than Gq-coupled receptors. For example, in colorectal cancer
cells, epidermal growth factor (EGF) increased expression of
cyclooxygenase-2 via STIM1 and Orail [49]. In pulmonary
arterial smooth muscle cells, platelet-derived growth factor
(PDGF) activated SOCE via Akt signaling [50]. In addition, both
EGF [51] and PDGF [52] can increase the activity of ERK
signaling in melanoma. It will be interesting to investigate the
functional relationship among tyrosine kinase-type receptors,
SOCE and the ERK signaling in melanoma cells.

In conclusion, our results indicate that inhibition of SOCE
suppressed proliferation and cell migration/metastasis of melano-
ma cells, most probably via ERK signaling. We propose that
SOCE is a potential target for treatment of melanoma, irrespective
of whether or not Braf mutation is present.

Supporting Information

Figure S1 STIMIl-knockdown did not promote apopto-
sis. APC Annexin V and 7-AAD staining assays demonstrated
that apoptosis of STIMI-knockdown and control shRNA-
transduced C8161 cells was not different. These data demonstrate
that apoptosis did not contribute to the STIMI-knockdown-
induced inhibition of cell proliferation. N.S. not significant, n = 4.
(TIF)

Video S1 Melanoma cell migration was inhibited by

STIM1- or by Orail-knockdown. Cellular movement was
recorded by time-lapse video microscopy recording. Video S1,
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recorded by time-lapse video microscopy recording. Video Sl,
control shRNA, video S2, STIM1 shRNA, video S3, Orail
shRNA.

(WMV)
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shRINA.

(WMV)

Acknowledgments

The authors are grateful to Akane Nagasako for technical assistance in this
study.

Author Contributions

Conceived and designed the experiments: MU YI KI. Performed the
experiments: MU EB LX XF KO AM. Analyzed the data: MU EB SF
MSD XF MI. Contributed reagents/materials/analysis tools: SF MD LX
UY TF SC JG. Wrote the paper: MU EB SFD LX MI YI KL

important role in cervical cancer growth, migration, and angiogenesis.
Proceedings of the National Academy of Sciences 108: 15225-15230.

16. Yang S, Zhang JJ, Huang X-Y (2009) Orail and STIMI Are Critical for Breast
Tumor Cell Migration and Metastasis. Cancer cell 15: 124-134.

17. Fedida-Metula S, Feldman B, Koshelev V, Levin-Gromiko U, Voronov E, et al.
(2012) Lipid rafts couple store-operated Ca2+ entry to constitutive activation of
PKB/Akt in a Ca2+/calmodulin-, Src- and PP2A-mediated pathway- and
promote melanoma tumor growth. Carcinogenesis 33: 740-750.

18. Varga-Szabo D, Braun A, Kleinschnitz C, Bender M, Pleines I, et al. (2008) The
calcium sensor STIMI is an essential mediator of arterial thrombosis and
ischemic brain infarction. The Journal of Experimental Medicine 205: 1583~
1591.

19. McCarl C-A, Picard C, Khalil S, Kawasaki T, Réther J, et al. (2009) ORAII
deficiency and lack of store-operated Ca2+ entry cause immunodeficiency,
myopathy, and ectodermal dysplasia. Journal of Allergy and Clinical
Immunology 124: 1311-1318.¢1317.

20. Hoeflich KP, Herter S, Tien J, Wong L, Berry L, et al. (2009) Antitumor
Efficacy of the Novel RAF Inhibitor GDC-0879 Is Predicted by BRAFVG00E
Mutational Status and Sustained Extracellular Signal-Regulated Kinase/
Mitogen-Activated Protein Kinase Pathway Suppression. Cancer Research 69:
3042-3051. .

21. Iwatsubo K, Minamisawa S, Tsunematsu T, Nakagome M, Toya Y, et al. (2004)
Direct Inhibition of Type 5 Adenylyl Cyclase Prevents Myocardial Apoptosis
without Functional Deterioration. Journal of Biological Chemistry 279: 40938
40945,

22. Baljinnyam E, Umemura M, De Lorenzo MS, Iwatsubo M, Chen S, et al. (2011)
Epacl promotes melanoma metastasis via modification of heparan sulfate.
Pigment Cell & Melanoma Rescarch 24: 680-687.

23. Yokoyama U, Ishiwata R, Jin M-H, Kato Y, Suzuki O, et al. (2012) Inhibition of
EP4 Signaling Attenuates Aortic Aneurysm Formation. PLoS ONE 7: ¢36724.

24. Baljinnyam E, De Lorenzo MS, Xie L-H, Iwatsubo M, Chen S, et al. (2010)
Exchange Protein Directly Activated by Cyclic AMP Increases Melanoma Cell
Migration by a Ca2+-Dependent Mechanism. Cancer Research 70: 5607-5617.

25. Baljinnyam E, Iwatsubo K, Kurotani R, Wang X, Ulucan G, et al. (2009) Epac
increases melanoma cell migration by a heparan sulfate-related mechanism.
American journal of physiology Cell physiology 297: C802-813.

26. Mattheij NJA, Gilio K, van Kruchten R, Jobe SM, Wieschhaus AJ, et al. (2013)
Dual Mechanism of Integrin aIIbB3 Closure in Procoagulant Platelets. Journal
of Biological Chemistry 288: 13325-13336.

27. Ishikawa J, Ohga K, Yoshino T, Takezawa R, Ichikawa A, et al. (2003) A
Pyrazole Derivative, YM-58483, Potently Inhibits Store-Operated Sustained
Ca2+ Influx and IL-2 Production in T Lymphocytes. The Journal of
Immunology 170: 4441-4449.

28. He L-P, Hewavitharana T, Soboloff J, Spassova MA, Gill DL (2005) A
Functional Link between Store-operated and TRPC Channels Revealed by the

February 2014 | Volume 9 | Issue 2 | e89292



29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

3,5-Bis(trifluoromethyl)pyrazole Derivative, BTP2. Journal of Biological Chem-
istry 280: 10997-11006. .
Hordijk PL (2006) Endothelial signalling events during leukocyte transmigration.
FEBS Journal 273: 4408-4415.

Zhang W, Liu HT (2002) MAPK signal pathways in the regulation of cell
proliferation in mammalian cells. Cell Res 12: 9-18.

McCubrey JA, Steelman LS, Chappell WH, Abrams SL, Wong EWT, et al.
(2007) Roles of the Raf/MEK/ERK pathway in cell growth, malignant
transformation and drug resistance. Biochimica et Biophysica Acta (BBA) -
Molecular Cell Research 1773: 1263-1284.

Agell N, Bachs O, Rocamora N, Villalonga P (2002) Modulation of the Ras/
Raf/MEK/ERK pathway by Ca2+, and Calmodulin. Cellular Signalling 14:
649-654.

Illario M, Cavallo AL, Bayer KU, Di Matola T, Fenzi G, et al. (2003) Calcium/
Calmodulin-dependent Protein Kinase II Binds to Raf-l and Modulates
Integrin-stimulated ERK Activation. Journal of Biological Chemistry 278:
45101-45108.

Salzano M, Rusciano MR, Russo E, Bifulco M, Postiglione L, et al. (2012)
Calcium/calmodulin-dependent protein kinase II (CaMKII) phosphorylates
Raf-1 at serine 338 and mediates Ras-stimulated Raf-1 activation. Cell Cycle 11:
2100-2106.

Sullivan RJ, Atkins MB (2010) Molecular targeted therapy for patients with
melanoma: the promise of MAPK pathway inhibition and beyond. Expert
Opinion on Investigational Drugs 19: 1205-1216.

Meier F, Schittek B, Busch S, Garbe G, Smalley K, et al. (2005) The RAS/
RAF/MEK/ERK and PI3K/AKT signaling pathways present molecular
targets for the effective treatment of advanced melanoma. Frontiers in bioscience
: a journal and virtual library 10: 2986-3001.

Potter DA, Srirangam A, Fiacco KA, Brocks D, Hawes J, et al. (2003) Calpain
regulates enterocyte brush border actin assembly and pathogenic Escherichia
coli-mediated effacement. J Biol Chem 278: 30403-30412.

Huang C, Rajfur Z, Yousefi N, Chen Z, Jacobson K, et al. (2009) Talin
phosphorylation by Cdk5 regulates Smurfl-mediated talin head ubiquitylation
and cell migration. Nat Cell Biol 11: 624-630.

Ohashi K, Fujiwara S, Watanabe T, Kondo H, Kiuchi T, et al. (2011) LIM
kinase has a dual role in regulating lamellipodium extension by decelerating the
rate of actin retrograde flow and the rate of actin polymerization. J Biol Chem
286: 36340-36351.

PLOS ONE | www.plosone.org

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

SOCE Regulates Melanoma Progression

Batchelder EL, Hollopeter G, Campillo C, Mezanges X, Jorgensen EM, et al.
(2011) Membrane tension regulates motility by controlling lamellipodium
organization. Proc Natl Acad Sci U S A 108: 11429-11434.

Dayton WR, Goll DE, Zeece MG, Robson RM, Reville WJ (1976) A Ca2+-
activated protease possibly involved in myofibrillar protein turnover. Purification
from porcine muscle. Biochemistry 15: 2150-2158.

Chen H, Libertini §], Wang Y, Kung HJ, Ghosh P, et al. (2010) ERK regulates
calpain 2-induced androgen receptor proteolysis in CWR22 relapsed prostate
tumor cell lines. J Biol Chem 285: 2368-2374.

Glading A, Uberall F, Keyse SM, Lauffenburger DA, Wells A (2001) Membrane
proximal ERK signaling is required for M-calpain activation downstream of
epidermal growth factor receptor signaling. J Biol Chem 276: 23341-23348.
Glading A, Chang P, Lauffenburger DA, Wells A (2000) Epidermal growth
factor receptor activation of calpain is required for fibroblast motility and occurs
via an ERK/MAP kinase signaling pathway. J Biol Chem 275: 2390-2398.
Yang N, Tang Y, Wang F, Zhang H, Xu D, et al. (2013) Blockade of store-
operated Ca2+ entry inhibits hepatocarcinoma cell migration and invasion by
regulating focal adhesion turnover. Cancer Letters.

Yuan JP, Kim MS, Zeng W, Shin DM, Huang G, et al. (2009) TRPC channels
as STIM1-regulated SOCs. Channels 3: 221-225.

Darbellay B, Arnaudeau S, Konig S, Jousset H, Bader C, et al. (2009) STIM1-
and Orail-dependent Store-operated Calcium Entry Regulates Human
Myoblast Differentiation. Journal of Biological Chemistry 284: 5370~5380.
Fedida-Metula S, Feldman B, Koshelev V, Levin-Gromiko U, Voronov E, et al.
(2012) Lipid rafts couple store-operated Ca2+ entry to constitutive activation of
PKB/Akt in a Ca2+/calmodulin-, Src- and PP2A-mediated pathway and
promote melanoma tumor growth, Carcinogenesis 33: 740-750.

Wang J-Y, Chen B-K, Wang Y-S, Tsai Y-T, Chen W-C, et al. (2012)
Involvement of store-operated calcium signaling in EGF-mediated COX-2 gene
activation in cancer cells. Cellular Signalling 24: 162-169.

Ogawa A, Firth AL, Smith KA, Maliakal MV, Yuan JX:J (2012) PDGF
enhances store-operated Ca2+ entry by upregulating STIMI1/Orail via
activation of Akt/mTOR in human pulmonary arterial smooth muscle cells.
American Journal of Physiology - Cell Physiology 302: C405-C411.

Ivanov VN, Hei TK (2004) Combined treatment with EGFR inhibitors and
arsenite upregulated apoptosis in human EGFR-positive melanomas: a role of
suppression of the PI3K-AKT pathway. Oncogene 24: 616-626.

Pirraco A, Coelho P, Rocha A, Costa R, Vasques L, et al. (2010) Imatinib targets
PDGF signaling in melanoma and host smooth muscle neighboring cells. Journal
of Cellular Biochemistry 111: 433-441.

February 2014 | Volume 9 | Issue 2 | 89292



OPEN a ACCESS Freely available online

D PLOS | one

Protection of Cardiomyocytes from the Hypoxia-
Mediated Injury by a Peptide Targeting the Activator of

G-Protein Signaling 8

Motohiko Sato'*, Masahiro Hiraoka?, Hiroko Suzuki', Miho Sakima', Abdullah Al Mamun’,
Yukiko Yamane?, Takayuki Fujita?, Utako Yokoyama?, Satoshi Okumura® Yoshihiro Ishikawa®

1 Department of Physiology, Aichi Medical University, Nagakute, Aichi, Japan, 2 Cardiovascular Research Institute, Yokohama City University School of Medicine, Fukuura,
Yokohama, Japan, 3 Department of Physiology, Tsurumi University School of Dental Medicine, Yokohama, Japan

Editor: Xin-Liang Ma, Thomas Jefferson University, United States of America

analysis, decision to publish, or preparation of the manuscript.

* E-mail: motosato@aichi-med-u.ac.jp

Citation: Sato M, Hiraoka M, Suzuki H, Sakima M, Mamun AA, et al. (2014) Protection of Cardiomyocytes from the Hypoxia-Mediated Injury by a Peptide Targeting
the Activator of G-Protein Signaling 8. PLoS ONE 9(3): €91980. doi:10.1371/journal.pone.0091980

Received December 10, 2013; Accepted February 16, 2014; Published March 14, 2014

Copyright: © 2014 Sato et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited,

Funding: This work is supported by Grant-in-Aid for Scientific Research on Innovative Areas of Japan (MS), Grant-in-Aid for Scientific Research of Japan (MS), the
Toyoaki Scholarship Foundation (MS), The Naito Foundation (MS) and Strategic Research Foundation Grant-aided Project for Private Universities from the Ministry
of Education, Culture, Sports, Science, and Technology, Japan (MEXT), 2011-2015 (51101027). The funders had no role in study design, data collection and

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Signaling mediated by heterotrimeric G-protein plays important
roles in signal integration in cells. Heterotrimeric G-proteins are
activated by G-protein—coupled receptors (GPCRs) at the cell
surface in response to extra stimuli. The activation of G-protein
signaling is associated with nucleotide exchange on the Gu
subunits leading to a conformational change in Gofy and
subsequent transduction of signals to various effector molecules
[1]. However, a novel class of regulatory proteins that directly
activate heterotrimeric G protein without receptor activation has
been identified [2—4]. Such molecules are expected to provide
alternative signaling via heterotrimeric G-protein and regulate
signal adaptation during pathophysiologic stress [5].

The importance of accessory proteins for heterotrimeric G-
protein has been reported in human diseases and animal models
[5]. For example, activator of G-protein signaling 1 (AGS1) is a
direct activator of the Ga subunit and involved in the secretion of
atrial natriuretic factor in heart failure [6,7]. Further, regulators of
G-protein signaling (RGSs), the group of proteins that inhibit G-
protein signaling by accelerating the GTPase activity of the Go
subunit, are involved in various cardiovascular diseases, such as
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hypertension, cardiac hypertrophy, and hypoxia-mediated injury
[8-10].

We have been focusing on identification of accessory proteins of
heterotrimeric G-proteins induced in cardiovascular diseases and
have found novel activators of G-protein signaling from the
hypertrophied heart and during repetitive transient ischemia
[11,12]. Thus, we identified TFE3 (AGS11), an AGS protein that
selectively forms a complex with the Gal6 subunit and is
upregulated in the hypertrophied hearts of mice [11]. TFE3
translocates Ga16 to the nucleus, which leads to the induction of
claudin-14, a component of the membrane in cardiomyocytes.
This suggests that the novel form of transcriptional regulation
counteracts pressure overload.

Activator of G-protein signaling 8 (AGS8) is a GPy signal
regulator isolated from a cDNA library of rat hearts subjected to
repetitive transient ischemia [12]. In response to hypoxia, AGS8 is
up-regulated in the myocardium and cultured adult cardiomyo-
cytes. AGS8 interacts directly with GPy and promotes Gy
signaling in cells [12]. Suppression of AGS8 inhibits hypoxia-
induced apoptosis of cardiomyocytes, suggesting AGS8 is required
for hypoxia-mediated cell death [13]. AGS8 complexes with
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connexin 43 (CX43) to form a transmembrane channel for
multiple small molecules, including calcium, adenosine, ATP, and
reactive oxygen species [14~16]. AGS8 regulates phosphorylation
of CX43 in a GPy-dependent manner and influences hypoxia-
mediated internalization of cell-surface CX43 [13]. Therefore, the
AGS8-Gfy complex plays a critical role under hypoxic conditions,
making the cellular environment more sensitive to hypoxic stress
by influencing the permeability of molecules passing through
CX43.

Ischemic injury of the heart is associated with activation of
multiple signal cascades initiating intracellular ionic and chemical
changes that lead to the death of cardiomyocytes [17,18]. A
previous study indicated that AGS8-GBy is involved in the
programs leading to cell death, and the formation of the AGS8-
GPBy complex appears to be a critical step triggering the apoptotic
process [13]. If a tool to manipulate the AGS8-Gy interaction in
cells were available, it might be a promising approach for
protection of cardiomyocytes against hypoxia-mediated injury.

Here, we report the identification of the Gfy-interface of AGS8
and a peptide (AGS8-peptide) designed to correspond to the
domain of interaction between GPy and AGS8 that protects
cardiomyocytes against hypoxia-induced apoptosis. The observa-
tions indicate the importance of the AGS8-GPy complex in
hypoxia-mediated apoptosis of cardiomyocytes as well as the
potential value of targeted disruption of the AGS8-GPy signal for
protecting the myocardium against ischemic injury.

Experimental Procedures

Materials

Anti GB antibody was obtained from Santa Cruz Biotechnol-
ogy. Anti CX43 antibody and IGEPAL CA-630 was obtained
from Sigma. Gallein was purchased from Calbiochem. Cleaved
caspase-3 andtibody was obtained from Cell Signaling Technol-
ogy. Recombinant Gf,y, was obtained from Calbiochem-Merck
Millipore. MTT (3-(4,5-methylthiazol-2-yl)-2,5-diphenyltetrazo-
linm bromide) was purchased from Dojindo Molecular Labora-
tories (Kumamoto, Japan).

Synthesis of Peptide

The peptides were synthesized and purified by Invitrogen and
peptide identity was verified by matrix-assisted laser desorption
ionization mass spectrometry. The peptides were dissolved in
aliquots (10 mM) and immediately frozen at —70°C.

Generation of GST-fusion Protein, Protein Interaction
Assays, and Immunoblotting

The segments of AGS8 (DQ256268) were amplified by PCR
and fused in frame to GST in the pGEX-6T vector (Amersham
Biotech). Each GST-partial-AGS8 fusion proteins were expressed
in bacteria (Escherichia coli BL21, Amersham Biotech) and purified
on a glutathione affinity matrix. The GST fusion protein was
eluted from the resin, and glutathione was removed by desalting to
allow a solution-phase interaction assay [19]. Protein interaction
assays and immunoblotting were performed as described previ-

ously [19,20].

Preparation of Cardiomyocytes and Delivery of Peptide
to Cells

Cardiomyocytes were prepared from the hearts of 1-3-day-old
Wistar rats as described previously [13]. The neonates were deeply
anesthetized with pentobarbital sodium (100 mg/kg) and decap-
itated for cardiac tissue harvesting. The ventricular cardiomyo-
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cytes were then enzymentically dissociated and seeded at 1.0 x10°
cell in 24 mm or 4.0x10° cell in 35 mm plates. Prepared
cardiomyocytes were cultured in DMEM/F12 including Insulin—
Transferrin—Selenite (ITS), 100 units/ml penicillin, 100 mg/ml
streptomycin, and 10 mM glutamine, in 5% COj at 37°C. In
some experiments, cardiomyocytes were incubated in a hypoxic
incubator (MODEL9200, Wakenyaku, Kyoto, Japan) equilibrated
to 1% Oy, 5% COy, and 94% N, at 37°C. The cells were
subjected to two different hypoxic challenges. In the first protocol,
cardiomyocytes were exposed 3 times to 30 min of hypoxia with
intermittent 30-min periods of normoxia to capture the early
events caused by hypoxia in the living cells before they died.
Particularly, internalization of cell-surface connexin 43 and
changes in the permeability of connexin were analyzed. In the
second protocol, cardiomyocytes were exposed to 1% Oy for 6 h
followed by 12 h of normoxia to induce hypoxia-mediated
apoptosis. At the end of the second protocol, apoptotic cell death
was analyzed. In some experiments, approximately 24 h after
preparation, peptides were delivered to cardiomyocytes by using
PLUSIn (Polyplus, NY, USA) according to the manufacturer’s
instructions. Briefly, ~1.0 pg peptide was incubated with 2.0 pl of
PLUSIn in 100 pl supplied buffer for 15 min and then added the
mixture to each dishes. This preparation typically provided 0.5 to
1 uM of peptide in the culture medium. The amount of peptide
and the incubation time for peptide-delivery were optimized by
analyzing incorporation of fluorescein isothiocyanate (FITC)-
conjugated peptide into cardiomyocytes. In the condition used in
this study, the chemical reagent for peptide delivery did not
influence the number of living cells analyzed by trypan blue stain
within 4 h treatment (0.75 pM peptide; 102.0+6.7%, 1.5 uM
peptide; 90.5£5.0% versus no treatment control, not statistically
significant, n=4) [21].

Immunocytochemistry

Immunostaing of cultured cardiomyocytes was performed as
described previously [13]. Briefly, cells were seeded on 24 x24 mm
polylysine-coated coverslips. Cells were fixed with 4% parafor-
maldehyde for 15 min and then incubated with 0.2% Triton X-
100 for 5 min. After 1 h incubation of 5% normal donkey serum,
cells were incubated with primary antibodies for 18 h at 4°C.
Following 1 h incubation of secondary antibody (goat anti-mouse
AlexaFluor 488 or goat anti-rabbit AlexaFluor 594, highly cross-
absorbed, Molecular Probes), cells were incubated with 1 pug/ml
4',6'-diamidino-2-phenylindole, dihydrochloride (DAPI) (Molecu-
lar Probes) in PBS for 5 min. Slides were then mounted with glass
coverslips with ProLong Gold antifade reagent (Invitrogen).
Images were analyzed by deconvolution microscopy (TE2000-E,
Nikon, Tokyo, Japan). Obtained images were deconvoluted using
NIS-Elements 3.0 software (Nikon) with a “no neighbors”
deconvolution algorithm. All images were obtained from approx-
imately the middle plane of the cells.

Dye Uptake Study

Up take of CX43 permeable fluorescence dye Lucifer Yellow
(LY) (Molecular Probes) was performed as described previously
[13]. Briefly, cardiomyocytes were incubated with 1 mM Lucifer
Yellow (LY) Molecular Probes) for 30 min. The fluorescence of
LY was determined by fluorescence microscopy (B-3A filter,
TE2000-E, NIKON, Tokyo, Japan) following removal of incor-
porated LY and rinse with PBS. The signal intensity was
quantified in 10 randomly selected fields (10x20) using NIS-
Elements 3.0 software (NIKON, Tokyo, Japan). The non-specific
binding of LY was determined in the presence of a connexin
hemichannel blocker, 50 mM of Lanthanum (Sigma-Aldrich).
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In situ Assay for Apoptosis Detection

In situ labeling of fragmented DNA in cardiac myocytes was
detected by TACS2 TdT-Blue Label In Situ Apoptosis Detection
Kit (Travigen, Inc., Gaitherburg, MD), that detects DNA breaks
in genomic DNA by enzymatic incorporation of biotinylated
nucleotides followed by the binding of streptavidin-peroxidase
conjugates, according to the manufacture’s instructions. Briefly,
myocytes were fixed with 3.7% formaldehyde in phosphate
buffered saline (PBS) for 10 min and with 70% ethanol for
5 min and then incubated in proteinase K (0.02 mg/ml) at room
temperature for 5 min. The cells were incubated with 2%
hydrogen peroxide for 5 min and washed with labeling buffer
consisting of 50 mM Tris (pH 7.5), 5 mM MgCly, 60 mM 2-
mercaptoethanesulfonic acid, and 0.05% BSA, followed by 60 min
of incubation at 37°C in labeling buffer containing 150 mM
dATP, 150 mM dGTP, 150 mM dTTP, 5 mM biotinylated
dCTP, and 40 U/ml of the Klenow fragment of DNA polymerase
I. Untreated myocytes incubated with or without 2 mg/ml DNAse
in the labeling buffer were used as positive or negative controls,
respectively. The incorporated biotinylated dCTP was then
detected with strepavidin-peroxidase conjugate and revealed in
0.5 mg/ml diaminobenzidine for 10 min. Nuclear brown staining
was viewed under a light microscope.

MTT Assay

Cardiomyocytes in 24-well culture plates were incubated in PBS
(pH 7.4) containing 0.5 mg/ml MTT at 37°C. After for 2 h
incubation, the PBS was removed and 100 pl of dimethyl sulfoxide
(DMSO) was added to each well to solubilize dark blue formazan
products. Absorbance of the colored solution was determined at
595 nm [22].

Miscellaneous Procedures and Statistical Analysis

Immunoblotting and data analysis were performed as described
previously [12,13]. The luminescence images captured with an
image analyzer (LAS-3000, Fujifilm, Tokyo, Japan) were quanti-
fied using Image Gauge 3.4 (Fyjifilm). Data are expressed as mean
+ S.E.M. from independent experiments as described in the figure
legends. Statistical analyses were performed using the unpaired ¢
test, F-test, one-way ANOVA followed by Tukey’s multiple
comparison post-hoc test. All statistical analyses were performed
with Prism 4 (GraphPad Software, USA).

Ethics Statement
Animal study was approved by the Institutional Animal Care
and Use Committees of Yokohama City University.

Results

The C-terminal Region of AGS8 was Required to Activate
Gy Signaling in Cells

To determine the region of interaction between GBy and
AGS8, we divided the rat AGS8 (DQ256268) sequence into 6
segments and synthesized the segments as glutathione S-transferase
(GST)-fusion proteins (Fig. 14). Each of GST-AGS8 peptides was
subjected to a pull-down assay to examine its interaction with
purified GPy (Fig. 1B). The C-terminus of AGS8 (AGS8-C)
successfully pulled down Gy, as documented in the previous
manuscript [12]. Another segment, AGS8-254, also pulled down
GBy to a lesser extent than AGS8-C, suggesting that a potential
second GPy-interacting domain existed in this region. However,
the remaining segments failed to pull down Gpy.
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Next, the bioactivity of each of the AGS8 regions was
investigated by evaluating the activation the G-protein signaling
pathway in Saccharomyces cerevisiae [12,23]. This yeast strain
lacked the pheromone receptor, but expressed mammalian Gas in
place of the yeast Go. subunit and provided a read-out of growth
upon activation of the G-protein—regulated pheromone signaling
pathway [23]. The peptide corresponding to each AGS8 domain
was subcloned in a galactose-inducible vector and introduced into
the yeast strain [24]. The bioactivity in the G-protein pathway was
examined be evaluating the galactose-dependent growth of the
transformed yeast. Although each segment of AGS8 was expressed
in the yeast cells, AGS8-C was the only segment able to activate
G-protein signaling (Fig. 1C). Thus, we focused on AGS-C and
explored the Gy-interaction site in this domain.

The FN3 Domain was Important for the Interaction of

AGS8 with Gy

The sequence of AGS8-C (A" to W' of rat ABB82299) was
further divided into smaller fragments that were synthesized as
GST-fusion proteins in bacteria. Two fusion proteins of GST-
AGS8-C, namely, AGS8-C1 (A%~ H'"%%) and AGS8-C2 (A1**
— T, were successfully synthesized and migrated as expected
on SDS-PAGE. While AGS8-C1 did not pull down purified Gy,
AGS8-C2, which represented the FN3 domain, did pull down
Gy, indicating the importance of the FN3 domain for the
interaction of AGS8 with GPy (Fig. 1D).

AGS8-peptides Blocked the Interaction of AGS8C with
GBy

To further determine the region of interaction between AGS8
and Gpy, we prepared multiple 29- to 30-amino-acid peptides,
the sequences of which were based on the amino acids from A
to W7 of the rat AGS8 (ABB82299) (Fig. 24). In a screen of 11
peptides by the GST-pull-down assay, which covered the entire
region from A'%* 0 W' of the rat AGS8, we found two
peptides, = CP1  (A"™*PRNITVVAMEGCHSFVIVDWN-
KAIPGDV'®?%) and CP9 (S"®FVIVDWNKAIPGDVVTGYL-
VYSASYEDFI®®) that effectively blocked the interaction of
AGS8 with GBy in a dose-dependent manner (Fig. 2B). Quan-
titative analysis of immunoblots confirmed the dependence of the
interaction of AGS8 with Gy on dose (Fig. 2C) and indicated that
both peptides: had similar IC50s (CP1:6.73x107° M;
CP9:2.77x107° M). We first focused on CP9 and used this
peptide as the AGS8-peptide in the following experiments.

The GBy-interaction Site of AGS8 was Localized at the
FN3 Domain of the C-terminus of AGS8

The present data suggested that the first 45 amino acids of the
FN3 domain represented by GP1 and CP2 were critical for AGS8
to interact with GBy and mediate signal to downstream molecules.
The importance of this region for AGS8-mediated signaling was
further examined in the yeast cells in which growth was linked to
G-protein activation [23]. A deletion mutant of AGS8-C, which
lacked the first 45 amino acids of this domain, failed to activate G-
protein signaling, indicating the importance of this region for
mediating AGS8-Gy signaling in the cell (Fig. 3).

The AGS8-peptide Inhibited Hypoxia-induced
Internalization of Connexin 43 in Cardiomyocytes

In a previous study, we demonstrated that AGS8 was required
for hypoxia-induced apoptosis of cardiomyocytes, which was
associated with changes in the permeability of CX43 [13]. AGS8-
GPy accelerates the internalization and degradation of channel
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electrophoresis. The representative of 5 independent experiments with similar results. (C) Bioactivity of AGS8 domains on G-protein activation in cell.
The yeast strain expressing human Gas was transformed with AGS8 domains described in (A) into the pYES2-containing GAL1 promoter. The yeast
strain was modified to grow without histidine on activation of G-protein. Induction(+): induction of translation of AGS8 domains by galactose. The
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domains synthesized as GST-fusion proteins (300 nM) were incubated with recombinant human Gy, (30 nM) in a total volume of 300 wi at 4°C.
Proteins were then adsorbed to a glutathione matrix and retained G-protein subunits identified by immunoblotting following gel electrophoresis.

The representative of 4 independent experiments with similar results.
doi:10.1371/journal.pone.0091980.g001

protein CX43 under hypoxia, which results in decreased
membrane permeability in the cardiomyocytes [13]. The change
in localization and permeability of CX43 in the membrane is
associated with hypoxia-induced apoptosis of the cardiomyocytes
[14-16]. Therefore, we transferred the AGS8-peptide to cardio-
myocytes and examined its effect on the internalization of CX43
induced by repetitive hypoxia (Fig. 44).

The peptide was delivered to the cardiomyocytes by chemical
reagent as described in “experimental procedures”. Treatment of
the cells with the chemical reagent and FITC-conjugated AGS8-
peptide showed that the peptide was successfully delivered into the
cardiomyocytes (Fig. 4B). The effect of the AGS8-peptide on
internalization of CX43 was determined in the cardiomyocytes
after hypoxic stress. CX43 was observed on the surface of the
cardiomyocytes under normoxia (Fig. 4B), and its presence was
decreased after exposure of the cardiomyocytes to repetitive
hypoxia in the untransfected control cells and the cells exposed to
transfection reagent alone (Fig. 4B, 4C). However, the AGS8-
peptide dramatically blocked the internalization and degradation
of CX43 induced by repetitive hypoxia (Fig. 4B, 4C). When the
effect of FITC-conjugated AGS8-peptide was examined, FITC
was observed in the cardiomyocytes under normoxia as well as
hypoxia, and the hypoxia-induced internalization of CX43 was
inhibited in FITC-positive cells (Fig. 4B).
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The AGS8-peptide Inhibited the Decrease in Permeability
of Connexin 43 Under Hypoxia

Loss of CX43 from the cell surface decreases influx and efflux of
small molecules passing through CX43, and this effect is associated
with apoptosis of the cardiomyocytes under hypoxia [13-16]. We
next examined the ability of AGS8-peptide to block the change in
permeability of CX43 by analyzing by the flux of the fluorescent
dye, Lucifer Yellow (LY), which passes through CX43 as
previously demonstrated [13]. LY in the culture medium was
incorporated into cardiomyocytes under normoxia. The flux of
dye was decreased after exposure of the cells to repetitive hypoxia
in the control group as well as in the group exposed to transfection
reagent alone (31.1%£4.4%, 26.9%13.0%, respectively) (Fig. 5).
However, the AGS8-peptide blocked the hypoxia-induced de-
crease in permeability in a dose-dependent manner. This
observation is consistent with the immunofluorescence studies, in
which CX43 was observed to remain at the cell surface after
repetitive hypoxia in the presence of AGS8-peptide (Fig. 4).

The AGS8-peptide Protected Cardiomyocytes from
Hypoxia-induced Apoptosis

To examine the effect of AGS8 peptide on apoptosis of the
cardiomyocytes, cultured cardiomyocytes were sequentially ex-
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posed to 1% oxygen for 6 h, then to 12 h of normoxia to induce
hypoxia-mediated cell death (Fig. 64) [13]. Hypoxia/reoxygena-
tion markedly increased the number of apoptotic cardiomyocytes,
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Figure 3. Effect of deletion of 45 amino acids of fibronectin
type 3 domain. (A) Schematic diagram of C-terminal of AGS8 (AGS8-C)
and the deleted mutant of AGS8-C (delta AGS8-C) lacking the first 45
amino acids of fibronectin type 3 domain, that are A"*** to R'>*® of rat
AGS8 (ABB82299). (B) Bioactivity of AGS8C and delta AGS8C on G-
protein activation. The yeast strain expressing human Gos was
transformed with AGS8-C and delta AGS8-C in the pYES2-containing
GAL1 promoter. The yeast strain was modified to grow without
histidine on activation of G-protein. Induction (+): induction of
translation of AGS8 domains by galactose. The representative of 4
independent experiments with similar results.
doi:10.1371/journal.pone.0091980.g003
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as determined by TUNEL or immunostaining of cleaved caspase-
3, in the untransfected control cells and those exposed to
transfection reagent alone (Fig. 6B and 6C). However, AGS8-
peptide successfully inhibited hypoxia-induced apoptosis, indicat-
ing a protective effect in cardiomyocytes. Additionally, the data
indicated that, under normoxia, the AGS8-peptide did not
influence apoptosis or the permeability of CX43 (Fig. 68 and 6C).

Advantage of the AGS8-peptide for Targeted Disruption
of the GBy Pathway

The data presented thus far indicated that the AGS8-peptide
blocked the AGS8-GPy interaction and the signaling events the
downstream of AGS8-GBy. We next asked whether inhibition of
the GPy-mediated signal generally had a cardioprotective effect as
was observed with the AGS8-peptide. Gallein is an inhibitor of
Gpy-mediated signaling that occupies a “common” interaction
surface of GPy and inhibits the interaction of GPy-regulated
proteins with GBy [25]. Thus, gallein is expected to block a wide
range of Gy signals in cells, including CX43 regulation mediated
by AGS-Gfy. We previously demonstrated that gallein completely
inhibits hypoxia-induced internalization of CX43 at 100 uM, as
observed in the knockdown of AGS8, but not at 1 uM [13].

Here, we first examined the influence of the AGS8-peptide and
gallein on the viability of cells. Cardiomyocytes were incubated
with gallein for 24 h, and their viability was determined by MTT
assay. Even the lowest concentration of gallein (1 uM) caused
damage in the cardiomyocytes, indicating that broad inhibition of
GBy did not have a protective effect (Fig. 7). In contrast, the
AGS8-pepetide did not show cytotoxicity at 1 pM, the concen-
tration that completely blocked the AGS8-GBy—mediated signal
event. This suggests that the AGS8-peptide is a promising
candidate for protection of cardiomyocytes from hypoxia-mediat-
ed apoptosis.

March 2014 | Volume 9 | Issue 3 | e91980



Protection of Cardiomyocytes by AGS8 Peptide

A C
Peptide delivery Fixation [] normoxia
; n.s.
¥ 4h 30 min 30 min 30 min_30 min_30 min | g0 H hypoxia
[ Nomoxia fiyposa [TEERISER Hypoxia [N Hypora: . 704
x
™ 7 50
B 38
reagent reagent O & 504
control reagent o + 3
d AGS8-peptide  FITC- £3 s
AGS8-peptide a8 *
8 5 O£ 20
x o
o £
£ 10+
o]
control reagent reagent
+
© AGS8-peptide
3
o
>
T B

Figure 4. Effect of AGS8-peptide on localization of connexin 43 (CX43) of cultured cardiomyocytes. (A) Cardiomyocytes were exposed 3
times to 30 min of hypoxia (1% oxygen) intermittent with 30 min of reoxygenation 4 h after (without or with) transfection of AGS8-peptide (1 pM) or
FITC-conjugated AGS8-peptide (1 uM). (B) Localization of CX43 in the cardiomyocytes under normoxia and hypoxia. The figures demonstrated in the
triple color of CX43 (red, arrow), nuclei (DAPI, blue) and FITC-conjugated AGS8-peptide (green). The representative of 5 independent experiments with
similar results. (C) The number of cardiomyocytes expressing CX43 in the cell surface were counted. Please note that ~ 90% cells were detectable at
the point of fixation. Data are represent 170-260 cells from 5 of independent experiments. ¥, p<<0.05 vs normoxia group.

doi:10.1371/journal.pone.0091980.g004

Discussion

AGS8-peptide, the sequence of which was derived from the
amino-acid sequences of the GPy-binding domain of AGSS,

D normoxia

125 . hypoxia

n.s.

> 100
g = n.s.
8E 75
g
ol [&]
2% *
.o 50 * *
S5 <
=2
w 25

0

0 0.1 0.5 1

AGS8 relag_ed peptide
fransfection reagent

(uM)

control

Figure 5. Uptake of connexin selective fluorescence dye,
Lucifer Yellow (LY) to the cardiomyocytes. Cells were incubated
with 1T mM of LY for 45 min in normal culture medium. Excess LY was
removed and cells were rinsed with PBS. The fluorescence of LY was
evaluated by inverted fluorescence microscope. The fluorescence of LY
was quantified by the intensity of fluorescence of 10 randomly selected
fields. The non-selective binding and/or incorporation of LY was
determined fluorescence in the presence of a connexin hemichannel
blocker, 50 uM of Lanthanum which was added 30 min prior to LY. ¥,
p<<0.05 vs cells in normoxia; n.s., not statistically significant. N=4 from
4 independent experiments.

doi:10.1371/journal.pone.0091980.g005

PLOS ONE | www.plosone.org

blocked the association of AGS8 with GBy and inhibited AGS8-
mediated events under hypozia. Notably, AGS8-peptide inhibited
the change in permeability of cell-surface CX43 and the apoptosis
of cardiomyocytes. AGS8-peptide did not show cytotoxicity under
normoxia, in contrast to the small molecule gallein, which
produced deleterious effects by general inhibition of Gfy-
signaling. These data indicate that the AGS8-Gy complex plays
a pivotal role in triggering the hypoxia-induced apoptosis of
cardiomyocytes. Furthermore, they suggest an advantage of
targeted disruption of G-protein signaling by the AGS-based
peptide in protecting cardiomyocytes from hypoxia-induced
apoptosis.

Several peptides have been developed to manipulate the broad
signal initiated by accessory proteins for G-proteins. For example,
an inhibitor of accessory proteins for heterotrimeric G-protein has
been developed for RGS proteins. RGS proteins share 120-130
amino acids of an RGS-homology domain, which interact with the
Goo subunit and accelerate GTPase activity [26,27]. RGS-
peptides, which were designed on the basis of the X-ray structure
of the Gai switch I region of RGS4-Gai, successfully modulate
muscarinic receptor-regulated potassium currents in atrial myo-
cytes [28]. RGS-peptides were initially designed to mimic the
surface of G-protein to inhibit GAP activity, which produced the
potential to suppress many events mediated by a variety of RGS
proteins. As another example, a peptide, the sequence of which is
based on G-protein regulatory (GPR) or GoLOCO motifs, is a
cassette of 20-25 amino acids that stabilizes the GDP-bound
conformation of Go and clearly inhibits Goi activation in vitro,
suggesting its potential as an inhibitor of general Goi signaling in
cells {29].

Alternatively, the AGS8 peptide was designed on the basis of the
AGS-Gpy interface, with the objective of suppressing the specific
signal evoked by AGS-GBy for all GBy signaling. It has been
demonstrated that GBy-interacting proteins share an overlapping
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interface on the surface of GBy [30,31]. We previously demon-
strated that the GPy-interacting surface of AGS8 includes the
shared-site [32]. However, the entire GBy-interacting surface of
AGS8 may include an additional interface, which is required to
form an AGS8-specific signal complex. Our results indicated that
45 amino acids were required to evoke cell signaling by the AGS-
GBy complex. The amino acid sequence of this domain did not
have similarity to other known Gfy interfaces [33—35], suggesting
this sequence represents the AGS8-specifc interface that forms this
particular complex. In fact, the AGS8-peptide designed to
recognize this region successfully inhibited formation of the
AGS8-GBy complex and subsequent cell events mediated by
AGS8-Gpy. However, currently, there is not enough information
to determine whether the AGS8-peptide covers the common Gy
interface or influences the interaction of GPy with other
molecules: These issues are to be investigated elsewhere.

AGS-Gfy-mediated signaling is required for hypoxia-induced
apoptosis of cardiomyocytes [13]. GBY is known to conduct pro-
apoptotic signaling via p38MAPK, JNK, or PLCJ, whereas anti-
apoptotic signaling is also mediated by Gy via PI3K-Akt or ERK
depending on type of cell and stimulus [36-39]. Although the
involvement of these GPy-mediated pathways in the AGS-GBy
pathway or other players in the AGS-Gfy protein complex are yet
to be determined, the current data indicate the presence of a
critical signaling pathway mediated by the AGS8-GBy complex
leading to apoptosis in cardiomyocytes.

The channel protein CX43 plays a role in the apoptotic process

kby regulating the permeability of small molecules, including

adenosine 5'-triphosphate, adenosine diphosphate, adenosine,
cAMP, inositol-1,4,5-triphosphate, glutamate, and glutathione
[14,15,40-42]. In response to hypoxia, AGS8 organizes the
complex that includes GPy, CX43, and possibly kinases that
initiate phosphorylation of CX43 [13]. Multiple phosphorylation
sites on CX43 are regulated by specific kinases under ischemic
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Figure 7. Effect of AGS8-peptide or Gallein on the viability of
cardiomyocytes determined by MTT assay. Neonatal cardiomyo-
cytes were cultured for 24 h with AGS8-peptide or Gallein. Gallein
occupied a “common” interaction surface of GBy and inhibited its
interaction with Gfy-regulated proteins. *, p<<0.05 vs cells in normoxia;
n.s., not statistically significant. N=5 from 5 independent experiments.
doi:10.1371/journal.pone.0091980.g007

March 2014 | Volume 9 | Issue 3 | 91980



conditions, and each phosphorylation critically influences the
permeability and localization of CX43 in the sarcolemma [43,44].
The inhibition of internalization of CX43 by AGS8-peptide may
suggest that AGS8-peptide blocked the recruitment of components
into the complex and/or phosphorylation of CX43 within the

complex. AGS8 may play a role in separating the hypoxic/

ischemic cardiomyocytes from healthy tissue by disconnecting the
gap junction, which can contribute to arrhythmia and contraction
failure during ischemia. Although the validity of this hypothesis is
yet to be tested in confirmed or animal models, our observations
support this possibility.

Myocardial ischemia activates multiple cascades that initiate
intracellular ionic and chemical changes leading cell to death
[17,18]. Although great efforts have been made over many years,
therapeutic approaches to ischemic heart disease still need further
development [45,46]. We previously demonstrated that AGS8-
GPBy signaling was activated under hypoxia and did not
constitutively stimulate the apoptotic pathway, because the pro-
apoptotic effects of AGS were not observed in cells cultured under
normoxia [13]. In fact, AGS8-peptide effectively protected
cardiomyocytes from hypoxia-mediated cell death, but did not
cause cell damage under normoxia. Thus, AGS8-peptide has the
potential to save a subpopulation of cardiomyocytes exposed to
hypoxia without producing damage to the entire myocardium.
This is an advantage of targeted disruption of specific signaling by
AGS8-peptide, and it stands in contrast to the deleterious effects
caused by general inhibition of GPy signaling with gallein.

Peptide-based reagents designed from the sequences of acces-
sory proteins for heterotrimeric G-protein have potential to
manipulate alternative signaling events distinct from GPCR-
mediated G-protein signaling. At this stage, the potential of
peptide-based reagents, including AGS8-peptide, remains limited
by their ability to penetrate the membrane, their stability, and the
modes of delivery available for their use as clinical drugs. The
strategies for effective delivery of therapeutic peptides into the cell
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use of peptide-targeting therapy. We have demonstrated the
possibility of regulating intracellular signaling mediated by
accessory proteins for heterotrimeric G-protein, which could be
a starting point for development of peptides or compounds to
regulate AGS8-Gfy signaling.

Targeted disruption of the interaction of G-protein with
accessory proteins for heterotrimeric G-protein is a promising
therapeutic strategy because these molecules mediate critical
signaling distinct from the receptor-mediated pathway. In this
study, we demonstrated that AGS8-peptide could be part of a
novel therapeutic approach for the protection of ischemia in the
heart that has enhanced specificity and fewer side effects. Although
efforts to intervene in G-protein signaling have been focused on
the interface of the GPCR-heterotrimeric G-protein, our data
highlight the advantages of accessory proteins for heterotrimeric
G-protein as alternative therapeutic targets in human diseases.
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Aims: Geranylgeranylacetone (GGA) is commonly utilized to protect the gastric mucosa in peptic ulcer disease.
Recently GGA has been shown to protect the myocardium from ischemia/reperfusion by activating heat shock
proteins. However, the exact mechanism as to how GGA activates these protective proteins is unknown. Caveolae
and caveolin-3 (Cav-3) have been implicated in ischemia, anesthetic, and opioid induced cardiac protection.
Given the lipophilic nature of GGA it is our hypothesis that GGA induced cardiac protection requires caveolae
and Cav-3.

Main methods: We used an in vivo mouse model of ischemia-reperfusion injury and performed biochemical
assays in excised hearts.

Key findings: GGA treated control mice revealed increased caveolae formation and caveolin-3 in buoyant frac-
tions, mediating heat shock protein 70 activation. Furthermore, control mice treated with GGA were protected
against ischemia/reperfusion injury whereas Cav-3 knockout (Cav-3 KO) mice were not. Troponin levels con-
firmed myocardial damage. Finally, Cav-3 KO mice treated with GGA were not protected against mitochondrial
swelling whereas control mice had significant protection.

Significance: This study showed that caveolae and caveolin-3 are essential in facilitating GGA induced cardiac

protection by optimizing spatial and temporal signaling to the mitochondria.

© 2014 Elsevier Inc. All rights reserved.

Introduction

Geranylgeranylacetone (GGA), an acyclic polyisoprenoid, is com-
monly used as an oral anti-ulcer medication in Asia. This compound
has been shown to be effective in protecting the gastric mucosa against
insults without affecting gastric acid secretion (Fujimoto et al., 1982;
Murakami et al., 1981). Oral GGA has been demonstrated to have
protective effects on myocardial ischemia/reperfusion injury within
the rat heart (Ooie et al.,, 2001). Yamanaka et al. suggested that GGA-
induced cardiac preconditioning exerted protective effects on myocar-
dial ischemia/reperfusion injury by mediating the activation of protein
kinase C and heat shock protein (HSP) (Yamanaka et al,, 2003). Further
investigations demonstrated that GGA also prevented cellular endothe-
lial damage (Zhu et al., 2005), diminished apoptosis and preserved
mitochondrial respiratory function (Shinohara et al., 2007).
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Structural scaffolding domains commonly organize signal transduc-
tion molecules and receptors. Caveolae are small membrane invagina-
tions of the plasma membrane that are enriched in sphingolipids,
cholesterol, and lipid rafts (Lisanti et al., 1994; Palade, 1953; Patel
et al., 2008). Caveolins are the structural proteins of caveolae and are
present in three isoforms, caveolin (Cav)-1, -2, and -3 (Lisanti et al.,
1994; Patel et al., 2008). Additionally, many signaling molecules are
known to localize in caveolae and interact with the scaffolding domain
of caveolin. We have recently shown that both caveolae and Cav-3 were
essential for ischemic (Horikawa et al,, 2008; Tsutsumi et al., 2008),
anesthetic (Horikawa et al., 2008), and opioid (Tsutsumi et al,, 2010b)
induced cardiac protection. It is our hypothesis that caveolin-3 and
caveolae are also essential in GGA induced cardiac protection.

Materials and methods
Animals

All animals were treated in compliance with the Guidelines for
Proper Conduct of Animal Experiment and Related Activities (Ministry

of Education, Culture, Sports, Science and Technology of Japan) and
the Guideline for Care and Use of Lab Animals at the University of
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Tokushima. Animal use protocols were approved by the Animal Care
and Use Committee, the University of Tokushima. Male C57BL/6 mice
(8-10 weeks old, 21-26 g body weight) were purchased from Japan
SLC and Cav-3 knockout (Cav-3 KO) mice were created as reported
previously (Hagiwara et al.,, 2000). Animals were randomly assigned
into treatment groups by an independent observer. The animals were
kept on a 12 hour light-dark cycle in a temperature-controlled room.
GGA was provided by Eisai Co., Tokyo, Japan and was given by gavage
at a dose of 200 mg/kg (dissolved with 0.4% lecithin in deionized
water). Mice in the control group were given the same dose of vehicle.

Electron microscopy

Wild-type mice were given GGA or vehicle by oral gavage. Twenty
four hours later, whole hearts were fixed with 2.5% glutaraldehyde in
0.1 M cacodylate buffer for 2 h at room temperature, post-fixed in 1%
0504 in 0.1 M cacodylate buffer (1 h), and uranyl acetate, dehydrated
in a graded series of ethanol solutions, and embedded in epon epoxy
resin. Sections were cut with a Reichert Ultracut E Ultramicrotome
(Leica Microsystems, Wetzlar, Germany) and observed with an electron
microscope (Hitachi H7650, Hitachi Co., Tokyo, Japan). Random sections
were taken by an electron microscopy technician blinded to the
treatments.

Sucrose density membrane fractionation

We performed whole left ventricle sucrose density membrane frac-
tions as reported previously (Tsutsumi et al., 2008). Fraction samples
4-12 were used in immunoblot analyses. We defined fractions 4-6 as
lipid rich-buoyant membrane fractions enriched in caveolae and
proteins associated with caveolae. Fractions 9-12 were defined as
non-buoyant fractions.

Immunoblot analysis

Proteins in whole left ventricle or membrane fractions were separated
by SDS-PAGE 10% polyacrylamide precast gels (Bio-Rad Laboratories) and
transferred to a polyvinylidene difluoride membrane by electroelution.
Membranes were blocked in PBS containing 2.0% nonfat dry milk and
incubated with primary antibody overnight at 4 °C. Bound primary anti-
bodies were visualized using secondary antibodies conjugated with
horseradish peroxidase from Santa Cruz Biotechnology (Santa Cruz)
and ECL reagent from Amersham Pharmacia. All displayed bands migrat-
ed at the appropriate size, as determined by comparison to molecular
weight standards (Santa Cruz Biotechnology).

Immunoprecipitation

Immunoprecipitation was performed using Protein A Sepharose
CL-4B (GE Healthcare) as described previously (Hirose et al., 2011).
Buoyant fraction samples were incubated with primary antibody for 3
h at 4 °C, immunoprecipitated overnight with protein-agarose at 4 °C,
and then centrifuged for 5 min at 13,000 g. Protein-agarose pellets
were washed 3 times. Wash buffer was removed and sample buffer
was added, and then boiled for 5 min at 95 °C for immunoblotting.

Ischemia-reperfusion protocol and experimental groups

Cav-3 KO and control mice were randomly assigned to receive GGA
or vehicle 24 h before ischemic injury. Mice were anesthetized with
pentobarbital sodium (80 mg/kg i.p.) and mechanically ventilated by
using a pressure-controlled ventilator (TOPO Ventilator, Kent Scientific)
as described before (Tsutsumi et al., 2006, 2007). Core temperature was
maintained with a heating pad and ECG leads were placed to record
heart rate. The hemodynamic effects were measured through the right
carotid artery cannulation with a 1.4F Mikro-tip pressure transducer

(Model SPR-671, Millar Instruments), which was connected to an am-
plifier (Model TC-510, Millar Instruments) for determination of heart
rate, arterial blood pressure, and rate pressure product.

Lethal ischemia was produced by occluding the left coronary artery
with a 7-0 silk suture placed with a tapered BV-1 needle (Ethicon) for
30 min. After 30 min of occlusion, the ligature was released and the
heart was reperfused for 2 h. After reperfusion, mice were heparinized,
and the coronary artery was again occluded. The area at risk (AAR) was
determined by staining with 1% Evans blue (1.0 mL, Sigma). The heart
was immediately excised and cut into 1.0-mm slices (Mcllwain tissue
chopper; Brinkmann Instruments). Each slice of left ventricle (LV) was
then counterstained with 2,3,5,-triphenyltetrazolium chloride (Sigma).
After overnight storage in 10% formaldehyde, slices were weighed and
visualized under a microscope (SZ61-TR, Olympus) equipped with a
charge coupled device camera (DXM 1200F, Nikon). The images were
analyzed (Image-Pro Plus, Media Cybernetics), and area at risk (AAR)
and infarct size (IS) were determined by planimetry as previously de-
scribed (Tsutsumi et al.,, 2008; Horikawa et al., 2008). Cardiac troponin
I (cTnl) levels in the serum were measured using a High Sensitivity
Mouse Cardiac Troponin-I ELISA Kit (Life Diagnostics) as described
before (Tsutsumi et al,, 2010a).

Mitochondrial isolation and swelling assay

Mice were anesthetized and hearts were harvested, immediately
rinsed with PBS, and placed in homogenizer containing 4 mL sucrose
buffer A (300 mM sucrose, 10 mM Tris-HCl, 2 mM EGTA and 5 mg/mL
BSA, pH 7.4) on ice. Hearts were homogenized using 10 strokes and ho-
mogenate centrifuged at 2000 xg for 2 min at4 °C to remove cell debris.
The supernatant was further centrifuged at 10,000 xg for 30 min at 4 °C
to sediment impure mitochondria. Mitochondrial pellet was purified
and washed as described previously (Fridolfsson et al., 2012). 200 pL
of mitochondria in sucrose buffer B (300 mM sucrose, 10 mM Tris—
HCl, pH 7.4) was loaded on to 96-well plate and challenged with
100 pM CaCl, (2 mg/mL protein concentration). Absorbance was mea-
sured every 2 s for 600 measurements at 520 nm using a VarioSkan
Flash spectrophotometer (Thermo Scientific). 250 nM cyclosporine A
(Sigma) pretreatment of mitochondria was used to inhibit CaCl,
induced mitochondrial swelling to confirm the mitochondrial perme-
ability transition pore (mPTP) dependence of calcium-induced swelling.

Statistical analysis

Determination of all data was performed blinded to experimental
groups for the observers. Data were analyzed using Prism 6.0 (GraphPad
Software, Inc.). Statistical analyses for Western blot studies were per-
formed using Student's t-tests. When one-way ANOVA was needed,
the Bonferroni post-hoc test was used. All data are expressed as
mean = SD. Statistical significance was defined as P < 0.05

Results

The effect of GGA on cardiac membrane caveolae was assessed by
pre-treating mice with and without GGA and performing electron mi-
croscopy analysis. Representative electron microscopy images show
that pretreatment of GGA increased membrane caveolae compared to
vehicle treated control animals (Fig. 1). However, Cav-3 KO mice had
significantly decreased caveolae with no significant change after GGA
treatment (data not shown). To verify these findings, hearts from GGA
and vehicle control animals were fractionated on a discontinuous su-
crose gradient and analyzed for protein content. GGA increased both
Cav-3 protein expression and HSP 70 expression in buoyant fractions
4-6, which are associated with caveolae (Fig. 2A and 2B). Additionally,
immunoprecipitation experiments showed that GGA treated mice re-
sulted in HSP 70 associated with Cav-3 in buoyant fractions (Fig. 2C),
suggesting that Cav-3 is essential for HSP 70 localization and activation.
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Control

GGA

Fig. 1. Geranylgeranylacetone {(GGA) increases myocardial caveolae. Electron microscopy of control and GGA treated mouse myocardium revealed a significant increase in caveolae (red C)
at the sarcolemmal surface in GGA treated mice. :

We found no significant differences between wild-type and Cav-3 and was similar between groups (Fig. 3A). Twenty-four hours after
KO mice in heart rate, blood pressure, or rate pressure product with GGA administration, a significant reduction in myocardial ischemia/
and without GGA administration at the baseline period (Table 1). The reperfusion injury was observed compared with vehicle control in the
area at risk was calculated as a percentage of the left ventricle mass wild-type mice (29.0 & 3.7% [n = 8] vs. 44.1 £ 93% [n = 10},
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Fig. 2. Lysed and fractionated hearts on a sucrose density gradient. Fractions 4-6 were considered buoyant and 9-12 non-buoyant fractions. *P < 0.05 treated group versus control. A) and
B) Fractions were collected and probed for both caveolin-3 (Cav-3) and heat shock protein 70 (HSP 70). Significant buoyant fraction localization of Cav-3 and HSP 70 was observed in
geranylgeranylacetone (GGA) treated groups. C) The resulting lysates were immunoprecipitated (IP) with Cav-3 antibody and immunoblotted (IB) for HSP 70; n = 3 animals per
group. There was an increased association of Cav-3 with HSP 70 after GGA administration.
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Table 1
Hemodynamics parameters at baseline period.
Control GGA Cav-3 KO GGA +
Cav-3 KO
Heart rate (/min) 421 + 33 437 £ 21 413 £ 35 426 £ 37
MAP (mm Hg) 73+6 69 + 8 71+ 4 70£3
RPP (beats-min~!-mm 305 £ 3.7 300 £33 294 + 4.0 298 £ 23
Hg-10%)

MAP, mean arterial pressure; RPP, rate-pressure product. Data are expressed as
mean =+ SD.

respectively). However, in Cav-3 KO mice, this cardiac-protective effect
of GGA was abolished (42.1 £ 5.2% [n = 8], Fig. 3B). Additionally, we
confirmed these effects by measuring serum troponin I level, a marker
of cardiac myocyte damage (Fig. 3C).

GGA reduces Ca®-induced swelling in isolated mouse heart mito-
chondria (Fig. 4). In wild-type mice, the addition of 100 uM Ca®* caused
a significant decrease in absorbance, indicating mitochondrial swelling.
Ca®* induced swelling was inhibited by cyclosporine A, amPTP inhibitor,
as reported previously (Tsutsumi et al., 2011). Under these conditions,
GGA significantly attenuated Ca®™ induced swelling compared with
the control; however, these effects were abolished in Cav-3 KO mice.
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Fig. 4. Geranylgeranylacetone (GGA) inhibits mitochondrial swelling caused by ischemia-
reperfusion injury. GGA treated mitochondria were isolated and revealed substantially
less mitochondrial swelling compared to non-treated and Cav-3 KO mice with and with-
out GGA when exposed to calcium chloride. Cyclosporine A was used as a control to
inhibit CaCl, induced mitochondrial swelling to confirm the mitochondrial permeability
transition pore (mPTP) dependence of calcium-induced swelling (n = 3).
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Fig. 3. Geranylgeranylacetone (GGA) protects the mouse myocardium from ischemic injury. A) Area at risk was calculated as a percentage of the left ventricle and revealed no significant
differences between all groups. B) GGA was able to induce significant protection in control animals, although no protection was observed in Cav-3 KO mice. C) Cardiac troponin I, a marker
of myocardial damage also revealed a significant decrease in GGA treated control mice, but no effect in Cav-3 KO mice. * P < 0.05; # P < 0.05.
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Discussion

GGA, an anti-ulcer medication has been shown to have cardio-
protective effects and modulate heat shock proteins, however the
exact mechanisms on how this oral medication is able to enter the myo-
cardial cell is unknown. We show that caveolae and Cav-3 are essential
for GGA uptake and cardiac protection, by mediating the activation of
HSP 70. Furthermore, these effects are not only mediated by caveolae
and caveolins, but also directly affect mitochondrial function. These
data suggest that GGA utilizes caveolae and caveolins in order to
navigate the complex cell structure and facilitate protective signaling
via mitochondria. o

Caveolae are cholesterol and sphingolipid enriched invaginations
of the plasma membrane that play a role in physiological functions
and vital to cardio-protective mechanisms. In some cases, caveolae
and caveolins regulate receptor stability, myocardial hypertrophy
(Horikawa et al., 2011), signaling (Lisanti et al., 1994; Ostrom et al.,
2001, 2002; Patel et al.,, 2007; Steinberg and Brunton, 2001), calcium
homeostasis (Fujimoto, 1993), and endocytosis (Anderson, 1993). Re-
cently, a decreased number of myocardial caveolae was described in
Cav-3 KO mice although Cav-1 levels remained stable (Hagiwara et al,,
2000; Horikawa et al., 2008; Tsutsumi et al., 2010b). Furthermore,
these mice lose the ability to undergo preconditioning-like cardiac pro-
tection from ischemia/reperfusion injury (Horikawa et al., 2008). These
results implicate a role for Cav-3 and the presence of caveolae in cardiac
protection from ischemia/reperfusion injury. The current data show
that GGA similarly requires Cav-3 and caveolae. These effects are likely
due to the ability of Cav-3 and caveolae to be able to regulate mitochon-
drial pore activity and mediate mitochondrial mediated cell death.
Furthermore, recent investigations have revealed that caveolae and

caveolins can directly interact with mitochondria and regulate mito-

chondrial function, suggesting a potential regulatory role in surface
and inter-organelle signaling (Fridolfsson et al., 2012). .

In the present study, we show that the administration of GGA led to
a significant increase in Cav-3 protein expression within the buoyant
fraction, and that HSP 70 directly localized and interacted with Cav-3.
Many previous studies using GGA have focused on HSP 70 induction
(Hirakawa et al., 1996; Sakabe et al., 2008) and have suggested that
GGA protects the myocardium by activating heat shock proteins espe-
cially HSP 72 (Kitahata et al., 2008; Ooie et al., 2005; Ooie et al,, 2001;
Yamanaka et al., 2003). Although there has been little evidence regard-
ing the relationship between caveolae, caveolins and heat shock pro-
teins within the heart, other organ systems including skin and cancer
have investigated this relationship. In skin models, HSP have been
shown to localize into caveolae, which then can regulate intracellular
HSP expression (Black et al., 2011). Furthermore, in tumor cells, Cav-1
has been shown to have direct effects on HSP expression (Ciocca et al.,
2012). Perhaps, in regard to GGA, caveolae are spatial hubs that localize
GGA and HSP, together regulating temporal relations and activation.
Given the multifaceted nature of caveolae and caveolins, multiple
survival pathways are being activated simultaneously.

Glucose transporter 4 receptor (Glut4) has also been implicated in
delayed preconditioning of the myocardium. Interestingly, Cav-3 KO
mice are unable to be protected via isoflurane, due to its inability to
translocate Glut 4, although this is preserved in Cav-1 KO, making this
a Cav-3 specific phenomenon (Tsutsumi et al., 2010b). Perhaps GGA
may also have effects on Glut4 translocation and expression.

There are several limitations in the present study. First, we evaluated
the effects of Cav-3 and HSP 70 in experiments that investigated
ischemia/reperfusion injury. GGA induces a broad class of the protective
proteins, including various families of HSPs (Brundel et al., 20063,
2006b), protein kinase C {Yamanaka et al.,, 2003), and nitric oxide
(Yamamoto et al., 2005). Second, the dose and time period used for car-
diac protection in mice are unknown. Previous studies have all been in
rats, where a single oral dose of 200 mg/kg GGA induced HSP and cardiac
protection against ischemia/reperfusion (Ooie et al, 2005, 2001;

Shinohara et al,, 2007; Yamanaka et al.,, 2003). The same concentration
and dose were applied in this study.

Taken together these data demonstrate that GGA had delayed
cardio-protective effects that are dependent on caveolae and Cav-3. We
show that caveolae and Cav-3 are the vital conduits between HSP-70 ac-
tivation and subsequent mitochondrial respiration suggesting an impor-
tant role for this structural protein. Furthermore, these data suggest that
GGA may be a unique way to clinically increase caveolae and caveolin-3
expression, which have both shown to have significant cardioprotective
effects against ischemic injury and detrimental remodeling.
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PKA phosphorylates multiple molecules involved in calcium (Ca?") handling in cardiac myocytes and is consid-
ered to be the predominant regulator of f-adrenergic receptor-mediated enhancement of cardiac contractility;
however, recent identification of exchange protein activated by cAMP (EPAC), which is independently activat-
ed by cAMP, has challenged this paradigm. Mice lacking Epacl (Epacl KO) exhibited decreased cardiac contrac-
tility with reduced phospholamban (PLN) phosphorylation at serine-16, the major PKA-mediated phosphory-
lation site. In Epacl KO mice, intracellular Ca?* storage and the magnitude of Ca?* movement were decreased;
however, PKA expression remained unchanged, and activation of PKA with isoproterenol improved cardiac
contractility. In contrast, direct activation of EPAC in cardiomyocytes led to increased PLN phosphorylation
at serine-16, which was dependent on PLC and PKCe. Importantly, Epacl deletion protected the heart from
various stresses, while Epac2 deletion was not protective. Compared with WT mice, aortic banding induced a
similar degree of cardiac hypertrophy in Epacl KO; however, lack of Epacl prevented subsequent cardiac dys-
function as a result of decreased cardiac myocyte apoptosis and fibrosis. Similarly, Epac1 KO animals showed
resistance to isoproterenol- and aging-induced cardiomyopathy and attenuation of arrhythmogenic activity.
These data support Epacl as an important regulator of PKA-independent PLN phosphorylation and indicate

that Epacl regulates cardiac responsiveness to various stresses.

Introduction

f3-Adrenergic receptor ($-AR) signaling is well established as a pri-
mary defense mechanism against acute stress or changes in hemo-
dynamic load; however, its role in cardiac pathogenesis, although
studied extensively, remains poorly understood (1). f-AR block-
ade, rather than stimulation, is beneficial in patients with heart
failure, and pharmacological inhibition of the entire 3-AR signal-
ing pathway at the receptor level is one of the accepted treatments
for heart failure (2). Studies in mouse models overexpressing -AR,
Gsa, or PKA support the usefulness of $-AR blockade in heart fail-
ure (3-5). Recently, however, we have developed a mouse model in
which type § adenylyl cyclase (AC), a major cardiac subtype, is dis-
rupted (Ac5 KO), and we found that Ac5 KO showed resistance to
the development of heart failure and exhibited increased longevity
(6-9), indicating that inhibition of cAMP signaling at the level of
AC, not -AR, may also result in cardiac protection.
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Systolic contraction follows activation of sarcolemmal voltage-
gated L-type calcium (Ca?*) channel during an action potential,
resulting in Ca?*-influx, which activates cardiac ryanodine recep-
tor (RyR2) Ca?* release channels on the sarcoplastic reticulum (SR)
(major intracellular Ca2* store). Diastolic relaxation occurs with
cessation of Ca?* release, and Ca?* sequestration by the SR Ca?*-
transporting adenosine triphosphatase (SERCA2a) and its regula-
tor, phospholamban (PLN), indicate that phosphorylations of PLN
and RyR2 have a central role in modulating Ca?* homeostasis and,
therefore, cardiac function (10, 11). PLN is a low-molecular weight
phosphoprotein in cardiac SR, and dephosphorylated PLN is an
inhibitor of SERCA2a-mediated transport of Ca?". Following 3-AR
activation, and thus production of cAMP by AC, PKA phosphory-
lates PLN on serine-16 (10) in addition to RyR2 on serine-2808 and
serine-2814 (11). PKA-mediated serine-16 phosphorylation (and
thus SERCA2a activation) is the major mechanism of the lusitropic
and also inotropic (12) effects of f-AR stimulation in regulating
cardiac function (13). In failing hearts, in contrast, decreased PLN
phosphorylation, and thus a decrease in Ca?* uptake by SERCA2a, is
a central feature (14, 15). Indeed, decreased inhibition of SERCA2a
by PLN ablation can prevent progression of heart failure (16, 17).
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Table 1
Heart size and cardiac function in Epac? KO

WT (n) Epac1KO (n)
Age, month 4.2+0.1(32) 4202 (21)
BW,g - 30+0.7 (21) 29+0.9 (18)
Tibia, mm 17.5+0.1 (21) 174+ 0.1 (18)
LV/tibia (mg/mm) 5.2£0.2 (20) 52+0.2(18)
LV/BW (mg/g) 3.2+0.1(20) 3.3+02(18)
LVEDD, mm 4.3+0.03 (31) 4.4+0.1(18)
LVESD, mm 2.9+ 0.04(31) 3.3+0.1(18)
LVEF, % 70£0.8 (31). 60 +1.1(18)
%FS 35+1.1(31) 26 £0.6 (18)
Max dP/dt, mmHg 9091 + 240 (17) 7246 + 226 (16)A
Min dP/dt, mmHg 9110+ 240 (18)  —6201 £ 125 (14)A

Data are mean + SEM. LVEDD, LV end-diastolic diameter. FS, fractional
shortening. AP < 0.01.

Others have found that decreased inhibition of SERCA2a through
PLN ablation or hyperphosphorylation of PLN exaggerated heart
failure and arrhythmogenic activity (18-22). Thus, it remains con-
troversial whether or not enhancement of Ca?* uptake through PLN
ablation or PLN hyperphosphorylation can inhibit the progression
of heart failure. Nevertheless, itis well accepted that 3-AR-mediated
phosphorylation of PLN plays a central role in regulating cardiac
function and also in the pathogenesis of cardiac failure.

But PKA is not the only molecule activated by cAMP. Exchange pro-
tein activated by cAMP (EPAC) was recently identified as a new target
of cAMP signaling that is activated independently of PKA (23, 24).
EPAC has 2 isoforms (Epacl and Epac2), and Epacl is predominantly
expressed in the heart. EPAC modulates various cellular functions,
including migration, proliferation, exocytosis, and apoptosis, via reg-
ulation of RAP1 (25). In cardiac myocytes, EPAC activation induced
hypertrophy (26). In adult mouse cardiac myocytes, pharmacologi-
cal EPAC activation with an EPAC-selective but not isoform-selective
cAMP analogue was reported to enhance evoked Ca?* transients
through the PLCe/PKCe/CaMKII pathway, and activation of CaMKII
via EPAC induced store depletion and enhancement of Ca?* sparks
through increased phosphorylation of PLN on threonine-17 and
RyR2 on serine-2815 by EPAC via phospholipase C (PLC) &/PKC ¢/
Ca?*/calmodulin-dependent protein kinase II (CaMKII) (27-29).
EPAC2 was also reported to be closely associated with CaMKII, and
EPAC2 mediated 3;-AR-induced cardiac arrhythmia via CaMKII8 (a
major isoform of cardiac CaMKII) and RyR2 phosphorylation on ser-
ine-2815 (30). However, the isoform-specific role of EPAC in cardiac
function and pathogenesis remains poorly understood.

Here, we show that EPAC1, in an additive and independent man-
ner with respect to PKA, phosphorylates PLN and RyR2 to regulate
cardiac function. Loss of EPAC1 slightly decreased basal cardiac
function, but afforded greater protection against various stresses,
including arrhythmogenic stress, whereas loss of EPAC2 did not
show cardioprotective effects. Accordingly, selective EPACI inhi-
bition may prevent hyperphosphorylation of PLN and RyR2, and
this may be an alternative strategy to current $-AR blocker therapy
for the treatment of established cardiac failure or arrhythmia.

Results
Cardiac function is decreased in Epacl KO. Because EPAC activation
induced cardiac myocyte hypertrophy in culture (26), we originally
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thought that EPAC might play a role in regulating cardiac myocyte
growth. Therefore, we genetically disrupted Epacl in mice (Epacl
KO) (31), but found that these mice did not show any change in
the size of the heart. Instead, Epacl KO exhibited a modest, but sig-
nificant, decrease in cardiac function. LV ejection fraction (LVEF)
was significantly decreased (WT versus Epacl KO: 70% * 0.8% versus
60% + 1.1%, » = 18-31, P < 0.01), and LV end-systolic diameter
(LVESD) was increased (WT versus Epacl KO: 4.3 + 0.03 versus
4.4+0.1 mm,n=18-31, P <0.01) (Table 1). Hemodynamic measure-
ments demonstrated that Max dP/dt was significantly decreased (WT
versus Epacl KO: 9091 + 240 versus 7246 + 226 mmHg, n = 16-17,
P < 0.01), and Min dP/dt was significantly increased in Epacl KO
(WT versus Epacl KO: -9110 + 240 versus -6201 + 125 mmHg,
n=14-18, P < 0.01) (Table 1). Because disruption of Epacl might
alter the expression of other molecules involved in cAMP signaling,
such as PKA subunits, we examined the protein expression of ;- AR,
B2-AR, B-AR kinase (BARK), Gsa, Gia, Gf, Gq, and type 5/6 AC in
addition to PKA subunits by means of Western blotting (Supple-
mental Figure 1A; supplemental material available online with
this article; doi:10.1172/JC164784DS1). There was no difference
in expression of these molecules between WT and Epacl KO. Also,
there was no compensatory increase of Epac2 isoform in Epacl KO at
either the mRINA or protein level (Supplemental Figure 1, A and B).

Decreased cardiac function in Epacl KO was readily compen-
sated by isoproterenol (ISO) infusion. Responses of LVEF and
LVESD to'ISO (0, 0.13, 0.27, 0.40 pug/kg/min for § minutes) were
well preserved and, indeed, reached the same level as those of WT
(Supplemental Figure 2, A and B). Changes in cardiac contractil-
ity were further examined using isolated segments of myocardium
(Supplemental Figure 3). The basal contractile force was signifi-
cantly smaller in Epacl KO (WT versus Epacl KO: 112 + 14.7 versus
73 + 7.1 mg/mm?, n = 6-7, P < 0.05) (Supplemental Figure 3A).
ISO dose dependently enhanced the contractile force in WT and
Epacl KO. The magnitude of increase in response to ISO was simi-
lar in WT and Epacl KO (Supplemental Figure 3B). The sensitivity
to B-adrenergic stimulation with ISO as represented by the -log
ECsg value for the enhancement of contractile force was 7.04 + 0.07
in WT and 7.06 £ 0.01 in Epacl KO (P = NS, n = 6-7). The time
required to reach peak tension was also similar in Epacl KO and
WT at baseline (WT versus Epacl KO: 50 + 1.1 versus 52 + 1.5 ms,
n = 6-7, P = NS) and decreased similarly in both WT and Epacl
KO (Supplemental Figure 3C). However, the time required for 90%
relaxation was significantly longer in Epacl KO at baseline (WT
versus Epacl KO: 54 + 1.5 versus 61 + 2.0 ms, » = 6-7, P < 0.05),
but became similar in response to ISO (Supplemental Figure 3D).
Thus, Epacl KO showed decreased cardiac function, exemplified
most cleatly by delayed relaxation, but the dysfunction was readily
compensated by 3-AR stimulation.

PLN phosphorylation on serine-16 is decreased in Epacl KO. Phos-
phorylation of PLN occurs, following f-adrenergic stimulation, on
serine-16 and threonine-17. Indeed, PKA-mediated serine-16 phos-
phorylation is a key event in increasing cardiac function (32). Unex-
pectedly, phosphorylation on serine-16 was significantly decreased
in Epacl KO (WT versus Epacl KO: 100% + 6.5% versus 57% = 7.1%,
n=26,P <0.01) (Figure 1A) despite the absence of any difference in
expression of the PKA catalytic and regulatory units (RIo, RIlot)
(Supplemental Figure 1A). PLN phosphorylation on threonine-17
(Figure 1B), which is mediated by CaMKII, was similar in WT and
Epac1 KO. Phosphorylation on threonine-286, and thus activation
of CaMKII, was also similar (Supplemental Figure 4).
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A * B NS Figure 1

120 r ] Phosphorylation of PLN on serine-16 and threonine-17
100 - T and SERCAZ2a expression in the heart of Epac? KO at
= <120 1 baseline. (A) Phosphorylation on serine-16 (Ser6) was
5 & 80 G = QC' 100 - significantly decreased in Epac? KO compared with WT
(\E £ | g 8 go - (WT versus Epac? KO: 100% + 6.5% versus 57% = 7.1%,
T g 60 ~E 60 L n =6, *P < 0.01). The ratio of phosphorylated/total pro-
DE 40 | 3 tein expression of PLN in WT was taken as 100% in each
a & 40 determination. (B) Phosphorylation on threonine-17
s 20 - o § 20 - (Thr17) was not different in Epac? KO and WT (WT versus
0 . e 0 : Epac1 KO: 100% = 5.7% versus 92% =+ 11.5%, n = 7-10,
WT Epac1 KO WT Epact KO P = NS). The ratio of phosphorylated/total protein
expression of PLN in WT was taken as 100% in each
c 120 - r————-NS—] D WT Epact KO determination. (C) The expression of SERCA2a protein
9 T p-PLN (Ser16 was not different in WT and Epac? KO at baseline (WT
; 100 versus Epac? KO: 100% = 11.1% versus 105% = 3.5%,
E 80 n = 6-7, P =NS). The ratio of SERCA2a protein/GAPDH
< in WT was taken as 100% in each determination. (D)
% 60 r Representative immunoblotting results of phosphoryla-
¥ a0 + tion of PLN on serine-16 (upper) and threonine-17 (mid-
g dle) and SERCA2a (lower) are shown. T-PLN, total PLN;

i 20 p-PLN, phosphorylated PLN.

0

WT Epac1 KO

EPAC-selective cAMP analogue increases PLN phosphorylation on ser-
ine-16 and threonine-17 in neonatal rat cardiac myocytes. The above find-
ings indicated that disruption of EPAC, but not PKA, decreased
PLN phosphorylation. When we examined the consequences of
EPAC activation for PLN phosphorylation in neonatal rat cardiac
myocytes, we used a new membrane-permeable EPAC-selective
but not isoform-selective agonist, i.e., 8-(4-chlorophenylthio)-2’-
O-Me-cAMP-AM (8-CPT-AM) (33). We found that 10 uM 8-CPT-
AM was necessary to obtain a significant PLN phosphorylation
signal with our detection system in neonatal rat cardiac myocytes
(Figure 2D), and thus this concentration was used. This concen-
tration of 8-CPT-AM is in line with those used in previous stud-
ies to examine EPAC-mediated signaling, i.e., 10 uM for adult rat
cardiac myocytes (34) or 50 uM for 293T, JAR, and BeWo cells (35).
Furthermore, Brette et al. reported very recently that 8-CPT-AM at
10 uM did not exert an inhibitory effect on phosphodiesterase
(PDE) activity (34). On the other hand, non-AM ester 8-CPT
(8-CPT) does inhibit PDE, which is undesirable, since we wish to
examine EPAC-specific effects (36, 37).

We found that 8-CPT-AM significantly increased the PLN
phosphorylation on serine-16 by approximately 89-fold from
baseline and that on threonine-17 by approximately 19-fold from
baseline at 15 minutes after the treatment with 8-CPT-AM (n = 4,
P <0.01) (Figure 2, A and B). PLN phosphorylation on serine-16
was decreased gradually, but was significantly increased even at
120 minutes after 8-CPT-AM treatment. However, PLN phos-
phorylation on threonine-17 decreased rapidly and did not show
a significant increase at 60 minutes after 8-CPT-AM treatment.
Thus, activation of EPAC with 8-CPT-AM, in addition to PKA
and CaMKII, could induce PLN phosphorylation on serine-16
and threonine-17, but PLN phosphorylation on serine-16 per-
sists for a long time, compared with that on threonine-17, which
has been reported to be phosphorylated by EPAC via PLCe/
PKCe/CaMKII (27, 28).

Increase of PLN phosphorylation at serine-16 was attenuated in neo-
natal cardiac myocytes prepared from Epacl KO after the treatment
of 8-CPT-AM. We examined the effects of 8-CPT-AM on PLN
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phosphorylation at serine-16 using neonatal cardiac myocytes
prepared from Epacl KO and WT. In WT neonatal mouse car-
diac myocytes, we found that 1 pM 8-CPT-AM was sufficient
to obtain a significant PLN phosphorylation signal with our
detection system (Supplemental Figure 5). Since the magnitude
of the increase was similar to that obtained with 10 uM 8-CPT-
AM in neonatal rat cardiac myocytes, we used this concentration
(1 uM) (Figure 2D and Supplemental Figure 5). Epac activation
with 8-CPT-AM (1 uM) significantly increased PLN phosphory-
lation at serine-16 from baseline in WT, and the level was also
significantly greater than thatin Epacl KO (P < 0.05). In contrast
with WT, the increase of PLN phosphorylation at serine-16 was
not significant (WT: from 100% + 11% to 1534% = 528%, n = 4-6,
P <0.01; Epacl KO: from 61% + 22% to 476% + 141%, n = 4-6,
P =NS). These results, together with the data shown in Figure 1A
and Figure 24, indicate that EPAC1 is an important regulator
of PLN phosphorylation at serine-16, independently of PKA.
More importantly, these findings also suggest that 8-CPT-AM
at the concentration of 1 uM phosphorylates PLN at serine-16
via EPAC, not other signaling pathways, such as PKA, cGMP-
dependent PKG, or PDE (34, 38).

EPAC phosphorylates PLN at serine-16 via PLC/PKCe. It is estab-
lished that PKC phosphorylates PLN and that the phosphoryla-
tion via PKC is additive to that via PKA and CaMKIJ, but the sig-
nificance of these findings and the mechanisms involved remain
poorly understood (39-41). It has been suggested that EPAC medi-
ates a novel pathway of regulatory crosstalk between the cAMP
and the PLC/PKC pathways (42), and so we hypothesized that
EPAC mediates PLN phosphorylation on serine-16 via PLC/PKC.
Indeed, in the presence of PLC inhibitor (U73122) or PKC inhibi-
tor (Ro-31-7549), EPAC-mediated phosphorylation of serine-16
was negated in neonatal mouse and rat cardiac myocytes (Supple-
mental Figure 6). Twelve PKC isoforms are known to exist; con-
ventional PKC subtypes, which include PKCa, PKCB, and PKCy,
require both Ca?* and phospholipid for activation, whereas novel
PKC subtypes, which include PKC8 and PKCe, require phospho-
lipid, but not Ca?* (43). We examined the effect of silencing each
Number 6 2787
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