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Abstract

Programmed cell death of cardiomyocytes following myocardial ischemia increases
biomechanical stress on the remaining myocardium, leading to myocardial dysfunction that may
result in congestive heart failure or sudden death. Nogo-A is well-characterized as a potent
inhibitor of axonal regeneration and plasticity in the central nervous system, however, the role of
Nogo-A in non-nervous tissues is essentially unknown. In this study, Nogo-A expression was
shown to be significantly increased in cardiac tissue from patients with dilated cardiomyopathy
and from patients who have experienced an ischemic event. Nogo-A expression was clearly
associated with cardiomyocytes in culture and was localized predominantly in the endoplasmic
reticulum. In agreement with the findings from human tissue, Nogo-A expression was
significantly increased in cultured neonatal rat cardiomyocytes subjected to hypoxia/
reoxygenation. Knockdown of Nogo-A in cardiomyocytes markedly attenuated hypoxia/
reoxygenation-induced apoptosis, as indicated by the significant reduction of DNA fragmentation,
phosphatidylserine translocation, and caspase-3 cleavage, by a mechanism involving the
preservation of mitochondrial membrane potential, the inhibition of ROS accumulation, and the
improvement of intracellular calcium regulation. Together, these data demonstrate that knockdown
of Nogo-A may serve as a novel therapeutic strategy to prevent the loss of cardiomyocytes
following ischemic/hypoxic injury.
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Introduction

Cardiomyocyte loss following myocardial ischemia results in increased biomechanical stress
on the remaining myocardium, leading to contractile dysfunction, left ventricular
remodeling, and congestive heart failure [1-3]. While initial cardiomyocyte loss is primarily
due to necrosis, apoptosis plays a key role in the damage of tissue bordering and distant
from the infarcted myocardium subsequent to reperfusion [4-7]. Apoptosis is a highly
regulated program of cell death that contributes significantly to the gradual decline of left
ventricular function following ischemia/reperfusion (I/R) injury [8, 9]. Cardiomyocyte
apoptosis following I/R can be mediated by activation of the death receptor pathway
(extrinsic pathway), the mitochondria-dependent pathway (intrinsic pathway), or
endoplasmic reticulum (ER) stress [10-15]. While death receptor-mediated apoptosis and ER
stress are known to play a role in I/R injury, the mitochondria-dependent pathway serves as
the critical integration site for a number of pro-apoptotic signals in the cardiomyocyte [16].
Following the sudden availability of oxygen during reperfusion, there is a burst of reactive
oxygen species (ROS) production, increased mitochondrial permeability transition,
decreased mitochondrial membrane potential (A¥y,), and the release of pro-apoptotic
factors, such as cytochrome c, ultimately leading to the activation of caspase-3 and apoptosis
[17-20]. Protection of mitochondrial function is therefore a promising therapeutic strategy
for the treatment of myocardial infarction.

Members of the reticulon (RTN) family of proteins contain a C-terminal reticulon-homology
domain and are highly enriched in the membranes of the endoplasmic reticulum [21]. The
largest of the RTN proteins, Nogo-A (RTN4-A), contains well-characterized regions
essential for inhibiting neurite outgrowth and plasticity in the central nervous system (CNS)
[22-26]. Following CNS injury, axonal regeneration, neuronal plasticity, and functional
recovery are promoted using antibodies that neutralize Nogo-A function [27-29].

In addition to being highly expressed in the brain and spinal cord, Nogo-A is clearly
detectable in other tissues, including the heart, where its function remains largely unclear
despite evidence that it may play a role in normal cardiac development [22, 30-32]. Nogo-A
expression in the CNS has been shown to be significantly up-regulated in several models of
injury, including hypoxia/ischemia [33-38]. Interestingly, Nogo-A has been proposed as a
potential indicator of heart failure due to its elevated expression in genetic models of dilated
cardiomyopathy (DCM) and its increased mRNA expression in end-stage heart failure in
humans [39, 40].

To better determine the relationship between Nogo-A up-regulation and heart failure, we
evaluated Nogo-A protein expression in human left ventricular tissue from DCM and
ischemic hearts and determined, in vitro, which cell type is primarily responsible for its
expression. Nogo-A expression was found to be significantly increased in left ventricular
tissue from DCM and ischemic hearts, as well as in cultured cardiomyocytes subjected to H-
R injury. The pathophysiological significance of Nogo-A up-regulation in H-R-induced
cardiomyocyte apoptosis was determined by knocking down its expression. Knockdown of
Nogo-A in cardiomyocytes was found to significantly inhibit H-R-induced activation of the
intrinsic pathway of apoptosis. Based on these findings, we propose that Nogo-A may serve
as novel therapeutic target in the treatment of ischemic/hypoxic-related cardiovascular
injury.
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Materials and Methods

Human Tissue

Cell Culture

Left ventricular (LV) tissue from patients with dilated, ischemic, or non-failing hearts was
obtained from the Cardiovascular Institute Tissue Bank at Loyola University Medical
Center. Acquired LV tissue was frozen in liquid nitrogen and immediately stored at —80°C.
All surgical procedures and tissue harvesting were approved by the Loyola University
Medical Center Institutional Review Board and were conducted in accordance with NIH
guidelines.

This study was conducted in accordance with the Guide for the Care and Use of Laboratory
Animals, published by the National Institutes of Health, using protocols approved by the
Institutional Animal Care and Use Committee. Neonatal rat ventricular myocytes (NRVMs)
were isolated from 1-2 day old Sprague-Dawley rats as previously described [41], plated on
gelatin-coated 60 mm? dishes (2.5x106 - 3.0x10° cells/60 mm?) in serum-free PC-1 medium
(Lonza, Walkersville, MD), and allowed to attach for 14-18 h. Cells were subsequently
maintained in (4:1) DMEM/medium 199 (HyClone Laboratories Inc., Logan, UT)
containing (100 U/mL) penicillin/(100 pg/mL) streptomycin (Invitrogen, Carisbad, CA).
Adult rabbit cardiomyocytes were prepared as previously described [42]. Neonatal rat
fibroblasts were isolated via a pre-plating procedure during the preparation of NRVMs.
Adherent cells, highly enriched in fibroblasts, were maintained in DMEM containing (100
U/mL) penicillin/(100 pg/mL) streptomycin and 10% FBS (HyClone Laboratories Inc.,
Logan, UT) and used after 4 passages.

Adenovirus Preparation and Infection

Nogo-A siRNA, targeting nucleotides 856-874 of the rat Nogo-A cDNA sequence, was
designed as previously described [43]. Nogo-A sense and anti-sense oligonucleotides
(Integrated DNA Technologies, Inc., Coralville, 1A, USA), flanked by BamHI and HindlI11
restriction endonuclease sites, were annealed, subcloned into GenScript pPRNA-H1.1/Adeno,
and sequenced. The shNogo-A adenovirus, empty vector adenovirus control, and Nogo-A
adenovirus containing the sequence for full length human Nogo-A were constructed using
AdEasy Adenoviral Vector System (Stratagene, La Jolla, CA). Nogo-A cDNA containing
plasmid was generously provided by Dr. Martin Schwab. Adenovirus expressing scrambled
shRNA sequence was obtained from Vector Biolabs (Philadelphia, PA). Adenoviruses were
amplified, purified, and titered as previously described [41]. NRVMs were infected after 24
h of culture at a multiplicity of viral infection (MOI) of 50 (Ad-shScr and Ad-shN) or 10
(Ad-Con and Ad-Nogo-A) and allowed 48 h to express the transgene prior to hypoxia/
reoxygenation (H-R).

Hypoxia/Reoxygenation Injury

NRVMs were subjected to hypoxia using GasPak EZ Anaerobe Pouch System (Becton,
Dickinson, and Company, Sparks, MD). Culture dishes were placed inside pouches
containing gas generating sachets and incubated at 37°C for 24 h, unless noted otherwise.
Following hypoxia, the media was changed with (4:1) DMEM/medium 199 and culture
dishes were reoxygenated for 2 h. Normoxic controls were subjected to 24 h normoxia
followed by a change of media and 2 h of additional normoxia. Cells subjected to ischemia
were treated in the same manner, except that culture media was changed to standard
ischemic medium [1.13 mM CaCly, 0.5 mM KCI, 0.3 mM KH2POy4, 0.5 mM MgCly,, 0.4mM
MgSOy, 128mM NaCl, 4mM NaHCOg3, and 10mM HEPES] during hypoxia and control
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medium [ischemic medium supplemented with 0.3 mM Na,PO,4 and 10mM d-glucose]
during reoxygenation.

Immunofluorescence Staining

NRVMs were cultured on 4-well Lab-Tek Chamber Slides (Nalge Nunc International Corp.,
Naperville, IL) at a density of 3 x 10° cells/well. Cells were fixed with 4%
paraformaldehyde (4°C) for 3 min, followed by 100% methanol (—20°C) for 1 min, and
rinsed briefly with phosphate buffered saline (PBS). Slides were incubated at room
temperature (rt) in PBS/ 0.5% Triton X-100 for 15 min, washed twice with PBS/0.1% Triton
X-100 for 10 min, then blocked for 1 h with blocking buffer (PBS/0.1% Triton X-100/1%
normal goat serum). Slides were incubated with 11ug/mL mouse anti-Nogo-A antibody
(11c7), 1/200 rabbit anti-SERCAZ2a (Badrilla Ltd., Leeds, UK), or 1/1000 rabbit anti-VDAC
(BioVision, Mountain View, CA) in blocking buffer overnight at 4°C. Cells were washed
three times with PBS/0.1% Triton X-100, then incubated with 1/200 anti-mouse 1gG-Alexa
Fluor 488, 1/200 anti-rabbit 1gG-Texas Red (Invitrogen, Carisbad, CA), and 50 ng/mL
Hoechst 33342 (Sigma Aldrich, St. Louis, MO) in blocking buffer for 1 h at rt. Cells were
washed with PBS/0.1% Triton X-100, mounted with Vectasheild (Vector Laboratories, Inc.,
Burlingame, CA), and imaged with a Zeiss Axiovert 100 microscope (Carl Zeiss
Microimaging, LLC, Thornwood, NY)

Immunoblots

Cells were harvested in ice cold lysis buffer [44] with protease inhibitor cocktail (Sigma
Aldrich, St. Louis, MO), sonicated, and centrifuged at 16,0009 for 5 min at 4°C to remove
cellular debris. Extracted proteins were separated on 10% or 12% SDS-polyacrylamide gels,
electrophoretically transferred onto nitrocellulose membrane, and incubated overnight with
3pg/mL anti-Nogo-A (11c¢7), 1/1000 anti-Nogo-A/B (Imgenex, San Diego, CA), 1/1000
anti-Grp94, 1/000 anti-Grp78, 1/1000 anti-PDI (Assay Designs, Ann Arbor, MI), 1/1000
anti-CHOP, 1/500 anti-cleaved Caspase-3, 1/1000 anti-Bcl-2, 1/1000 anti-Bcl-xL (Cell
Signaling Technology, Beverly, MA), or 1/5000 anti-GAPDH (Research Diagnostics, Inc.,
Flanders, NJ) in 3% non-fat milk/tris-buffered saline/0.1%Tween-20. Membranes were then
incubated for 30 min with 1/5000 anti-mouse IgG, 1/5000 anti-rabbit 1gG (Cell Signaling
Technology, Beverly, MA), or 1/5000 anti-rat 1gG (Jackson ImmunoResearch Laboratories,
Inc., West Grove, PA) and detected with enhanced chemiluminescence (Pierce, Rockford,
IL).

TUNEL Assay

NRVMs were cultured on 10 mm? glass cover slips, infected with adenovirus, and subjected
to H-R or normoxia as above. Following H-R, cells were fixed with 4% paraformaldehyde
for 15 min at rt, permeabilized with ice cold 0.1% Triton-X 100/0.1% sodium citrate for 2
min, incubated with fluorescein conjugated TUNEL reaction mixture (Roche Applied
Science, Quebec, Canada) for 1 h at 37°C, and incubated with 100 pg/mL Hoechst 33342
for 5 min at rt. Cover slips were mounted on glass slides with Vectasheild (Vector
Laboratories Inc., Burlingame, CA) and TUNEL positive cells were quantified from > 200
cells from > 5 randomly chosen fields per cover slip.

Annexin-V Binding Assay

NRVMs were cultured (2 x 10° cells/cover slip), infected with adenovirus, and subjected to
H-R or normoxia. Following H-R, cells were washed briefly with PBS and binding buffer
(10 mM HEPES, 140 mMNacCl, and 2.5 mM CaCl2, pH 7.4.), then incubated with 1/3
Annexin V-Alexa 488 (Molecular Probes, Eugene, OR) in binding buffer for 15 min at rt.
Necrotic cells were stained with 1ug/mL propidium iodide in Tyrode solution [135 mM
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NaCl, 4 mM KCI, 2 mM CaCl,, 1 mM MgCl,, 10 mM d-glucose, 10 mM HEPES] for 15
min at rt. Cells were washed with binding buffer, mounted on glass slides with Vectashield,
and phosphatidylserine was detected using fluorescence microscopy. Fluorescence intensity
was quantified from > 5 randomly chosen fields per cover slip using ImageJ software.

DNA Laddering

NRVMs, previously infected with adenovirus and subjected to H-R or normoxia, were
harvested from 60 mm? dishes with ice cold PBS and centrifuged at 700g for 10 min at 4°C.
Pellets were re-suspended in trissEDTA (TE)/0.2% Triton X-100, incubated on ice for 10
min, and centrifuged at 13,0009 for 15 min at 4°C. Supernatants were collected and
incubated for 1 h at 37°C with 60ug/mL RNase A. SDS (0.5%) and proteinase K (20pg/mL)
were added and samples were incubated for 1 h at 50°C. To precipitate nucleosomal DNA,
0.1 volume 5M NaCl and 1 volume isopropanol (—20°C) were added, samples were
incubated on ice for 10 min, and centrifuged for 15 min at 4°C. Pellets were re-suspended in
TE buffer and DNA was separated on 2% agarose gel with a 1kb ladder.

Subcellular Fractionation

NRVMs were cultured on 100 mm? dishes, infected with shScramble or shNogo-A
adenovirus, and subjected to H-R or normoxia as above. Cells were harvested with a cell
scraper in ice cold PBS and centrifuged at 700g for 10 min at 4°C to obtain a crude nuclear
fraction. Mitochondrial and crude cytosolic fractions were prepared from 8.0 x 106 cells per
experimental condition using a mitochondrial isolation kit (Pierce, Rockford, IL) according
to the manufacturer’s instructions. Crude cytosolic fractions were further centrifuged at
100,000g for 90 min to obtain microsomal pellets and cytosolic fractions. All pellets were
solubilized in lysis buffer.

Mitochondrial Membrane Potential (AW,,)

NRVMs were cultured (2.5 x 10° cells/cover slip), infected with adenovirus, and subjected
to normoxia or 24 h hypoxia. Following H-R, cells were loaded with 50 nM
tetramethylrhodamine ethyl ester (TMRE) in Tyrode solution for 20 min at rt. Differences in
AW¥r, were determined by measuring TMRE fluorescence intensity at excitation and
emission wavelengths of 543 and 575-640 nm respectively with confocal microscopy using
a Zeiss LSM 410. The TMREfluorescence intensity of each cell (F) was obtained by
subtracting the average fluorescence of the extracellular area (background) from the average
fluorescence within the entire cell excluding the nucleus. Cells were perfused withl pM of
the mitochondrial uncoupler, p-trifluoromethoxy carbonyl cyanide phenyl hydrazone
(FCCP), in Tyrode solution. Data was reported as F/Fq , where F1 is equal to the minimum
fluorescence signal obtained following the administration of FCCP, expressed as a
percentage of Ad-shScr infected cells at normoxia prior to the addition of FCCP.
Quantification of mitochondrial fluorescence intensity was determined using ImageJ
software.

Reactive Oxygen Species (ROS) Generation

NRVMs were cultured (2.5 x 10° cells/cover slip), infected with adenovirus, and subjected
to normoxia or 24 h hypoxia followed by 4 h reoxygenation. Following H-R, cells were
loaded with 20uM 2',7'-Dichlorofluorescein diacetate (DCFDA) in Krebs buffer/0.5%
Pluronic F-127 (Sigma Aldrich, St. Louis, MO) for 40 min at rt. Differences in ROS
generation were determined by measuring DCF fluorescence intensity at excitation and
emission wavelengths of 543 and 575-640 nm respectively. To confirm that the fluorescence
signals detected reflected ROS generation, cells were perfused with 1M H505.
Quantification of fluorescence intensity was determined by ImageJ software.

J Mol Cell Cardiol. Author manuscript; available in PMC 2012 June 1.
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Ca?* Transients

NRVMs were cultured (2.5 x 10° cells/cover slip), infected with adenovirus, and subjected
to normoxia or 24 h hypoxia followed by 4 h reoxygenation. Cells were loaded with 2uM
Indo-1 AM containing 0.04% Pluronic F-127 for 20 min at rt, perfused with Tyrode
solution, and stimulated at 1Hz with 40V using a 6 ms pulse duration. Ca2* transient
recordings were obtained by measuring fluorescence intensity at excitation and emission
wavelengths of 340 and 405/485 nm respectively and analyzed using lonOptix software
(lonOptix, LLC, Milton, MA).

Statistical Analysis

Data are expressed as the mean + SEM of n observations unless otherwise noted. Statistical
significance between groups was determined by Student’s t-test. Significance between
multiple groups was determined by one-way ANOVA with Tukey’s post hoc analysis. In
each case, p < 0.05 was considered statistically significant.

Results

Nogo-A expression is increased in human DCM and ischemic hearts

Nogo-A expression was evaluated in left ventricular tissue from patients with DCM, and
from patients who suffered an ischemic event. Patients with DCM exhibited 2.8 + 0.2 fold
higher Nogo-A expression compared to patients with non-failing hearts (Fig. 1A, C).
Similarly, tissue from patients who had experienced an ischemic event exhibited 2.6 + 0.3
fold higher Nogo-A expression compared to patients with non-failing hearts (Fig. 1B, C).
These findings are consistent with previous studies that show increased Nogo-A expression
in rodent models of DCM [39, 40] and increased Nogo-A mRNA in human end-stage heart
failure [39], and raise questions as to the role of Nogo-A in I/R injury, since myocardial
ischemia can often lead to DCM and congestive heart failure [45].

Nogo-A is expressed in cardiomyocytes

While Nogo-A expression in the heart has been previously demonstrated, it is unclear which
cell types are responsible for its expression. Neonatal and adult cardiomyocytes were
immunostained for the presence of Nogo-A and the cardiac isoform of sarcoplasmic/
endoplasmic reticulum calcium ATPase (Serca2a). Nogo-A expression was observed in both
neonatal and adult cardiomyocytes and was co-localized to a large degree with Serca2a,
consistent with the known ER expression pattern of RTN family proteins (Fig. 2A).
Comparison between myocytes and fibroblasts obtained from the same tissue source
revealed that fibroblasts (NRVFs) contribute relatively little to the expression of Nogo-A,
while myocytes (NRVMs) exhibit robust expression (Fig. 2B,C).

Nogo-A expression is increased in cardiomyocytes following H-R

Considering the increase in Nogo-A expression observed in ischemic human ventricular
tissue, we evaluated the expression of Nogo-A in a well established culture model of H-R
injury. Following H-R, NRVMs exhibited a 2.4 + 0.2 fold increase in Nogo-A expression
compared to NRVMs subjected to normoxia alone (Fig. 3A, B). These findings are
consistent with the degree of increased Nogo-A expression seen in human tissue (Fig. 1) and
are in agreement with previous studies showing increased Nogo-A expression in neurons
following hypoxia-ischemia [34, 38, 46].

To determine the effects of cardiomyocyte Nogo-A expression following H-R, shScramble,
shNogo-A, empty vector, and Nogo-A over-expression adenoviral constructs (Ad-
shScr ,Ad-shN, Ad-Con, and Ad-Nogo-A) were generated. NRVMs were infected with
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either Ad-shScr, Ad-shN, Ad-Con, or Ad-Nogo-A and subsequently subjected to nhormoxia
or H-R. Infection with Ad-shN resulted in approximately 60% knockdown of Nogo-A
expression, after either normoxia or H-R, compared to Ad-shScr infected controls (Fig.
3C,D). Knockdown of Nogo was specific for the Nogo-A isoform, as Nogo-B expression
was unaffected by Ad-shN infection (Fig. 3C). Infection with Ad-Nogo-A resulted in an
approximate 4 fold increase in Nogo-A expression at normoxia, and a 6 fold increase after
H-R, compared to Ad-Con infected controls (Fig. 3E,F).

Knockdown of Nogo-A inhibited H-R-induced DNA fragmentation

It is well established that subjecting cultured cardiomyocytes to H-R induces cell death via
apoptosis [11, 47], the hallmark of which being the appearance of DNA fragmentation [48].
To determine if Nogo-A plays a role in H-R-induced apoptosis, NRVMs were infected with
Ad-shScr or Ad-shN, subjected to normoxia or H-R, and DNA fragmentation was measured
by TUNEL staining and DNA laddering. Following H-R, NRVMs infected with Ad-shScr
exhibited a significant increase in TUNEL-positive staining compared to normoxia (43.0 +
2.3 vs. 18.2 £ 2.7%) and demonstrated extensive internucleosomal DNA degradation
indicated by the appearance of DNA laddering (Fig. 4A,B,C). In contrast, NRVMs infected
with Ad-shN exhibited no significant change in TUNEL-positive staining between normoxia
and H-R (17.0 £ 2.9 vs. 18.6 + 2.6%) and did not demonstrate internucleosomal DNA
degradation (Fig. 4A,B,C). Conversely, NRVMs infected with Ad-Nogo-A exhibited a
modest increase in TUNEL-positive staining at normoxia (19.58 + 1.6 vs. 14.54 + 1.8) and a
significant increase following H-R (35.16 + 2.9 vs. 24.89 + 0.6; p< 0.01) compared to Ad-
Con infected cells.

Knockdown of Nogo-A inhibited H-R-induced phosphatidylserine translocation

In cells undergoing early apoptosis, phosphatidylserine (PS) is translocated from the
cytoplasmic surface of the plasma membrane to the extracellular surface [49]. To determine
if knockdown of Nogo-A affected H-R-induced PS translocation, NRVMs were stained with
Annexin-V, while propidium iodide (PI) was used as a counterstain to distinguish between
apoptotic and necrotic cells. Following H-R, NRVMs infected with Ad-shScr exhibited a 2.8
+ 0.1 fold increase in Annexin-V binding to PS compared to normoxia, while NRVMs
infected with Ad-shN exhibited no significant change in Annexin-V binding between
normoxia and H-R (0.7 £ 0.1 vs. 0.9 + 0.2) (Fig. 5A,B). Conversely, following H-R,
NRVMs infected with Ad-Con exhibited a significant 2.7 £ 0.4 fold increase (p< 0.05) in
Annexin-V binding compared to normoxia, while NRVMs infected with Ad-Nogo-A
exhibited a significantly higher 6.6 + 0.5 fold increase (p< 0.001) in Annexin-V binding
following H-R compared to normoxia. Cells that were positively stained with Annexin-V
showed an absence of Pl staining, indicating that cell death was not due to necrosis.

Knockdown of Nogo-A inhibited H-R-induced caspase-3 cleavage without affecting ER

stress

ER stress has been shown to occur in myocardial infarction, as well as in cultured
cardiomyocytes subjected to H-R, and is known to play a role in H-R-induced apoptosis [15,
50, 51]. As Nogo-A is highly expressed in the ER, we determined whether knockdown of
Nogo-A modulated the induction of the H-R-induced ER stress response by measuring
expression of common ER stress markers: glucose-regulated protein 94 (GRP 94), GRP 78
(also known as immunoglobulin heavy chain-binding protein (BiP)), and C/BEP
homologous protein (CHOP) (also known as growth-arrest- and DNA-damage inducible
gene 153 (GADD153)) [51, 52]. NRVMs were infected with Ad-shScr or Ad-shN and
subjected to either 6 h ischemia, 16 h hypoxia, or 24 h hypoxia, followed by 2 h
reoxygenation. Following ischemia/hypoxia, NRVMs infected with Ad-shScr expressed
active, cleaved caspase-3 (cl-csp 3) proportionate to the duration of injury and exhibited
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induction of ER stress markers, most noticeably CHOP (Fig. 5C). By comparison, NRVMs
infected with Ad-shN consistently expressed lower levels of cl-csp 3 following each injury
regimen. However, there were no differences in the expression of GRP 94, GRP 78, or
CHOP between NRVMs infected with Ad-shScr or Ad-shN following any of the injury
regimens, indicating that Nogo-A knockdown did not inhibit H-R-induced apoptosis by
modulating ER stress (Fig. 5C).

of Nogo-A prevented H-R-induced AW, reduction

Previous studies have demonstrated that dissipation of the mitochondrial membrane
potential A¥, is an early event in the apoptotic cell death process that results in
mitochondrial membrane permeabilization, production of ROS, and the release of pro-
apoptotic factors, such as cytochrome c, into the cytosol [16]. A\, in NRVMs subjected to
H-R was determined by measuring the TMRE fluorescence intensity normalized to the
residual fluorescence signal obtained with FCCP. Following H-R, NRVMs infected with
Ad-shScr exhibited a 50.7 + 5.1% decrease in TMRE fluorescence compared to Ad-shScr
infected NRVMs at normoxia (Fig. 6A, B). In contrast, the normalized TMRE fluorescence
intensity in Ad-shN-infected cells was not significantly different from Ad-shScr normoxic
controls at normoxia (97.9 + 6.9% of control) or following H-R (89.5 £ 6.0% of control)
(Fig. 6A, B).

of Nogo-A prevented H-R-induced ROS production and cytochrome c release

It is widely known that ROS are generated by mitochondria during reperfusion following
ischemia/hypoxia and play an important role in the induction of apoptotic cell death in
cardiomyocytes [53, 54]. The generation of ROS in NRVMs subjected to H-R was
determined by measuring DCF fluorescence intensity. Following H-R, NRVMs infected
with Ad-shScr exhibited increased DCF fluorescence compared to normoxia (77.0 £ 3.5 vs.
41.0 + 1.5 a.u.), indicative of reperfusion-induced ROS generation (Fig. 7A, B). In contrast,
following H-R, DCF fluorescence intensity in Ad-shN-infected cells (41.3 + 1.9 a.u.) was
not significantly different from Ad-shScr-infected cells at normoxia (Fig. 7A, B). In
addition, DCF fluorescence in Ad-shN-infected cells at normoxia (59.0 £ 2.7 a.u.) was
modestly increased compared to Ad-shScr-infected cells at normoxia or Ad-shN-infected
cells after H-R (Fig. 7A, B).

As expected, cytosolic cytochrome c expression was readily detectable in Ad-shScr infected
cells following H-R, suggesting mitochondrial membrane permeability was increased. Ad-
shN-infected cells, however, exhibited greatly reduced cytosolic cytochrome ¢ expression
following H-R compared to Ad-shScr control. Consistent with previous data demonstrating
a modest ROS increase in Ad-shN-infected cells at normoxia, cytosolic cytochrome ¢ was
also detected in NRVMs infected with Ad-shN at normoxia.

of Nogo-A prevented H-R-induced abnormal Ca2* cycling

During hypoxia/ischemia, depletion of energy reserves results in the progressive elevation of
intracellular Ca%*. Persistently high concentrations of intracellular Ca2* eventually lead to
cell death by necrosis or apoptosis [55]. Since Nogo-A is primarily located in the ER, we
investigated the possibility that knockdown of Nogo-A modulates Ca2* cycling following
H-R. Following H-R, NRVMs infected with Ad-shN exhibited significant decreases in
diastolic Ca%* (0.61 + 0.03 vs. 2.26 + 0.17 F40s/485) and transient decay (tau) (0.138 + 0.012
vs. 0.307 £ 0.020 s) compared to NRVMs infected with Ad-shScr (Fig. 8C,D,E), without
affecting transient amplitudes or time to peak (Fig. 8A,B). Interestingly, diastolic Ca2* in
Ad-shN-infected cells at normoxia (1.81 + 0.11 F4g5/485) Was modestly increased compared
to Ad-shScr-infected cells at normoxia or Ad-shN-infected cells after H-R.
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In agreement with the data presented above, Nogo-A knockdown also prevented H-R-
induced necrosis as determined by PI staining. Following H-R, NRVMs infected with Ad-
shScr exhibited significant necrosis compared to normoxia (39.7 £ 1.3 vs. 12.5 + 0.5 %). By
comparison, NRVMs infected with Ad-shN showed no significant increase in necrosis
following H-R compared to normoxia (15.8 £ 1.1 vs. 12.4 + 1.6 %).

Discussion

We demonstrate here the expression of the RTN protein, Nogo-A, in isolated
cardiomyocytes, and the significant up-regulation of Nogo-A in human DCM and following
I/R injury. The major finding of this study is that knockdown of Nogo-A protects
cardiomyocytes against H-R-induced apoptosis, which was confirmed using a series of
approaches to measure the hallmarks of apoptotic cell death. Nogo-A knockdown
significantly inhibited H-R-induced DNA fragmentation, non-necrotic PS translocation,
caspase-3 cleavage and cytochrome c release. We postulate that reduction of Nogo-A
expression may prove useful in the management of ischemic cardiomyopathy.

In addition to Nogo-A, the B isoform of Nogo was abundantly expressed in isolated
cardiomyocytes. Nogo-B is thought to be a regulator of vascular remodeling and
homeostasis and has been shown to interact with both Bcl-x_ and Bcl-2, thereby reducing
their anti-apoptotic activity by modulating their mitochondrial localization [56, 57]. We rule
out the possibility that Nogo-B could be responsible for the inhibition of apoptosis observed
following H-R, since knockdown of Nogo-A was observed in the absence of any change in
Nogo-B expression.

Conditions that lead to the accumulation of unfolded proteins in the lumen of the ER, such
as H-R, activate a signaling program known as the unfolded protein response (UPR) [58].
The UPR is an adaptive attempt to relieve ER stress by increasing ER-associated
degradation (ERAD) of unfolded proteins, decreasing protein synthesis, and inducing the
synthesis of ER chaperones that facilitate protein folding and prevent unfolded protein
accumulation [59]. Three transmembrane sensors in the ER, ATF6 (activating transcription
factor 6), IRE1 (inositol-requiring enzyme 1), and PERK (double-stranded RNA-dependent
protein kinase-like ER kinase), are responsible for the initiation of signaling cascades in the
UPR, and induce transcription of CHOP, a potent pro-apoptotic factor that represses
expression of Bcl-2 [14]. We found the expression of ER stress markers to be unaffected by
Nogo-A knockdown following different durations of injury. Consistent with these findings,
the expression of Bcl-2, Bcl-x, , and Bax following H-R were unaffected by Nogo-A
knockdown in whole cell lysates, and mitochondrial fractions showed no change in Bcl-2 or
Bcl-x_ localization. We also observed no protein-protein interaction between Nogo-A and
Bcl-2, Bel-x, or Bax (data not shown). These findings suggest that the inhibition of H-R-
induced apoptosis by Nogo-A knockdown was not due to a modulation of Bcl-2 family
protein expression via CHOP, nor through modulation of Bcl-2 or Bcl-x,_localization.

Disrupting the interaction of Nogo-A with its cognate receptor using neutralizing anti-Nogo-
A antibodies has been shown to significantly increase axonal sprouting and functional
recovery in animal models of spinal cord injury and stroke [29, 60-62]. However, interfering
with the interaction between Nogo-A and its receptor prior to stroke has been shown to
increase p38/MAPK, and decrease Akt and ERK 1/2 activity, leading to a decrease in
neuronal survival [63]. Although we cannot rule out the possibility that the inhibition of H-
R-induced apoptosis by Nogo-A knockdown occurs through the modulation of an interaction
between Nogo-A and its receptor(s), we suggest this is an unlikely explanation as we
observed no change in p38/MAPK, Akt, or ERK 1/2 activity in Ad-shN infected cells
following H-R (data not shown).
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The mitochondrial permeability transition pore (MPTP) is a large, non-selective channel
spanning the inner mitochondrial membrane that is a critical mediator of cell death. MPTP
opening is favored by high concentrations of intracellular calcium, P;, and ROS, all of which
are elevated as a consequence of H-R injury. H* diffusion through the open MPTP results in
the dissipation of AWy, leading to the loss of ATP production, the generation of ROS,
mitochondrial swelling and rupture, and the release of several pro-apoptotic factors [64, 65].
Knockdown of Nogo-A was shown to protect cardiomyocytes from H-R-induced apoptosis
by preventing an elevation in intracellular Ca2*, preserving A¥,, inhibiting ROS
accumulation, and inhibiting cytochrome c release. It has yet to be determined, however,
whether Nogo-A knockdown protects against H-R-induced apoptosis by affecting MPTP
pore formation or opening.

The observations that Ad-shN-infected NRVMs exhibited modest elevations of ROS
generation, cytochrome c release, and intracellular Ca2* at normoxia are consistent with the
idea that knockdown of Nogo-A may result in a sub-lethal, partial uncoupling of
mitochondrial respiration. Mitochondrial uncouplers are known to generate ROS, and raise
intracellular Ca%* [66, 67], and agents that partially uncouple mitochondrial respiration have
been shown to protect cardiomyocytes from ischemic/hypoxic injury [67-72]. Considering
that we have been unable to demonstrate Nogo-A expression in mitochondria by either
fractionation or immunocytochemistry (Suppl. Fig. 1), the potential mitochondrial
uncoupling associated with Nogo-A knockdown is likely to occur through indirect means.

The precise mechanism in which the knockdown of expression of a residential ER protein
preserves mitochondrial integrity following H-R remains to be determined. Of particular
future interest is the mechanism(s) by which Nogo-A knockdown improves Ca%* cycling
following H-R. In addition, subsarcolemmal and interfibrillar mitochondria differ in
structure, function, and the ability to mediate cardioprotection by ischemic pre-conditioning
[73, 74]. 1t will be important to determine which mitochondria population is responsible for
mediating the protective effects of Nogo-A knockdown or whether there are any differential
effects of Nogo-A knockdown on the two populations.

In summary, we show that knockdown of Nogo-A protects cardiomyocytes from apoptosis
by significantly inhibiting hypoxia/reoxygenation-induced mitochondrial membrane
permeabilization, indicated by the preservation of A¥y, , the inhibition of ROS
accumulation, and the inhibition of cytochrome c release. Although the significance of these
findings remains to be evaluated in vivo, we postulate that Nogo-A may serve as novel
therapeutic target in the treatment of I/R injury.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Nogo-A expression is increased in human DCM and ischemic hearts. Immunoblot analysis

of Nogo-A expression in left ventricular tissue from A) non-failing hearts and hearts with
DCM,; and B) non-failing hearts and hearts that had experienced an ischemic event.
Quantitative comparison of Nogo-A expression normalized to GAPDH between C) non-
failing (open bar) and DCM hearts (closed bar), and D) non-failing (open bar) and ischemic
hearts (closed bar). Data shown are the means £ SEM. *p < 0.01 (n=5); Student’s t test.
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Figure 2.
Nogo-A is expressed in neonatal and adult cardiomyocytes. A) Immunofluorescent detection

of Nogo-A (green) and Serca2a (red) showing co-localization in neonatal rat ventricular
myocytes (NRVM) and rabbit adult cardiomyocytes (ACM). Scale bar: 10uM. B)
Immunoblot comparing Nogo-A expression between NRVMs and neonatal rat ventricular
fibroblasts (NRVF) originating from the same hearts. C) Quantitative comparison of Nogo-
A expression normalized to GAPDH between NRVMs (open bar) and NRVFs (closed bar).
Data shown are the means £ SEM. *p < 0.01 (n=4); Student’s t test.
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Figure 3.

Nogo-A expression is increased in cardiomyocytes following H-R. A) Immunaoblot analysis
of Nogo-A expression in NRVMs subjected to either normoxia or H-R. B) Quantitative
comparison of Nogo-A expression normalized to GAPDH between NRVMs subjected to
normoxia (open bar) or H-R (closed bar). C) Immunoblot demonstrating knockdown of
Nogo-A expression following infection with Ad-shN compared to Ad-shScr in NRVMs
subjected to normoxia or hypoxia-reoxygenation (H-R). D) Quantitative comparison of
Nogo-A expression normalized to GAPDH between NRVMs infected with Ad-shScr (open
bars) or Ad-shN (closed bars) and subjected to normoxia or H-R. E) Immunoblot
demonstrating over-expression of Nogo-A following infection with Ad-Nogo-A compared
to Ad-Con in NRVMs subjected to normoxia or H-R. F) Quantitative comparison of Nogo-
A expression normalized to GAPDH between NRVMs infected with Ad-Con (open bars) or
Ad-Nogo-A (closed bars) and subjected to normoxia or H-R. Data shown are the means +
SEM. *p < 0.01 (n=5); One-way ANOVA with Tukey’s post hoc analysis.
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Figure 4.

Knockdown of Nogo-A protects cardiomyocytes from H-R induced DNA fragmentation.
NRVMs were infected with either shScr or shN adenovirus, and subjected to normoxia or H-
R. A) DNA fragmentation was analyzed using TUNEL staining. Shown are representative
images of nuclei stained with Hoechst 33342 and TUNEL reaction mixture. Scale bar:
10puM. B) Quantitative comparison of TUNEL positive cells between Ad-shScr or Ad-shN
infected NRVMs subjected to normoxia (open bars) or H-R (closed bars). Data shown are
the means £ SEM. *p < 0.01 (n=5); One-way ANOVA with Tukey’s post hoc analysis. C)
Internucleosomal DNA was isolated from NRVMs and analyzed by agarose gel
electrophoresis. Lane 1, 1 kb molecular weight markers. Lane 2, DNA from NRVMs
infected with shScr adenovirus and subjected to normoxia. Lane 3, DNA from NRVMs
infected with shN adenovirus and subjected to normoxia. Lane 4, DNA from NRVM
infected with shScr adenovirus and subjected to H-R. Lane 5, DNA from NRVMs infected
with shN adenovirus and subjected to H-R.
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Figure 5.

Knockdown of Nogo-A inhibited H-R-induced phosphatidylserine translocation and
caspase-3 cleavage without affecting ER stress. A) Representative immunofluorescent
images showing Alexa 488-conjugated Annexin V binding on Ad-shScr or Ad-shN infected
NRVMs subjected to normoxia or H-R. Scale bar: 10uM. B) Quantitative comparison of
Annexin-V-Alexa 488 fluorescence between Ad-shScr or Ad-shN infected NRVMs
subjected to normoxia (open bars) or H-R (closed bars). Data shown are the means = SEM.
*p <0.01 (n=5); One-way ANOVA with Tukey’s post hoc analysis. C) Immunoblot analysis
of Nogo-A, GRP 94, GRP 78, CHOP, cleaved caspase-3 (cl-csp 3), and GAPDH expression
in NRVM s infected with shScr or shN adenovirus and subjected to normoxia, 6 h ischemia
with 2h reoxygenation (61-2R), 16 h of hypoxia with 2 h reoxygenation (16H-2R) or 24 h
hypoxia with 2 h reoxygenation (24H-2R). Images shown are representative of > 3
independent experiments.
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Figure 6.

Knockdown of Nogo-A prevented H-R-induced reduction of A¥y,. A) Representative
confocal images of TMRE fluorescence prior to and following administration of FCCP in
NRVMs infected with shScr or shN adenovirus and subjected to normoxia or H-R. Scale
bar: 10uM. B) Time course of ATMRE fluorescence prior to and following administration of
FCCP for Ad-shScr infected NRVMs at normoxia (open circles), Ad-shScr infected NRVMs
following 24 h hypoxia (closed circles), Ad-shN infected NRVMs at normoxia (open
triangles) and Ad-shN infected NRVMs following 24 h hypoxia (closed triangles). Data are
the normalized fluorescence (F/F1) expressed as a percentage of Ad-shScr normoxic controls
prior to FCCP. Data shown are the means £ SEM. *p < 0.001 for 25 cells per field; One-
way ANOVA with Tukey’s post hoc analysis.
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Figure 7.

Knockdown of Nogo-A prevented H-R-induced ROS generation and release of cytochrome
c. A) Representative images of DCF fluorescence in NRVMs infected with shScr or shN
adenovirus and subjected to normoxia or H-R. Scale bar: 10uM. B) Quantitative comparison
of DCF fluorescence between NRVMs infected with Ad-shScr (open bars) or Ad-shN
(closed bars) and subjected to normoxia or H-R. Data shown are the means £ SEM. *p <
0.01; **p < 0.001 (n=5); One-way ANOVA with Tukey’s post hoc analysis. C) Immunoblot
analysis of cytosolic cytochrome ¢ expression in NRVMs infected with shScr or shN
adenovirus and subjected to normoxia or H-R.
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Figure 8.

Knockdown of Nogo-A prevented H-R-induced abnormal Ca2* cycling. Quantitative
comparison of Ca2* transient amplitudes A), time to peak B), diastolic calcium C), and
transient decay (tau) D) between NRVMs infected with Ad-shScr (open bars) or Ad-shN
(closed bars) and subjected to normoxia or H-R. Data shown are the means £ SEM. *p <
0.05; **p<0.001; One-way ANOVA with Tukey’s post hoc analysis. E) Representative
averaged calcium transients in NRVMs infected with shScr (solid line) or shN (dotted line)
following H-R.
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