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Sonic hedgehog (Shh) pathway has been reported to protect cardiomyocytes in myocardial infarction
(MI), but the underlying mechanism is not clear. Here, we provide evidence that Shh pathway induces
cardiomyocytes survival through AMP-activated protein kinase-dependent autophagy. Shh pathway
agonist SAG increased the expression of LC3-II, and induced the formation of autophagosomes in

’<€y‘fV°rd57 cultured H9c2 cardiomyocytes under oxygen glucose deprivation (OGD) 1 h and 4 h. Moreover, SAG
f\i?;;gsgsemg pathway induced a profound AMP-activated protein kinase (AMPK) activation, and then directly phosphorylated

and activated the downstream autophagy initiator Ulk1, independent of the autophagy suppressor
mammalian target of rapamycin (mTOR) complex 1. Taken together, our results have shown that Shh
activates AMPK-dependent autophagy in cardiomyocytes under OGD, suggesting a role of autophagy in

Cardiomyocytes
Oxygen glucose deprivation

Shh-induced cellular protection.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Sonic hedgehog (Shh) plays a critical role in several tissues
during embryonic and postnatal development and adult life [1-9].
Shh signaling occurs through the interaction of the Shh protein
with its receptor, Ptcl, and then removes the inhibition of the
smoothened receptor. This leads to the activation of a transcription
factor, Gli, which induces the expression of downstream target
genes, including Ptc1 and Gli1 [10—12].

More evidence reveals that Shh pathway is tightly related to
cardiovascular disease. Recent reports from our and others' labs
demonstrated that Shh pathway was upregulated in both acute and
chronic MI [8,13], and the cardiomyocytes (CMs) were preserved
after activation of Shh pathway [8,14,15]. In the absence of Shh
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signaling, loss of coronary blood vessels led to tissue hypoxia, car-
diomyocyte cell death, heart failure, and subsequent lethality [16].
However, it remains unknown how Shh regulates CMs survival.

Autophagy is an intracellular degradation process of long lived
proteins and excess or dysfunctional organelles that can be iden-
tified by electron microscopy [17]. During autophagy, the cytosolic
form of microtubule-associated protein 1 light chain 3—1 (LC3-I) is
converted to the phosphatidylethanolamine-conjugated form of
LC3 (LC3-II) to promote autophagosome formation [18]. Therefore,
the increase of expression of LC3-II has been widely used to indicate
activation of autophagy [19].

Autophagy, which promotes cell survival, occurs in myocardial
infarction (MI), it plays a protective role in MI-induced death of
CMs [20,21]. Both Shh pathway and autophagy are important for
CMs survival, but it remains unknown whether Shh pathway
stimulates autophagy of CMs. Therefore, the current study was
designed to examine whether Shh pathway protects against oxy-
gen glucose deprivation-induced injury of CMs through auto-
phagy. Our results demonstrate that: 1) Shh pathway stimulated
autophagy in H9C2 cardiomyocytes under oxygen glucose
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deprivation (OGD). 2) Autophagy inhibition impaired Shh
pathway-induced cell survival and apoptosis inhibition of H9C2
cardiomyocytes under OGD. 3) Shh pathway-induced autophagy
involves activation of AMPK.

2. Methods
2.1. Reagents

The rat cardiomyocyte cell line H9C2 was purchased from
American Type Culture Collection (ATCC CRL-1446); DMEM,
trypsin, and fetal bovine serum were purchased from Invitrogen,
USA; cell culture plates were purchased from Corning Inc., USA.
MTT (3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-di-phenyte-
trazoliumromide) were purchased from KeyGEN, china. TUNEL
assay kit was purchased from Roche. Rabbit anti-Ptc1 antibody,
anti-LC3 antibody, anti-GAPDH antibody and anti-ULK; antibody
kit were respectively purchased from Millipore, Abcam, Sigma,
Cell Signal and Santa Cruz. Goat anti-Glil antibody was pur-
chased from R&D. SAG1.3, 3-MA and compound C were pur-
chased from Merck. The secondary antibodies (HRP-conjugated
affinity purified goat anti-rabbit IgG and HRPP-conjugated affin-
ity purified rabbit anti-goat IgG) were purchased from Santa Cruz.

2.2. Cell culture and treatments

The H9c2 cell line, a subclone of the original clonal cell line, was
derived from embryonic rat heart tissue. The cells were cultured in
DMEM medium (25 mM glucose) supplemented with 10% FBS at
37 °Cunder an atmosphere of 5% CO, and 95% air. Briefly, cells were
reseeded in the appropriate plate with culture medium containing
10% FBS for 24 h. Cells were then serum-starved for 12 h, followed
by drug treatment in 2% FBS for 12 h, and then stimulated by OGD
Thor4h.

2.3. Oxygen glucose deprivation (OGD)

After the cells had adhered, the cell culture medium was
replaced with serum-free and glucose-free DMEM, and the cells
were then placed in a 37 °C incubator at 5% CO,, 1% O,, and 94%
N>.

24. MTT assay

Cell survival was measured using MTT assay (12, 30). At the end
of treatment, cells were incubated with MTT reagent (KeyGEN,
China) for 4 h, followed by measurement of absorbance at 570 nm
using a spectrophotometer.

2.5. Tunnel assay

H9C2 cells were evenly plated into 48-well plates, with 0.5 ml
of a5 x 10% cells/ml solution placed in each well. After treatment,
fix air dried cell samples with a freshly prepared 4% para-
formaldehyde for 1 h at 15—25 °C, rinse plates with PBS, incubate
in permeabilisation solution (0.1% Triton X-100 in 0.1% sodium
citrate) for 2 min on ice, rinse plates twice with PBS, dry area
around sample, add 50 ul TUNEL reaction mixture (Roche) on
sample, and then incubate slide in a humidified atmosphere for
60 min at 37 °C in the dark, rinse plates with PBS for 3 times. After
that, DAPI was added to stain the nucleus for 10 min at room
temperature. The plates were respectively stimulated by 540 nm
and 350 nm.

2.6. Flow cytometry detecting FITC-Annexin V positive apoptotic
cells

Cell apoptosis was detected by the Annexin V Apoptosis
Detection Kit (BD, USA) according to the manufacturer's protocol.
Briefly, cells with indicated treatment were stained with FITC-
Annexin V and propidipM iodide (PI). Both early (Annexin V+/
PI-) and late (Annexin V/PI+) apoptotic cells were sorted by
fluorescence-activated cell sorting (FACS) (Beckman Coulter, Inc.,
Brea, CA). Cell apoptosis was reflected Annexin V percentage.

2.7. MDC staining

Autophagosomes in the cells were detected with mono-
dansylcadaverine (MDC) staining using the method as previously
described (5). Briefly, the cells were incubated with 0.05 mM MDC
(Sigma) in Hanks' buffered salt solution at 37 °C for 10 min. After
being washed three times with 0.1 M PBS, MDC-labeled autopha-
gosomes were examined with a confocal laser scanning micro-
scope. The cells containing MDC-labeled autophagosomes were
counted in x200 fields (five sequential fields were counted and
averaged per coverslip) for three coverslips in each experiment as a
percentage of total cell number.

2.8. Western blot analysis

Western blot analysis was performed for Shh pathway and LC3
as described [8,15,22,23]. Briefly, equal amounts of protein (30 mg)
were separated on SDS—polyacrylamide gels (10% or 15%) and
electrotransferred to polyvinylidene difluoride membranes (Milli-
pore). The membranes were incubated with Ptc1 (1:1000 dilution,
Abcam), Gli1 (1:000 dilution, R&D systems), LC3 (1:1000 dilution,
Sigma) or GAPDH (1:1000 dilution; Santa Cruz Biotechnology), and
incubated with either goat anti-rabbit or rabbit anti-mouse second
antibody (1:5000 dilution; Santa Cruz Biotechnology) for 1 h at
room temperature. Blots were developed using a supersignal west
pico chemiluminescent substrate (Pierce Manufacturing), and
molecular band intensity was determined by densitometry (Bio-
Rad image software).

2.9. Co-immunoprecipitation (Co-IP)

Cell lysates (1000 pg) in 1 ml lysis buffer containing 1% Triton
and 0.3% CHAPS were pre-cleared with 30 pl of protein SAG Acti-
vates AMPK-Dependent Autophagy IgA/G-beads (Santa Cruz) for
30 min at 4 °C. After centrifugation for 10 min at 4 °C in a micro-
centrifuge, the supernatant was rotated overnight with 2 pg of
indicated primary antibody (anti-AMPKa1/2, Santa Cruz). Protein
IgA/G-beads (35 pl) were added to the supernatants for 2 h at 4 °C
Then the pellets were washed six times with lysis buffer, resus-
pended in lysis buffer, and then assayed in western-blots to detect
phospho- and total-Ulk1 and AMPKa.

2.10. Statistical analysis

All data were analyzed with the statistical software GraphPad
Prism 5.0, and all values are expressed as means + SEM. The dif-
ferences between two groups were analyzed using Student's un-
paired t-test, and differences between three or more groups were
evaluated via one-way ANOVA with Bonferroni correction. A
probability value of <0.05 was considered significant.
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Fig. 1. Shh pathway induces autophagy in H9c2 cardiomyocytes under OGD. Cultured H9c2 cardiomyocytes were treated with SAG (1, 2 uM) 12 h before OGD 1, 4 h, Ptc1, Gli1, LC3
were detected by western blots as described (A); the average optical density of autophagosomes was recorded (400x ) (B). Cultured H9c2 cardiomyocytes were treated with SAG
(2 uM) plus lysosomal protease inhibitors chloroquine (10 pM) or autophagosome-lysosome fusion inhibitor bafilomycin A1 (10 nM) 12 h before OGD 1 h, LC3 were detected by
western blots as described (C) Cell viability was analyzed by MTT assay (D).
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3. Results

3.1. Shh pathway stimulated autophagy in H9C2 cardiomyocytes
under OGD

The aim of this current study was to investigate the potential
role of autophagy in the protection of Shh pathway in car-
diomyocytes under OGD, and to elaborate the underlying mech-
anisms. Firstly, the potency of Shh pathway agonist SAG should be
verified. Administration of Shh pathway agonist SAG (2 uM) 12 h
before OGD significantly induced the Shh pathway, which was
confirmed by the upregulated protein level of Ptcl and Glil
(Fig. 1A), and protected the injured H9c2 cells (Fig. 1D) under
OGD. Then, the autophagy flux in the activation of Shh pathway
was examined. SAG (2 pM) increased the expression of LC3-II in
H9C2 cardiomyocytes under OGD 1 h (Fig. 1A). When OGD
continued to 4 h, the endogenous autophagy was activated, and
SAG led to a further enhancement in LC3-II expression (Fig. 1A).
Besides, autophagosomes were also detected here, and the result
showed that SAG significantly increased the autophagosomes in
OGD 1 h and OGD 4 h respectively compared to no drug treatment
(Fig. 1C).

It is well known that LC3-II itself will be degraded in auto-
lysosomes during autophagy [24]. Therefore, treatment with
lysosomal protease inhibitors chloroquine or autophagosome-
lysosome fusion inhibitor bafilomycin A1 will enhance the
level of LC3-II if Shh indeed increases autophagy flux. As ex-
pected, pretreatment with bafilomycin A1 (10 nM) or chloro-
quine (10 uM) in SAG group for 12 h led to a further promotion
in the expression of LC3-II (Fig. 1B). These results suggested that
Shh pathway promoted the survival of H9C2 cardiomyocytes in
OGD, which was accompanied by the activation of autophagy
pathway.
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3.2. Autophagy inhibition impaired Shh pathway-induced survival
of HI9C2 cardiomyocytes under OGD

To test the potential role of autophagy in Shh pathway-induced
cardiomyocytes survival in OGD, firstly we used 3-MA as a potent
autophagy inhibitor to interrupt Shh induced-autophagy. Western
blot results showed that elevated level of LC3-II due to treatment
with SAG was significantly declined by treatment with 3-MA in
OGD 1 h or OGD 4 h (Fig. 2A). Fluorescence analysis showed similar
results that autophagosomes were both decreased in OGD 1 h and
OGD 4 h after pretreatment with 3-MA in SAG group (Fig. 2B).
Importantly, MTT assay showed that pretreatment with 3-MA 12 h
before OGD 1 h or OGD 4 h significantly decreased Shh pathway-
induced cell survival (Fig. 2C). These results suggested that auto-
phagy mediated Shh pathway-induced survival of cardiomyocytes
under OGD.

3.3. Autophagy inhibition weakened Shh pathway induced-
apoptosis inhibition of H9C2 cardiomyocytes under OGD

While sustained and rigorous autophagy promotes cell
apoptosis, mild or moderate autophagy is cell protective [25—27].
Above results have shown that autophagy inhibition by 3-MA
impaired Shh pathway-induced cell survival in OGD (Fig. 2), we
then tested if this was due to enhanced cell apoptosis. Firstly, our
results presented a significant apoptosis in OGD 4 h rather than
OGD 1 h (Fig. 3). As shown in Fig. 3A, the autophagy inhibitor 3-MA
brought about more Tunnel positive cells compared to SAG group in
OGD 4 h. Moreover, flow cytometry showed that 3-MA significantly
interfered Shh pathway induced-apoptosis inhibition in OGD 4 h
(Fig. 3B). These results suggested that autophagy inhibition weak-
ened the decrease of Shh pathway in apoptosis of cardiomyocytes
under OGD.
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Fig. 2. Autophagy inhibition impaired Shh pathway-induced survival of HOC2 cardiomyocytes under OGD. Cultured H9c2 cardiomyocytes were treated with SAG (2 uM) plus 3-MA
(5 mM) 12 h before OGD 1, 4 h, LC3 were detected by western blots as described (A); the average optical density of autophagosomes was recorded (400x ) (B); cell viability was

analyzed by MTT assay (C).
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Fig. 3. Autophagy inhibition weakened Shh pathway induced-apoptosis inhibition of H9C2 cardiomyocytes under OGD. Cultured H9c2 cardiomyocytes were treated with SAG
(2 uM) plus 3-MA (5 mM) 12 h before OGD 1, 4 h, apoptotic cells were detected by Tunnel assay (200x ) (A), Annexin V positive cells were sorted by FACS (B).

3.4. Shh pathway-induced autophagy involves activation of AMPK

Next we focused on the underlying mechanism of autophagy
induction by Shh pathway. As discussed, activation of AMPK is
important for autophagy induction [28,29]. We first examined
AMPK activation in SAG-treated cardiomyocytes. AMPK activation
was reflected by AMPKa1 phosphorylation at Thr 172. As demon-
strated, a profound AMPK activation was observed in OGD 1 h after
SAG treatment, confirmed by the phosphorylation of AMPKo1
(Fig. 4A). As we know, activation of AMPK induces autophagy
through at least two following mechanisms [28,30]: 1. By directly
phosphorylating and activating of Ulk1, the autophagy initiator; 2.

By inhibiting the mammalian target of rapamycin (mTOR) complex
1 (mTORC1), the autophagy suppressor. Our western blot analysis
showed that SAG induced autophagy activation domain Ulk1°>>
phosphorylation but have no significance in the phosphorylation of
mTOR partner Raptor and mTOR downstream p70 S6K, and also its
downstream autophagy inhibition domain Ulk1”>’ (Fig. 4A). Co-IP
results in Fig. 4A further confirmed that Shh pathway induced
AMPK/UIk1 association in cardiomyocytes, which appeared to
simultaneously cause Ulk1°®> and AMPK phosphorylation. All
above results suggested that Shh pathway indeed activated the
autophagy pathway upstream AMPK and through direct AMPK/
Ulk1 association to phosphorylate the downstream Ulk.
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Fig. 4. Shh pathway-induced autophagy involves activation of AMPK. Cultured H9c2 cardiomyocytes were treated with SAG (1, 2 uM) 12 h before OGD 1 h, p-AMPK/AMPK and
downstream p-Raptor/Raptor, p-p70S6K/p70S6K, p-ULK1%>> or ULK17>7/ULK1 were detected by western blots as described; the association between AMPKu. (total and p-) and
Ulk1(total and p-) were examined by co-IP (A). Cultured H9c2 cardiomyocytes were treated with SAG (2 pM) plus compound C (20 pM) 12 h before OGD 1 h, LC3 were detected by
western blots as described (B); the average optical density of autophagosomes was recorded (400x) (C); cell viability was analyzed by MTT assay (D).

On the other hand, AMPK inhibitor Compound C significantly
inhibited Shh pathway-induced LC3-II expression (Fig. 4B) and
autophagosomes in cardiomyocytes (Fig. 4C), correspondingly,
cardiomyocytes viability loss were increased in OGD 1 h (Fig. 4D).
All these results indicated that activation of AMPK by Shh pathway
mediates autophagy in cardiomyocytes.

4. Discussion

Here we observed that Shh pathway induced autophagy in
cultured cardiomyocytes in OGD. Inhibition of autophagy by its
inhibitor 3-MA, disturbed Shh pathway-induced cell viability and
apoptosis inhibition in OGD, indicating that autophagy induction
by Shh pathway was against cell death and apoptosis. For the
mechanism study, we proposed that AMPK activation by Shh
pathway mediated autophagy activation. AMPK inhibition by
compound C suppressed Shh pathway-induced autophagy in car-
diomyocytes, thus reducing cell viability.

It has been shown by other laboratory that Shh pathway acti-
vates autophagy in vascular smooth cells. The relationship of Shh
pathway and autophagy in cardiomyocytes and the underlying
mechanisms, however, are not fully understood.

Here, we discovered that Shh pathway induced autophagy in
cardiomyocytes under OGD, and the autophagy mediated the pro-
tective effect of Shh pathway to cardiomyocytes injury by OGD.
Moreover, we discovered that Shh pathway induced significant
AMPK activation in cultured cardiomyocytes, which promoted Ulk1
activation and autophagy initiation. Kim et al., has demonstrated a
molecular mechanism for regulation of Ulk1, the autophagy trigger,
by AMPK. AMPK activates autophagy by directly binding and acti-
vating Ulk1 through phosphorylation of Ser 555. Following studies
have identified other possible phosphorylation sites of Ulk1l by
AMPK [31,32]. Reversely, autophagy is inhibited by the mammalian
target of rapamycin (mTOR). mTOR phosphorylates Ulk1 at Ser 757
to lock Ulk1 into its complex, and stops Ulk1 from binding to AMPK
[28,32]. In the current study, we found that Shh pathway had no
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effect on mTOR pathway including its partner Raptor, its down-
stream molecular p70 S6K and autophagy inhibition domain
UIk17*’, but notablely activated AMPK directly associated and
phosphorylated UIk1 at Ser 555, so it might be the key mechanism
for autophagy induction. This proposal was further supported by the
fact that compound C abolished Shh pathway-induced autophagy.

AMPK activation dictates energy metabolism, gene transcrip-
tion, cell mitosis and autophagy through regulating its many
downstream kinases [31,33]. However, the definitive role of AMPK
in cell survival or death is still controversial. A number studies have
found that sustained AMPK activation under severe stress condi-
tions may inhibit cell growth and promote cancer cell death
[34—36]. Others found that AMPK is pro-survival [37,38]. One
explanation is that, depends on intensity of the stress, AMPK might
coordinate with other kinases to rescue cells when facing minor or
moderate stresses, or to promote cell death when the rescue fails. In
our system, we observed that AMPK activation by Shh pathway was
anti-cell death, while AMPK inhibition prevented cardiomyocytes
survival by Shh pathway in cardiomyocytes under OGD.

In conclusion, we here found that Shh pathway induces auto-
phagy in cardiomyocytes through AMPK activation, which serves as
a negative regulator against cell apoptosis and death under OGD.
AMPK-dependent autophagy might represent a novel mechanism
for Shh pathway activation in the therapy of ischemic heart disease.
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