representative immunoblots (A) of PKD2 and LC3 protein levels together with quantification
(B, C). (D–F): HES2-CMs were treated with or without Baf (50 nM) for 3 hours. Shown are representative immunoblots (D) of PKD2 and
LC3 protein level together with quantification (E, F). (G, H): HES2-CMs with or without PKD2 knockdown were transduced with Ad-
mCherry-GFP-LC3 for 48 hours, followed by culture with normal or glucose-free medium for 3 hours. Shown are representative images
of GFP and mCherry dots (G) together with quantification (H) of autophagosomes and autolysosomes. Values in data summary are
mean6 SEM (n 5 4–5 experiments). *, p< .05; **, p< .01, ns5 not significant. Scale bar, 20 lm. Abbreviations: Ad-PKD2-shRNAs, ade-
noviral-based PKD2-shRNAs; Ad-SCR-shRNA, scrambled shRNA in adenoviral vector; Baf, bafilomycin A1; GFP, green fluorescent protein;
glucose stv, glucose starvation; LC3-II, light chain 3-II; PKD2, polycystin-2.



use of Prisms 6.0 software (GraphPad Software Inc., La Jolla,
CA). p <.05 was considered statistically significant.

RESULTS

PKD2 Knockdown Reduced Autophagic Flux in
HES2-CMs Under Glucose Starvation Condition

HES2-CMs were subjected to glucose starvation for 3 hours to
stimulate autophagy. As expected, glucose starvation caused
an accumulation of microtubule-associated protein 1 light
chain 3-II (LC3-II) (Fig. 1A, 1C), which is a commonly used
index for autophagy [26, 27]. Interestingly, glucose starvation
also increased the expression of PKD2 proteins (Fig. 1A, 1B).
To evaluate the role of PKD2 in autophagy, HES2-CMs were
transduced with two adenoviral-based shRNAs, Ad-PKD2-
shRNA1, and Ad-PKD2-shRNA2. Compared with Ad-SCR-
shRNA, both Ad-PKD2-shRNA1 (Fig. 1A, 1B) and Ad-PKD2-
shRNA2 (Supporting Information Fig. S1A, S1B) could effec-
tively knock down the expression of PKD2 proteins by �80%
in HES2-CMs with or without glucose starvation. Importantly,
both Ad-PKD2-shRNA1 (Fig. 1A, 1C) and Ad-PKD2-shRNA2
(Supporting Information Fig. S1A, S1C) reduced the LC3-II
accumulation under glucose starvation. A reduced LC3-II level
could be explained by a decrease in autophagic induction or
an increase in autolysosomal degradation. We used bafilomy-
cin A1 to inhibit autolysosomal degradation. In the presence
of 50 nM bafilomycin A1, both Ad-PKD2-shRNA1 (Fig. 1D, 1F)
and Ad-PKD2-shRNA2 (Supporting Information Fig. S1F, S1G)
still markedly reduced the LC3-II accumulation under starva-
tion, suggesting that PKD2 promoted the autophagic flux inde-
pendent of autolysosomal degradation. In addition, in the
presence of 50 nM bafilomycin A1, glucose starvation still
increased the expression of PKD2 proteins (Fig. 1D, 1E).

To further examine the effect of PKD2 on autophagic flux,
HES2-CMs were transduced with the tandem reporter Ad-
mCherry-GFP-LC3 [28], which labels autophagosome with dual
red and green fluorescence and autolysosome with red only
(Fig. 1G). The results confirmed that glucose starvation
increased the number of autophagosome (yellow dots in
merged pictures in Fig. 1G) and autolysosome (free red dots
in merged pictures in Fig. 1G; Fig. 1G, 1H). Ad-PKD2-shRNA1
reduced the formation of autophagosome and autolysosome
under glucose starvation (Fig. 1G, 1H), further confirming the
role of PKD2 in promoting autophagic flux under glucose star-
vation condition.

Effect of PKD2 Knockdown on LC3-II Level in HES2-CMs
Under Different Glucose Concentrations

HES2-CMs were exposed to different concentrations of glu-
cose, ranging from 11 mM to 0 mM, for 3 hours. 11 mM glu-
cose was chosen because HES2-CMs were differentiated
under such a glucose concentration and because this concen-
tration of glucose was commonly used to culture cardiomyo-
cytes in other studies [29–31]. 5.5 mM glucose corresponded
to fasting blood glucose level [32], while 1.4 mM and 0 mM
glucose represented different degrees of glucose starvation.
As expected, glucose starvation with 1.4 mM or 0 mM glu-
cose increased the LC3-II levels (Fig. 2). Intriguingly, PKD2
knockdown with Ad-PKD2-shRNA1 reduced the LC3-II accumu-
lation not only in HES2-CMs under 1.4 mM and 0 mM glucose

(Fig. 2), but also in HES2-CMs under 5.5 mM glucose (Fig. 2),
suggesting that PKD2 knockdown could modulate autophagy
at normal fasting blood glucose level.

Overexpression of PKD2 Promoted Autophagic Flux in
HES2-CMs

The effect of PKD2 overexpression on autophagy was exam-
ined (Fig. 3). As a validation, PKD2 overexpression indeed
increased the PKD2 protein level (Fig. 3A, 3B). Importantly,
PKD2 overexpression promoted autophagic flux as indicated
by increase of LC3-II accumulation in HES2-CMs with or with-
out glucose starvation (Fig. 3C, 3D). This effect persisted in
the presence of 50 nM bafilomycin A1 at least under nonstar-
vation condition (Fig. 3C, 3D). PKD2 overexpression also
increased the formation of autophagosome and autolysosome
at least under basal nonstarvation condition in the tandem
reporter Ad-mCherry-GFP-LC3 assay (Fig. 3E, 3F).

PKD2 Knockdown Promoted Apoptosis in HES2-CMs
Under Glucose Starvation

The possible role of PKD2 in glucose starvation-induced apo-
ptotic cell death in HES2-CMs was investigated using TUNEL
and caspase 3 assays. In TUNEL assay, compared with Ad-SCR-
shRNA, Ad-PKD2-shRNA1 (Fig. 4A, 4B), and Ad-PKD2-shRNA2
(Supporting Information Fig. S2A, S2B) increased the percent-
age of TUNEL-positive apoptotic cells under glucose starva-
tion. In caspase 3 assay, treatment with Ad-PKD2-shRNA1

Figure 2. Polycystin-2 (PKD2) knockdown modulated autophagy
at normal fasting blood glucose level in HES2 hESC line-derived
cardiomyocytes (HES2-CMs). HES2-CMs were transduced with Ad-
SCR-shRNA or Ad-PKD2-shRNA1 for 96 hours, followed by culture
in RPMI/B27 medium with indicated doses of glucose for 3 hours.
Shown are representative immunoblots (A) and quantification (B)
of LC3 protein levels. Values in data summary are mean6 SEM
(n 5 4 experiments). *, p< .05; **, p< .01, ns5 not significant.
Abbreviations: Ad-PKD2-shRNAs, adenoviral-based PKD2-shRNAs;
LC3-II, light chain 3-II; Ad-SCR-shRNA, scrambled shRNA in adeno-
viral vector.
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(Fig. 4C, 4D) and Ad-PKD2-shRNA2 (Supporting Information
Fig. S2C, S2D) activated caspase-3, as indicated by an
increased level of cleaved caspase-3 in Western blots (active
form, 17 kDa). Together, these data suggest that PKD2

protects against apoptotic cell death of HES2-CMs under glu-
cose starvation.

Next, we sought to confirm whether autophagy could
indeed serve to protect HES2-CMs from starvation-induced

Figure 3. PKD2 overexpression promoted autophagic flux in HES2 hESC line-derived cardiomyocytes (HES2-CMs) under glucose starva-
tion. HES2-CMs were transduced with plvx-puro-vector (Vector) or plvx-puro-PKD2 (PKD2 WT) for 96 hours, followed by culture with
normal or glucose-free medium for 3 hours. (A, B): Representative immunoblots (A) of PKD2 protein levels together with quantification
(B). (C, D): HES2-CMs were treated with or without Baf (50 nM) for 3 hours. Shown are representative immunoblots (C) of LC3 protein
level together with quantification (D). (E, F): HES2-CMs with or without PKD2 overexpression were transduced with Ad-mCherry-GFP-LC3
for 48 hours, followed by culture with normal or glucose-free medium for 3 hours. Shown are representative images of GFP and
mCherry dots (E) together with quantification (F) of autophagosomes and autolysosomes. Values in data summary are mean6 SEM
(n 5 5 experiments). *, p< .05; **, p< .01. Scale bar, 20 lm. Abbreviations: Baf, bafilomycin A1; GFP, green fluorescent protein; glucose
stv, glucose starvation; LC3-II, light chain 3-II; PKD2, polycystin-2;
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Figure 4. PKD2 knockdown promoted apoptosis in HES2 hESC line-derived cardiomyocytes (HES2-CMs) under glucose starvation. HES2-
CMs were transduced with Ad-SCR-shRNA or Ad-PKD2-shRNA1 for 96 hours, followed by culture with normal or glucose-free medium
for 3 hours. (A, B): Representative pictures (A) and summary data (B) of TUNEL-positive cells. (C, D): Representative immunoblots (C)
and summary data (D) of caspase 3 and cleaved caspase 3 protein levels. HES2-CMs were transfected with si-SCR or si-Atg5 for 48
hours, followed by culture with normal or glucose-free medium for 3 hours. Shown are representative immunoblots (E) and quantifica-
tion (F–H) of Atg5, LC3, caspase 3, and cleaved caspase 3 protein levels. Values in data summary are mean6 SEM (n 5 4 experiments).
*, p< .05; **, p< .01. Scale bar, 50 lm. Abbreviations: Ad-PKD2-shRNAs, adenoviral-based PKD2-shRNAs; Ad-SCR-shRNA, scrambled
shRNA in adenoviral vector; glucose stv, glucose starvation; LC3-II, light chain 3-II; PKD2, polycystin-2; SCR-siRNA, scrambled siRNA.
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apoptosis. Atg5 is an E3 ubiquitin ligase essential for autopha-
gosome elongation, which is a key step in autophagy [27].
Atg5-siRNA has been commonly used to disrupt autophagic
flux [27]. As expected, Atg5-siRNA treatment disrupted
autophagy, as indicated by its suppressing effect on LC3-II
accumulation under starvation (Fig. 4E, 4G). Importantly,
Atg5-siRNA treatment increased the starvation-induced apo-
ptosis, as indicated by the increased level of cleaved caspase-
3 under starvation (Fig. 4E, 4H). These results support that
autophagy has a cytoprotective role in HES2-CMs under glu-
cose starvation.

PKD2 Modulated RyR2-Mediated Ca21 Release from
SR in HES2-CMs

The role of PKD2 in modulating Ca21 signaling of HES2-CMs
was examined. Knockdown of PKD2 with Ad-PKD2-shRNA1
had no effect on basal cytosolic Ca21 level in HES2-CMs
under both normal and glucose starvation conditions
(Fig. 5A). We next used a RyR agonist caffeine to examine

RyR-mediated store Ca21 release. The cells were bathed in a
Ca21-free physiological saline containing 1 mM EGTA. Glucose
starvation was found to increase the magnitude of caffeine
(5 mM)-induced Ca21 release from SR (Fig. 5B, 5D), reflecting
an increased store Ca21 content under glucose starvation
[33]. Importantly, knockdown of PKD2 with Ad-PKD2-shRNA1
suppressed the caffeine-induced Ca21 release under the glu-
cose starvation (Fig. 5B, 5D). As a control, the caffeine-
induced store Ca21 release could be inhibited by a selective
RyR antagonist ryanodine at 10 lM, confirming the involve-
ment of RyR in the caffeine-induced cytosolic Ca21 rise (Fig.
5C, 5D).

We explored the role of PKD2 in spontaneous cytosolic
Ca21 oscillations and isoprenaline-induced cytosolic Ca21

response. The cells were bathed in normal Ca21-containing
physiological saline at 378C. Cytosolic Ca21 oscillations were
compared based on four indexes, frequency, amplitude, AUC,
and AAUC (Supporting Information Fig. S3). Glucose starvation
had no effect on the frequency (Supporting Information Fig.

Figure 5. PKD2 knockdown reduced the caffeine-induced store Ca21 release in HES2-CMs under glucose starvation. HES2-CMs were
transduced with Ad-SCR-shRNA or Ad-PKD2-shRNA1 for 96 hours, followed by culture with normal or glucose-free medium for 3 hours.
The cells were loaded with Fura-2/AM. (A): Basal cytosolic Ca21 level was not altered by Ad-PKD2-shRNA1 infection. (B–D): Representa-
tive traces of Ca21 transients elicited by 5 mM caffeine in the absence (B) and presence of 10 mM ryanodine (C) together with quantifi-
cation (D) of maximal change of Ca21 in response to 5 mM caffeine. Values in data summary are mean6 SEM (n 5 5 experiments). *,
p< .05; **, p< .01, ns5 not significant. Abbreviations: Ad-PKD2-shRNAs, adenoviral-based PKD2-shRNAs; Ad-SCR-shRNA, scrambled
shRNA in adenoviral vector; glucose stv, glucose starvation.
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S3B) but increased the amplitude and AUC of spontaneous
Ca21 oscillations (Supporting Information Fig. S3C, S3D). AAUC,
which summarized the frequency and AUC, also increased under
the glucose starvation (Supporting Information Fig. S3E). These
results agree with the notion of an increased store Ca21 content

under glucose starvation [33]. Application of a b-adrenergic ago-
nist isoprenaline at 10 lM increased the frequency of cytosolic
Ca21 oscillations in HES2-CMs under both normal and glucose
starvation conditions (Supporting Information Fig. S3A, S3B).
Importantly, knockdown of PKD2 with Ad-PKD2-shRNA1

Figure 6. PKD2 interaction with RyR2. (A): Representative images of co-immunoprecipitation of PKD2 with RyR2 from lysates of HES2-
CMs with or without glucose starvation for 3 hours. (B, C): Representative images (B) and data summary (C) of PKD2/RyR2 interaction
in PLA. Values in data summary are mean6 SEM (n 5 4 experiments). *, p< .05. Scale bar, 10 lm. Abbreviations: glucose stv, glucose
starvation; PKD2, polycystin-2; PLA, proximity ligation assays; RyR2, ryanodine receptor 2.
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(Supporting Information Fig. S3A, S3C, S3D) and Ad-PKD2-
shRNA2 (Supporting Information Fig. S4A, S4C, S4D) greatly
reduced the amplitude and AUC of spontaneous and
isoprenaline-stimulated cytosolic Ca21 transients. Ad-PKD2-
shRNA1 (Supporting Information Fig. S3A, S3B) and Ad-PKD2-
shRNA2 (Supporting Information Fig. S4A, S4B) also reduced the
frequency of isoprenaline-stimulated cytosolic Ca21 transients.
Furthermore, PKD2 knockdown drastically reduced the AAUC,
which reflected the overall amount of Ca21 release, during spon-
taneous cytosolic Ca21 oscillations and isoprenaline-induced
cytosolic Ca21 oscillations (Supporting Information Figs. S3E,
S4E). As a control, we found that the spontaneous cytosolic
Ca21 oscillations could be inhibited by ryanodine at 10 lM, con-
firming the involvement of RyR in the process (Supporting Infor-
mation Figs. S3F, S3G, S4F, S4G).

Physical Interaction of PKD2 with RyR2 in HES2-CMs

Co-immunoprecipitation and proximity ligation assays (PLA)
were used to examine the physical interaction of PKD2 with
RyR2. In co-immunoprecipitation experiments, an anti-RyR2
antibody could pull down PKD2 in the protein lysates freshly
prepared from HES2-CMs (Fig. 6A). Furthermore, an anti-PKD2
antibody could reciprocally pull down RyR2 (Fig. 6A). Interest-
ingly, glucose starvation increased the amount of PKD2-RyR2

complex (Fig. 6A). In control experiments, in which immuno-
precipitation was performed with the IgG purified from preim-
mune serum, no band was observed (Fig. 6A).

In situ proximity ligation assay was used to further confirm
the physical interaction of PKD2 with RyR2 at subcellular level.
In these experiments, the site of PKD2/RyR2 interaction could
be visualized as a distinct fluorescent spot under fluorescence
microscopy. In agreement with co-immunoprecipitation results,
glucose starvation increased the number of fluorescence spots in
the cells (Fig. 6B, 6C). Taken together, PKD2/RyR2 interaction
occurred in HES2-CMs and was enhanced under glucose
starvation.

RyR2 Knockdown Reduced Autophagy in HES2-CMs

Under Glucose Starvation Condition

Previously, cardiomyocytes with reduced RyR2 expression
(RyR21/2 mice) have been shown to have a decreased
autophagy [22]. Here we attempted to verify this finding in
our system. Two lentiviral-based RyR2-shRNAs were con-
structed, both of which could effectively knock down the
expression of RyR2 protein expression (Supporting Information
Fig. S5A, S5B). Knockdown of RyR2 expression by each of the
two RyR2-shRNAs reduced the starvation-induced LC3-II accu-
mulation (Supporting Information Fig. S5C, S5D). Furthermore,

Figure 7. Downstream targets of PKD2-RyR2-mediated Ca21 signaling were AMPK and mTOR. HES2-CMs were transduced with Ad-SCR-
shRNA or Ad-PKD2-shRNA1 for 96 hours, followed by culture with normal or glucose-free medium for 3 hours. Shown are representative
immunoblots (A) of pmTOR, tmTOR, pAMPK, and tAMPK protein levels together with quantification (B, C). (D): Schematic illustration
showing that PKD2 interaction with RyR2 modulates Ca21 release from SR, consequently regulating the activity of AMPK and mTOR,
resulting in alteration of autophagy and apoptosis in HES2-CMs. Values in data summary are mean6 SEM (n 5 5 experiments). *,
p< .05; **, p< .01. Abbreviations: Ad-PKD2-shRNAs, adenoviral-based PKD2-shRNAs; Ad-SCR-shRNA, scrambled shRNA in adenoviral vec-
tor; pAMPK, phosphorylated AMPK; pmTOR, phosphorylated mTOR; tAMPK, total AMPK; tmTOR, total mTOR.
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functional inhibition of RyR2 by 20 mM ryanodine also
reduced the starvation-induced LC3-II accumulation (Support-
ing Information Fig. S5E, S5F). These data support the role of
RyR2 in autophagy.

Downstream Targets of PKD2-RyR2-Mediated Ca21

Signaling Were AMPK and mTOR

We explored possible downstream targets of PKD2-RyR2-
mediated Ca21 signaling. Ca21 may act through AMPK and
mTOR to regulate autophagy [11, 12]. In agreement with this
notion, under glucose starvation condition, during which Ca21

release through RyR2 was greater, AMPK was activated
whereas mTOR was inactivated, as indicated by an increased
level of phosphorylated AMPK and a reduced level of phos-
phorylated mTOR (Fig. 7A–7C). Importantly, knockdown of
PKD2 with Ad-PKD2-shRNA1 (Fig. 7A–7C) and Ad-PKD2-
shRNA2 (Supporting Information Fig. S1A, S1D, S1E) attenu-
ated the glucose starvation-induced AMPK activation and
mTOR inactivation.

Verification About the Role of PKD2 in Autophagy in
H7-CMs

The role of PKD2 in autophagy was verified using another
hESC line-derived cardiomyocytes, H7-CMs. H7-CMs were dif-
ferentiated using a modified monolayer culture system that
did not rely on the addition of either BMP-4 or activin-A [34].
Glucose starvation for 3 hours increased the LC3-II accumula-
tion in H7-CMs (Supporting Information Fig. S6A, S6C). Glu-
cose starvation also increased the expression of PKD2 proteins
(Supporting Information Fig. S6A, S6B). Knockdown of PKD2
with Ad-PKD2-shRNA1 reduced the starvation-induced LC3-II
accumulation (Supporting Information Fig. S6A, S6C). In the
presence of 50 nM bafilomycin A1, Ad-PKD2-shRNA1 still
markedly reduced the LC3-II accumulation under starvation
(Supporting Information Fig. S6F, S6G). Furthermore, knock-
down of PKD2 with Ad-PKD2-shRNA1 attenuated the
starvation-induced AMPK activation and mTOR inactivation
(Supporting Information Fig. S6A, S6D, S6E). As a control, Ad-
PKD2-shRNA1 was found to effectively knockdown the expres-
sion of PKD2 in H7-CMs (Supporting Information Fig. S6A,
S6B). These data from H7-CMs are similar to those obtained
from HES2-CMs, supporting the notion that PKD2 promoted
autophagic flux in hESC-CMs.

DISCUSSION

The major findings of this study are as follows: (a) Glucose
starvation caused an increased expression of PKD2 proteins in
HES2-CMs. (b) Under glucose starvation, knockdown of PKD2
expression with two PKD2-shRNAs reduced autophagic flux in
HES2-CMs, the effect of which persisted in the presence of
bafilomycin A1. Conversely, overexpression of PKD2 promoted
the autophagic flux in HES2-CMs. (c) PKD2-shRNAs aggravated
the starvation-induced apoptotic cell death in HES2-CMs. (d)
Knockdown of PKD2 reduced the caffeine-induced store Ca21

release under glucose starvation. It also reduced the magni-
tude of spontaneous cytosolic Ca21 oscillation and impaired
the isoprenaline-stimulated cytosolic Ca21 oscillation in HES2-
CMs. Furthermore, co-immunoprecipitation and in situ prox-
imity ligation assay demonstrated an increased physical

interaction of PKD2 with RyR2 under glucose starvation. (e)
PKD2-shRNAs substantially attenuated the starvation-induced
AMPK activation and mTOR inactivation in HES2-CMs. (f) The
effect of PKD2 knockdown on starvation-induced LC3-II accu-
mulation, AMPK activation and mTOR inactivation were vali-
dated using another hESC-CM line H7-CMs. Taken together,
the present study uncovered an important functional role of
PKD2 in promoting autophagy and attenuating apoptotic
death in hESC-CMs under glucose starvation. It is likely that,
under glucose starvation, PKD2 interacts with RyR2 to modu-
late Ca21 release from SR, promoting AMPK activation, and
mTOR inactivation, consequently stimulating autophagic flux
in HES2-CMs (Fig. 7D).

ADPKD is caused by loss-of function mutations in either
PKD1 or PKD2. Recent studies have suggested a linkage
between PKD1, autophagy and ADPKD progression. Knockout
of PKD1 was found to impair autophagic flux and increase
apoptosis in kidney cells, which may promote cyst formation
in ADPKD patients [5–7]. However, there is still no report
about the role of PKD2 in autophagy. In the present study, we
used HES2-CMs to explore the potential role of PKD2 in
autophagy. Glucose starvation was used to stimulate autoph-
agy in HES2-CMs. The results showed that PKD2 knockdown
by PKD2-shRNAs reduced the autophagic flux in HES2-CMs
under glucose starvation, as demonstrated by reduced LC3-II
accumulation in Western blots, which persisted in the pres-
ence of bafilomycin A1, and by decreased formation of auto-
phagosome and autolysosome. Conversely, overexpression of
PKD2 promoted the autophagic flux, as indicated by increased
LC3-II accumulation as well as increased formation of auto-
phagosome and autolysosome. In addition, PKD2-shRNAs
increased apoptotic cell death under glucose starvation, as
demonstrated by Western blot analysis of cleaved caspase
3 and TUNEL assay. The linkage between autophagy and
apoptotic cell death of HES2-CMs was further confirmed by
Atg5-siRNA study, in which suppression of autophagic flux by
Atg5-siRNA increased apoptotic cell death. Together, these
data suggest that PKD2 plays a critical role in promoting auto-
phagic flux under glucose starvation, thereby protects cardio-
myocytes from starvation (possibly ischemia)-induced cell
death. Importantly, our data may have provided a possible
mechanistic explanation for cardiomyopathy in ADPKD. We
showed that PKD2 knockdown could impair cardiomyocyte
autophagy even under 5.5 mM glucose concentration, which
corresponds to the fasting blood glucose level. Therefore, it is
conceivable that ADPKD patients may have an impaired auto-
phagic flux in cardiomyocytes in their daily life, resulting in an
increased apoptotic death of cardiomyocytes. Therefore, our
present scheme of PKD2-autophagy-apoptosis may have
important pathophysiological relevance in two distinct types
of cardiomyopathy, namely (a) ADPKD, where PKD2 may be
mutated, and (b) ischemic heart diseases, where there is low
glucose supply.

Previous studies from other groups have demonstrated
that PKD2 may interact with RyR2 to inhibit Ca21 release
from SR in cardiomyocytes, consequently elevating store Ca21

content and increasing releasable Ca21 during spontaneous
Ca21 oscillations and/or caffeine-induced Ca21 transients [19].
In agreement with this notion, we found that PKD2 knock-
down reduced the caffeine-induced Ca21 release in HES2-CMs
under glucose starvation (Fig. 5), and it also reduced the
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overall amount of Ca21 release during spontaneous Ca21

oscillations and isoprenaline-induced Ca21 oscillations (Sup-
porting Information Figs. 3, 4). On the other hand, we also
found that glucose starvation increased the amount of Ca21

release during spontaneous Ca21 oscillations and b-agonist
(isoprenaline)-stimulated Ca21 oscillations (Supporting Infor-
mation Figs. 3, 4). Coincidently, co-immunoprecipitation and
in situ proximity ligation assay demonstrated an increased
physical interaction of PKD2 with RyR2 under glucose starva-
tion. These data agree with the notion that, under glucose
starvation condition, an increased interaction of PKD2 with
RyR2 would elevate store Ca21 content, resulting in more
Ca21 release during spontaneous Ca21 oscillations and/or
caffeine-induced Ca21 transients. It is unclear how glucose
starvation could cause an increased interaction of PKD2 with
RyR2. However, PKD2 expression was found to be increased
under glucose starvation (Fig. 1), which might be related to
starvation-induced elevation of ER stress [35, 36]. One expla-
nation is that the elevated PKD2 expression under starvation
increased the number of PKD2 proteins that can interact with
RyR2, resulting in more PKD2-RyR2 complex.

Ca21 is an important second messenger that regulates
autophagy [11, 12]. It is previously shown that intracellular
Ca21 release from through RyR could stimulate autophagy in
several cell types including cardiomyocytes [12, 22, 37]. In the
present study, we demonstrated that PKD2 may interact with
RyR2 to modulate SR Ca21 release. Therefore, it is conceivable
that PKD2 may regulate autophagic flux via SR Ca21 release.
A possible scenario is that under glucose starvation condition,
an increased amount of SR Ca21 release during rhythmic
Ca21 oscillations and cardiomyocyte contractions would stim-
ulate autophagic flux. On the other hand, knockdown of PKD2
may reduce the amount of SR Ca21 release, thereafter
decreases the autophagic flux under glucose starvation.

Mechanically, Ca21 may act through multiple downstream
targets including AMPK and mTOR to regulate autophagy [11,
12]. Therefore, we explored the possibility of whether PKD2
could modulate the activity of mTOR and/or AMPK. It is well
documented that, under nutrient starvation condition, AMPK
is activated while mTOR is inactivated, both of which promote
autophagic flux [38, 39]. This was confirmed in HES2-CMs and
H7-CMs (Fig. 7; Supporting Information Fig. S6). Importantly,
PKD2-shRNAs substantially attenuated the starvation-induced
AMPK activation and mTOR inactivation (Fig. 7; Supporting
Information Fig. S6). Based on these, it is tempting to suggest
that, at least under glucose starvation condition, PKD2 inter-
acts with RyR2 to modulate Ca21 release from SR, causing
AMPK activation and mTOR inactivation, consequently stimu-
lating autophagic flux, which serves to protect cardiomyocytes
from apoptotic cell death.

Previously, PKD2 mutation mice have been used as an
ADPKD model [19, 20]. Its limitation is that the contractile
mechanisms of rodent heart differ considerably from that of
human heart [40]. In the present study, we used hESC-CMs
(HES2-CMs and H7-CMs) as ADPKD model, which offers a
clear advantage over rodent cardiomyocytes. On the other
hand, hESC-CMs are immature and they display fetal-like and
sometimes embryonic-like structure and properties [41].
Therefore, caution has to be taken as to whether these
results could also be applied to adult cardiomyocytes. As dis-
cussed above, our present scheme of PKD2-autophagy-
apoptosis may be particularly relevant in ADPKD and ischemic
heart diseases. In this regard, although the main clinical
symptoms of ADPKD usually manifest at middle age, cardiac
abnormality is also observed at early age [42, 43]. Ischemic
heart diseases may also happen in some children/infants [44].

CONCLUSION

The present study demonstrates an important functional role
of PKD2 in promoting autophagy and reducing apoptotic
death in HES2-CMs under glucose starvation condition. The
signaling axis may involve PKD2-RyR2-Ca21-AMPK-mTOR. We
suggest that this scheme of PKD2-autophagy-apoptosis may
have important pathophysiological relevance in ADPKD and
ischemic heart diseases.
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