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ABSTRACT OF THE DISSERTATION 

 

Discovery and Application of Stress Response Proteins as Therapies for Heart Disease 

 

 

by 

 

 

Shirin Doroudgar 

 

Doctor of Philosophy in Biology 

 

University of California, San Diego 2012 

San Diego State University 2012 

 

 

Professor Christopher C. Glembotski, Chair 

 

 

Heart disease is the number one killer in developed nations.  Heart failure, 

resulting from many different etiologies, is the inability of the heart to supply blood to the 

organism, and is eventually deadly.  Due to the limited self-renewal capacity of cardiac 

myocytes, repairing the damaged myocardium and improving cardiac function is a major 

challenge.  Additional novel, effective strategies to induce cardiac repair are essential to 
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stave off the pathologies that will result in heart failure.  Stimulating the induction of 

endogenous repair-promoting cardiac proteins may be one effective strategy for inducing 

cardiac repair.  Stress-induced proteins, such as the nodal ER stress response 

transcription factor ATF6, and the ATF6-inducible secreted proteins, such as HMGB1 

and MANF, as well ATF6-inducible, anti-hypertrophic proteins, such as synoviolin, are 

attractive therapeutic candidate proteins that are upregulated as a result of many cardiac 

pathologies.  Elucidating how such candidate proteins are upregulated, as well as 

determining their mechanisms of action will shed light on the endogenous repair 

machinery of the heart, which will contribute to the future development of novel 

therapeutics for cardiac repair and functional recovery.  Consequently, the research 

projects detailed in this dissertation were intended to further our understanding of the 

molecular basis of heart disease, while providing new insights into viable therapeutics for 

heart failure.   
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INTRODUCTION OF THE DISSERTATION 



2 

 

 

 

The eukaryotic cellular environment is chemically complex, with macromolecules 

occupying 20–40% of the cell volume 1. The most abundant macromolecules are 

proteins, the functions of which are critically dependent on their properly folded 

structures.  Although unfolded stretches in some proteins give rise to high-energy 

structural states that are necessary for the physiological functions of some proteins, 

most proteins must retain low-energy, folded states to attain their fully functional three 

dimensional conformations.  However, depending on the size and the primary sequence, 

the folding energy landscape for a polypeptide might include several non-native 

intermediate states, in addition to the state occupied by the folded, native conformation 1, 

2. Moreover, spontaneous errors during transcription and translation, as well as genetic 

mutations, toxic compounds and cellular stresses, such as ischemia, and alterations in 

calcium concentration and cellular redox status, can conspire to compromise folding 

efficiency, thus leading to the accumulation of potentially toxic, or proteotoxic misfolded 

proteins.  To prevent proteotoxicity, aberrantly folded proteins are either folded, or 

destroyed 3.  But if these two activities do not clear out the misfolded proteins, the 

resulting proteotoxicity can cause a host of diseases, such as cystic fibrosis, antitrypsin 

deficiency and protein aggregation diseases (such as Huntington’s, Parkinson’s, 

Alzheimer’s and cardiomyopathies).  In the heart, protein misfolding is now also known 

to be part of the sequelae of events that follow a heart attack (myocardial infarction). 

It has long been thought that approximately one-third of all proteins in eukaryotes 

are targeted to what is called the classical secretory pathway, and the first compartment 

encountered by this diverse group of proteins is the endoplasmic reticulum (ER) 4, 5.  

However, recent evidence has shown that in addition to secreted and membrane 

proteins, proteins bound for many other cellular locations, including the nucleus, 
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mitochondria and cytoplasm, are also made on ER-bound ribosomes, thus emphasizing 

the importance of the ER in protein synthesis and folding in eukaryotes 6.  There are 

many proteins associated with, or within the ER that assist in protein folding, including 

chaperones, oxidoreductases, and enzymes responsible for numerous co- and post-

translational modifications, such as gylcosylation, sulfation and proteolysis. Proteins 

targeted to the ER are mainly destined for release from the cell (secretion), translocation 

to membranes, or retention within the pathway.  To ensure that proteins synthesized in 

this pathway meet the needs of the cell, they are subject to a sophisticated quality 

control system associated with the ER 7, 8. The primary mediators of ER quality control 

are molecular chaperones that not only help polypeptides in the ER to fold, but also 

evaluate the conformations of proteins to determine if they are properly folded.  If a 

polypeptide has attained its native conformation, it might be targeted to its final 

destination. If folding is delayed or an illegitimate conformation arises, the substrate is 

either subjected to additional folding cycles, or it is selected for a process termed ER-

associated degradation (ERAD) 9. If, however, the concentration of these potentially 

toxic protein species increases, compensatory pathways, such as the ER stress 

response (ERSR) are induced. 

Chapter 1:  The ERSR is typified by upregulation of the ER quality control 

machinery in response to potentially proteotoxic stress caused by the perturbation of the 

folding of nascent proteins in the ER.  Accordingly, the ERSR features the transcriptional 

induction of numerous genes encoding proteins that increase ER protein folding 

capacity.  Although activation of the ERSR program can provide some protection from 

ischemic damage, little is known about the mechanisms of ischemia-activated ER stress 

in cardiac myocytes.  Accordingly, one of the objectives of this dissertation is to 
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determine the mechanisms by which potentially protective ERSR genes are activated by 

ischemia in cardiac myocytes.  The ER transmembrane protein, activating transcription 

factor 6 (ATF6), a primary sensor of misfolded proteins, is cleaved during ER stress and 

translocates to the nucleus, serving as a potent transcription factor that induces 

numerous ER-targeted proteins, such as glucose-regulated protein 78 (GRP78), that 

enhance ER protein folding.  A series of experiments presented in the first chapter of this 

dissertation illustrate that ATF6 is activated during ischemia in cardiac myocytes, and 

provides protection from cell death.  The ischemia-mediated activation of ATF6 had 

never been shown in any cell type previously.   

Chapter 2:  While a decrease in the folding capacity of the cell initiates local 

‘alarms’—molecular pathways such as the ERSR, the mitochondrial and the cytosolic 

unfolded protein responses—all aimed at alleviating the proteotoxic stress, which 

depending on the severity and duration can potentially be deadly for the cell, cells can 

adapt to chronic levels of proteotoxic stress by long-term increases in the basal activity 

of certain aspects of the stress response 10.  The ER of endocrine cells is thought to be 

highly developed with a large capacity for protein folding; for example, recent findings 

show that ATF6α may have a role in maintaining β-cell survival in physiologic conditions 

11.  However, conditions including exposure to high glucose, or low oxygen, as well as 

experimental conditions caused by chemical stresses that induce protein misfolding, 

result in severe proteotoxicity 3.  The health of the cell is critically dependent upon 

normal protein synthesis, folding, secretion, and degradation, sometimes called protein 

homeostasis, or proteostasis, which can be perturbed under stressful conditions.  Thus, 

proteostasis is a key determinant of essentially all intracellular functions.  Since cell-cell 

communication is also dependent on proteins released from cells, proteostasis is also 
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critical for proper intercellular communication, and, therefore, normal tissue and organ 

function.  Accordingly, the levels and identities of secreted proteins in the heart, which 

are known as cardiokines, involved in autocrine, paracrine, and endocrine signaling are 

a function of cellular proteostasis.  Although it is logical that the amounts of secreted 

proteins decrease with stresses that affect the cellular proteome, the identity of proteins 

secreted during such stresses are not known.  Cardiokines can be synthesized in ER-

dependent (classical), or ER-independent (non-classical) pathways.  In the second 

chapter of this dissertation, these two secretion pathways are discussed and the 

identities of the ‘alarmins’, or cardiokines released during stress, are learned through 

sequencing of proteins secreted when neonatal rat cardiac myocytes are subjected to 

chemical stressors that induce protein misfolding.   

 Chapter 3:  The recent realization that, in addition to secreted and membrane 

proteins, proteins bound for many other cellular locations are also made on ER-bound 

ribosomes 6, has led to an appreciation for the ER as essential for proteostasis, which 

governs the balance of the proteome.  Thus, the magnitude of protein synthesis that 

takes place at the ER emphasizes the importance of protein quality and quantity control 

in this organelle.  Unlike cytosolic E3 ubiquitin ligases studied in the heart, 

synoviolin/Hrd1, which has not been studied in the heart, is an ER transmembrane E3 

ubiquitin ligase, which we found to be upregulated upon protein misfolding in cardiac 

myocytes.  Given the strategic location of synoviolin in the ER membrane, in the third 

chapter of this dissertation, we addressed the hypothesis that synoviolin is critical for 

regulating the balance of the proteome, and in so doing, it may be a central regulator of 

myocyte size, as well as cardiokine secretion.   
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CHAPTER I: 

Ischemia Activates the ATF6 Branch of the Endoplasmic Reticulum (ER) Stress 

Response
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Abstract 

Stresses that perturb the folding of nascent endoplasmic reticulum (ER) proteins 

activate the ER stress response. Upon ER stress, ER-associated ATF6 is cleaved; the 

resulting active cytosolic fragment of ATF6 translocates to the nucleus, binds to ER 

stress response elements (ERSEs), and induces genes, including the ER-targeted 

chaperone, GRP78. Recent studies showed that nutrient and oxygen starvation during 

tissue ischemia induce certain ER stress response genes, including GRP78; however, 

the role of ATF6 in mediating this induction has not been examined. In the current study, 

simulating ischemia (sI) in a primary cardiac myocyte model system caused a reduction 

in the level of ER-associated ATF6 with a coordinate increase of ATF6 in nuclear 

fractions. An ERSE in the GRP78 gene not previously shown to be required for induction 

by other ER stresses was found to bind ATF6 and to be critical for maximal ischemia-

mediated GRP78 promoter induction. Activation of ATF6 and the GRP78 promoter, as 

well as grp78 mRNA accumulation during sI, were reversed upon simulated reperfusion 

(sI/R). Moreover, dominant-negative ATF6, or ATF6-targeted miRNA blocked sI-

mediated grp78 induction, and the latter increased cardiac myocyte death upon 

simulated reperfusion, demonstrating critical roles for endogenous ATF6 in ischemia-

mediated ER stress activation and cell survival. This is the first study to show that ATF6 

is activated by ischemia but inactivated upon reperfusion, suggesting that it may play a 

role in the induction of ER stress response genes during ischemia that could have a 

preconditioning effect on cell survival during reperfusion. 
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Introduction 

  Stresses that alter the ER environment by impairing nascent ER protein 

glycosylation, disulfide bond formation, or calcium levels interfere with protein folding in 

this organelle, activating the ER stress response (1-5).  Three ER-transmembrane 

signaling proteins serve as major proximal sensors of the ER stress response:  Inositol-

requiring protein-1 (IRE-1), protein kinase RNA-like ER kinase (PERK), and activating 

transcription factor 6 (ATF6) (6,7).  When activated, these sensors initially lead to 

increased expression of ER-targeted chaperones, calcium-binding proteins, and disulfide 

isomerases, as well as many proteins targeted to other cellular locations, which 

collaborate to enhance nascent ER protein folding capacity (8).  ER stress also activates 

a transient translational repression of most transcripts that are not encoded by ER stress 

response genes; this repression is thought to conserve energy and reduce demands on 

the ER protein folding machinery (9).  Additionally, ER stress augments the ER-

associated protein degradation (ERAD) system, leading to proteasome-mediated 

degradation of terminally mis-folded ER proteins, which helps relieve ER stress (10).  

Furthermore, under some conditions, ER stress activates autophagy (11,12), a catabolic 

program that can promote cell survival (13).   If activation of these survival-oriented 

pathways is insufficient to resolve the stress, continued ER stress can lead to apoptotic 

or necrotic cell death (14-18).  Thus, depending on its strength and duration, ER stress 

can be survival- or death-oriented.  Compromises in blood supply, which are a common 

result of atherosclerosis, lead to combined stresses of hypoglycemia and hypoxia in 

numerous tissues, creating a potentially damaging ischemic condition.  While tissue 

damage occurs during ischemia, the generation of reactive oxygen and nitrogen species 

upon re-establishment of blood flow, i.e. reperfusion, is potentially even more damaging.  
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Since nascent protein disulfide bond formation in the ER requires oxygen (19), it is 

possible that ER stress is activated during ischemia, and that its effects might be exerted 

during ischemia and/or reperfusion.  Consistent with this hypothesis are recent studies 

showing that simulating ischemia induces certain aspects of ER stress in several cell 

and tissue types (5).  For example, simulated ischemia in cultured rat cardiac myocytes 

induced numerous ER stress response genes, including GRP78, an ER-resident 

chaperone that is known to be cardioprotective (20-23).  The ER stress response was 

also activated during ischemia in an ex vivo mouse heart model of ischemia/reperfusion 

(24) and in an in vivo mouse model of myocardial infarction (20,25).  Additionally, studies 

using a novel transgenic mouse model have shown that ATF6 activation before ischemia 

has a pre-conditioning effect and protects the heart from ischemia/reperfusion damage 

(24).  This finding suggests that the ATF6 branch of the ER stress response may have 

protective effects during ischemia and/or reperfusion; however no studies to date have 

addressed whether ischemia activates ATF6 and if so, whether ATF6 is required for 

subsequent ER stress response gene induction.   

 ATF6 is a 670-amino acid ER trans-membrane protein that is cleaved during ER 

stress.  The resulting N-terminal fragment of ATF6 translocates to the nucleus where it 

binds to several types of regulatory sequences in target genes, such as ER stress 

elements (ERSEs), and activates ER stress response gene transcription (7,10,14,26-

37).  A microarray study in the mouse heart showed that upon activation, ATF6 induced 

nearly 400 genes (38), supporting the hypothesis that ATF6 is a central regulator of 

numerous ER stress response genes, many of which may serve protective roles.  The 

current study was undertaken to examine roles for ATF6 in ischemia-mediated ER stress 
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gene induction of a prototypical ER stress response gene, GRP78, in a cultured cardiac 

myocyte model system of simulated ischemia/reperfusion. 
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Methods 

Cell Culture 

 Primary neonatal rat ventricular myocyte cultures were prepared and maintained as 

previously described (20).  Cultures were subjected to conditions that simulate ischemia 

(sI), or simulate ischemia followed by reperfusion (sI/R), essentially as previously 

described (39).  Briefly, for sI, the medium was replaced with glucose-free DMEM/F12 

containing 2% dialyzed fetal bovine serum and cultures were placed in a gas-tight 

chamber outfitted with a BioSpherix PROOX Model 110 controller, which was used to 

set the [O2] to 0.1%.  For sI/R, following sI, the medium was replaced with glucose-

containing DMEM/F-12 supplemented with 2% fetal bovine serum albumin and cultures 

were placed in an incubator at approximately 20-21% O2.  

Transfection and Reporter Assays 

 Constructs comprised of nucleotides –284 to +221, or -284 to +7 of the human 

GRP78 promoter, or -800 to +105 of the human GRP94 promoter driving luciferase, 

were prepared using standard PCR and cloning approaches.  Cultured cardiac myocytes 

were co-transfected with one of these reporter constructs, or with pGL2p (control-

luciferase), along with plasmids encoding SV40-β-galactosidase (pCH110, Amersham), 

as described previously (20).  Cultures were then plated, and after various treatments, 

cell extracts were assayed for β-galactosidase and luciferase activities, as previously 

described (20). 

Adenovirus Preparation and Infection 

 The preparation of a recombinant adenovirus expressing a dominant-negative form 

of ATF6, AdV-dnATF6, was created using the AdEasy system, as previously described 
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(20).  AdV encoding rat ATF6-targeted miRNA was also generated using the AdEasy 

system.   

Immunoblotting 

 Immunoblotting for ATF6β was carried out as previously described (40).  For HIF-1α, 

12 µg of cultured cell lysates were fractionated on 12% Bis-Tris CriterionTM precast gels 

from Bio-Rad Laboratories, Inc., (cat. 345-0117).  Gels were then transferred to PVDF 

membranes which were blotted with mouse monoclonal HIF-1α antibody raised against 

amino acids 432-628 of human HIF-1α from Novus Biologicals (cat. NB100-105) used at 

a dilution of 1:100. 

Small Interfering RNAs 

 Cultured cardiac myocytes plated at a density of 8 X 106 cells per 60 mm plate (no 

coating) were transfected with siRNA oligoribonucleotides targeted against rat ATF6α 

(Invitrogen, Carlsbad CA catalog #130003), or a validated Stealth™ RNAi negative 

control (Invitrogen, catalog #12935300).  Each well was incubated for 5h with 10 pmoles 

of each Stealth siRNA using TransMessenger™ Transfection Reagent (Qiagen, 

Valencia, CA), as previously described (38).  The cells were then washed off the plates 

and re-plated at a density of 0.7 X 106 cells per well on fibronectin-coated 6-well plates.  

Transfected cultures were then maintained for 24h in DMEM/F-12 with 10% fetal calf 

serum, followed by 24h in DMEM/F-12 with 2% fetal calf serum, after which they were 

subjected to various treatments.   

MicroRNAs 

 Recombinant adenovirus encoding either miRNA targeted to ATF6α, (miATF6) or a 

negative control (miCon) were created using the Gateway System from Invitrogen.  The 

hairpin sequences to ATF6α (gttgtttgctgagcttggcta; catggactgactccaaagaaa) were 
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generated using Invitrogen’s online miRNA designer and ATF6α cDNA (GenBank 

Accession XM_001076843).  The negative control sequence (gtctccacgcgcattacattt) was 

provided by Invitrogen and is not targeted toward any known gene.  These 

oligonucleotides were expressed in pcDNA 6.2GW/EmGFP-miR using the Block-It Pol II 

miR expression kit from Invitrogen (Cat #K4936-00). The clones were first recombined 

into the Gateway pDONR vector, pDONR/Zeo (Cat# 12535-035) and then into the final 

adenoviral construct pAd/CMV/V5Dest (Cat# K4930-00). 

Real-time Quantitative PCR 

 Real time quantitative-PCR was performed as previously described (24).  

Primers are as follows:  

 

grp78:  

(+) CCACCTCAGTCTCCCAGCTAA 

(-) GCCGAGCATGGTGGTAACA 

  

pgk:  

(+) TTGGACAAGCTGGACGTGAA 

(-) CAGCAGCCTTGATCCTTTGGT 

 

atf6α: 

(+) TGCAGGTGTATTACGCTTCGC 

(-) GCAGGTGATCCCTTCGAAATG 
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 Electrophoretic Mobility Shift Assays (EMSAs) 

 EMSAs were carried out essentially as previously described (23).  Briefly, double-

stranded synthetic oligonucleotides designed to mimic the human GRP78 ERSE 2 and a 

mutant form of this ERSE (see below) were used as 32P-labeled probes or unlabeled 

competitors, as described in the figure legends.  ERSE nucleotides are underlined. 

ccgggGTGGCCTGGGCCAATGAACGGCCTCCAACGAGCAGGGCCc (ERSE 2) 

ccgggGTGGCCTGGGCtcgaGAACGGCCTaacacGAGCAGGGCCc (ERSE 2 mutant) 

 Nuclear extracts, which provide the source of other proteins (e.g. NF-Y, YY1, and 

TFII-I) needed for ATF6 binding to ERSEs, were prepared as previously described (23).  

Binding reactions were carried out in 20 mM HEPES (pH 7.9), 10% glycerol, 1 mM 

MgCl2, 1 mM 2-mercaptoethanol, 0.1% Tween 20, 0.2 µg of poly(dI-dC), 6 µg of cultured 

cardiac myocyte nuclear extract, 2 µl of in vitro translated ATF6α-(1-373), prepared as 

previously described (23), and 10,000 cpm of 32P-labeled probe.  Reactions were 

incubated at room temperature for 20 min, and then fractionated on a 5% polyacrylamide 

gel at 200 V for 150 min in 0.5x TBE buffer (45 mM Tris borate, 1 mM EDTA).  For 

supershift EMSAs, 1 µl of anti-ATF6α (Santa Cruz Biotechnology, sc-22799), or 1 µl of 

non-immune mouse antisera were added 15-min prior to probe addition.  For 

oligonucleotide specificity assessment, 10-fold or 50-fold excess of unlabeled double-

stranded oligonucleotide was added 15 min prior to addition of probe. 

Cell Death Assay 

 Cultured cardiac myocytes were plated at 0.5 X 106 cells per 60 mm fibronectin-

coated culture dish and subjected to simulated ischemia and reperfusion, as previously 

described.  Cells were then assessed for death by morphologic observation using 

epifluorescence microscopy and staining with 1.5 mM propidium iodide (PI), which is not 
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taken up by living cells.  The total number of cells was measured using Hoeschst 33358 

(5μg/ml), which stains the nucleus of all cells.  Between 100 and 200 cells per culture 

were scored from 3-5 random fields; n = 3 cultures per treatment.  Experiments were 

repeated 3 times and the compiled data are shown. 

ERSE Mutations 

 Using PCR-based mutagenesis (Quikchange Site-Directed Mutagenesis Kit, 

Stratagene Catalog # 200518), ERSE 1, ERSE 2, and ERSE 3 in the region from -284 to 

+221 of human GRP78 gene in the luciferase reporter construct were changed to 

GATCT(N)9AACAT, CTCGA(N)9AACAC, GAGCT(N)9AACGC, respectively, using the 

following forward PCR primers and complementary reverse primers: 

ERSE  1:  

GAGCAGGGCCTTCAgatcTCGGCGGCCTaacatACGGGGCTGGGGGAG 

ERSE 2:  

GGTGGCCTGGGCtcgaGAACGGCCTaacacGAGCAGGGCCTTC 

ERSE 3:  

CGGAGGGGGCCGCTTgagcTCGGCGGCGGaacgcTTGGTGGCCTGGG 

 The ERSEs are underlined and the sites that were mutated and the nucleotides to 

which they were changed are depicted in lowercase. 

Replicates and Statistical Analysis 

 Unless otherwise stated in the legends, each treatment was performed on three 

identical cultures.  Statistical analyses were performed using a one-way ANOVA 

followed by Student’s Newman-Keul’s post-hoc analysis of variance.  *, #, §, &,  = p < 

0.05 different from control and all other values, unless otherwise stated in the legends. 
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Results 

Effects of Simulated Ischemia/reperfusion on Induction of GRP78 

 To determine the effects of ischemia on grp78 induction, cultured rat cardiac 

myocytes were subjected to conditions that simulate ischemia (sI), i.e. glucose and 

oxygen deprivation [no glucose; 0.1% O2], as previously described (20,38,41).  Upon sI, 

rat grp78 mRNA progressively increased with time, attaining a maximum after 20h of sI 

(Fig. 1.1A, black bars).   

 Under certain conditions, oxygen deprivation can activate HIF-1α; accordingly, the 

effect of sI on expression of a well-known HIF-1α-inducible gene, phosphoglycerate 

kinase (pgk) (42), was examined.  In contrast to grp78, rat pgk mRNA did not change 

during any of the sI times (Fig. 1.1A, white bars), suggesting that HIF-1α was not 

activated under these conditions.  When HIF-1α activation was examined by 

immunoblotting, there was no evidence of HIF-1α accumulation when cultured cells were 

subjected to 8 or 20h of sI (Fig. 1.1B).  This absence of  HIF-1α activation is consistent 

with previous studies showing that HIF-1α activation is maximal at 0.5% oxygen, but 

decreases to nearly basal levels at lower oxygen concentrations (43), including 0.1% 

oxygen, which was used in the current study.  It was of interest that the intensities of two 

HIF-1α cross-reactive bands, migrating at 60 and at about 75 kDa, increased after 20h of 

sI (Fig. 1.1B).  Previous studies have shown that these bands are HIF-1α variants that 

are endogenous inhibitors of HIF-1α-mediated gene induction (44,45).  Taken together, 

the results shown in Figures 1.1A and B suggest that sI induced grp78 in a HIF-1α-

independent manner, consistent with the possibility that grp78 induction may be 

mediated in part by ER stress.   
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 The effects of simulated reperfusion on rat grp78 gene induction in cultured cardiac 

myocytes were also examined.  In contrast to sI alone, when cells were subjected to 20h 

of sI followed by various times of simulated reperfusion (sI/R) there was a steady decline 

of rat grp78 mRNA, which began as soon as 2h of reperfusion and returned to basal 

levels after 12h (Fig. 1.1C). The effects of sI and sI/R on rat Grp78 protein were 

examined by immunoblotting.  In cells subjected to sI, Grp78 increased to 14-fold of 

control, which decreased to about 5-fold of control upon sI/R (Fig. 1.1D). 

 To examine whether transcriptional activation was responsible for ischemia-mediated 

increases in rat grp78 mRNA, we determined the effects of sI and sI/R on expression of 

a human GRP78-promoter-driven reporter, which serves as an indirect measure of 

GRP78 transcription.  Previous studies showed that reporter constructs comprised of 

nucleotides -304 to +7 of the human GRP78 gene contain 3 ERSEs, with the promoter-

proximal ERSE, ERSE 1, being necessary for reporter induction by tunicamycin (TM) in 

HeLa cells (27).  In the present study, sI activated reporter expression from GRP78(+7)- 

Luc1 to about 2-fold of control; this activation declined to basal levels upon sI/R (Fig. 2A, 

bars 1, 3 and 5). This activation was relatively low compared to that observed with TM 

(approx. 10-fold; not shown), perhaps, in part, because during sI, hypoxia drives cellular 

ATP to very low levels, decreasing protein synthesis, thereby decreasing reporter 

expression.  Accordingly, we redesigned the reporter construct to optimize luciferase 

expression under such conditions.  GRP78(+7)-Luc does not contain the internal 

ribosomal entry site (IRES), which has been shown to be required for the GRP78 mRNA 

                                            

1
 GRP78(+7)-Luc is comprised of nucleotides -284 to +7 of the human GRP78 promoter driving 

luciferase. 
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Figure 1.1 - Effect of sI/R on grp78 mRNA and protein, pgk mRNA and HIF-1α 
protein.  
  
Panel A:  Cultured cardiac myocytes were subjected to simulated ischemia (sI) for the 
times shown.  The levels of rat grp78, pgk and gapd mRNA were assessed by RT-
qPCR.  Shown are the mean values of grp78 or pgk/gapdh mRNA expressed as the fold 
of control (control = 0h sI/0h sR) + SE.  *, #, § p < 0.05 different from control and all 
other values. 
Panel B:  Cultured cardiac myocytes were treated + sI for 8 or 20h, then extracts were 
examined for rat HIF-1α and GAPDH by immunoblotting.  The migration positions of 112, 
60 and 37 kDa molecular weight markers are shown, as is the approximate expected 
migration position for full-length HIF-1α (n = 3 cultures/treatment). 
Panel C:  Cultured cardiac myocytes were subjected to 20h of sI followed by reperfusion 
(sI/R) for the times shown. The levels of rat grp78 and gapdh mRNA were assessed by 
RT-qPCR.  Shown are the mean values of grp78/gapdh mRNA expressed as the fold of 
control (control = 0h sI/0h sR) + SE.  *, #, § p < 0.05 different from control and all other 
values.  
Panel D:  Cultured cardiac myocytes were subjected to sI or sI/R for the times shown.  
The levels of rat GRP78 and GAPDH were determined by immunoblotting (n = 3 
cultures/treatment).  The GRP78 levels were normalized to GAPDH and are shown as 
fold of control + SE.  
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 to escape ER stress-mediated translational repression (46).  Therefore, we generated a 

construct that encoded the entire 221 nucleotide 5’-UTR of the human GRP78 mRNA, 

GRP78(+221)-Luc2; the IRES is located between +7 and +221 (47).  Using this reporter, 

sI increased luciferase expression to about 5-fold of control (Fig. 2A, bars 2 and 4).  As 

was observed with GRP78(+7)-Luc, promoter activation from GRP78(+221)-Luc 

decreased upon sR (Fig. 1.2A, bar 6).  Thus, compared to GRP78 (+7)-Luc, 

GRP78(+221)-Luc exhibited a greater range of induction by sI; therefore, it was used for 

the remainder of the experiments in this study that required the GRP78 promoter.   

 Tissue ischemia results from a combination of nutrient and oxygen deprivation.  To 

dissect the mechanism of ER stress response gene activation by simulated ischemia, 

the effects of starving cells of glucose and/or oxygen on GRP78 (+221)-Luc activity were 

examined.  GRP78 promoter activation in cells subjected to 20h of glucose deprivation 

was 1.5-fold of control, while promoter activity actually decreased in cells subjected to 

only oxygen deprivation (Fig. 1.2B, Bars 1, 3 and 5).  However, GRP78 promoter 

activation in cells subjected to 20h of glucose and oxygen deprivation was 4-fold of 

control (Fig. 1.2B, Bar 7).  To examine whether other ER stress response genes exhibit 

this pattern, we tested the effects of glucose and/or oxygen deprivation on GRP94-Luc 

activity.  The results using the GRP94 promoter were very similar to those obtained with 

the GRP78 promoter (Fig. 1.2B, Bars 2, 4, 6 and 8).  Thus, deprivation of both glucose 

and oxygen, which most accurately mimics tissue ischemia, was required to obtain 

maximal induction of these two prototypical ER stress response gene promoters. 

                                            

2
 GRP78(+221)-Luc is comprised of nucleotides -284 to +221 of the human GRP78 promoter 

driving luciferase. 
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Figure 1.2 – Effect of oxygen and/or glucose deprivation on GRP78- and GRP94-
Luciferase.   
 
Panel A:  Cultured cardiac myocytes were transfected with human GRP78(-284 to +7)-
Luc [GRP78(+7)] or human GRP78(-284 to +221)-Luc [GRP78(+221)], and a β-
galactosidase reporter, then subjected to sI or sI/R for the times shown, followed by 
extraction and reporter enzyme assays. *, p < 0.05 different from control and all other 
values. 
Panel B:  Cultured cardiac myocytes were transfected with GRP78(+221) or GRP94(-
800 to +105)-Luc [GRP94(+105)], subjected to oxygen and/or glucose deprivation for 
20h, followed by extraction and reporter enzyme assays.  Shown are the mean relative 
luciferase values (luciferase/β-galactosidase), expressed as the % of max for 
GRP78(+221) + SE.  *, &, # p < 0.01 different from all other values for GRP78(+221); § p 
< 0.05 different from all other values for GRP94(+105). *, #, §, & p < 0.05 different from 
control and all other values. 
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 To compare the kinetics of GRP78 mRNA induction with promoter activation during 

sI, cardiac myocytes were transfected with GRP78(+221)-Luc, then subjected to sI or 

sI/R for various times.  While GRP78 promoter activity was slightly increased as early as 

12h of sI, maximal activation was observed after 16h of sI and remained at this level 

through 24h, the longest sI time examined (Fig 1.3A).  When cells were subjected to sI 

for a single time, 20h, and then subjected to simulated reperfusion for various times, 

there was a progressive decline in reporter activity, reaching basal values by 24h of sR 

(Fig. 1.3B).  The relative kinetics of human GRP78 promoter activation and rat grp78 

mRNA accumulation upon sI, as well as the reduction of both upon sI/R, support the 

hypothesis that at least in part, sI-mediated grp78 induction is due to increased 

transcription during sI, which is reduced to basal levels upon sI/R.   

Effect of Dominant Negative ATF6 on sI-mediated GRP78 Promoter Activation  

 To examine roles for ATF6 in sI-mediated GRP78 induction, GRP78(+221)-Luc-

transfected, cultures were infected with adenovirus encoding a dominant-negative form 

of ATF6, dnATF6 3.  While sI-mediated GRP78 promoter activation in cultures infected 

with a control adenovirus was 10-fold of control, promoter activation was completely 

blocked in cells expressing dnATF6 (Fig. 1.4A).  This result suggests that under these 

conditions, endogenous ATF6 is required for sI-mediated GRP78 promoter activation.  

Accordingly, we investigated the roles of ATF6 binding sites in the GRP78 gene in sI-

mediated induction 

  

                                            

3
 Dominant negative ATF6 is comprised of a DNA-binding domain, but lacking a transcriptional 

activation domain. 



23 

 

    

Figure 1.3 - Effect of sI/R on GRP78-Luciferase. 
 
Panel A:  Cultured cardiac myocytes were transfected with GRP78(+221)-Luc and a β-
galactosidase reporter, then subjected to various sI, followed by extraction and reporter 
enzyme assays.  
Panel B:  Cardiac myocytes transfected as described in Panel A were subjected to 20h 
of sI followed by various times of simulated reperfusion (sI/R), followed by extraction and 
reporter enzyme assays.  
Shown are the mean relative luciferase values (luciferase/β-galactosidase), expressed 
as the fold of control (no sI; no sR) + SE.  * p < 0.05 different from control and all other 
values. 
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Effect of ERSE Mutations on sI-mediated GRP78 Promoter Activation 

 In order to transcriptionally induce ER stress response genes, activated ATF6 can 

bind to ATF6 binding sites (29), or to ERSEs comprised of the 19-nucleotide motif 

CCAAT-N9-CCACG, in the regulatory regions of genes (28,29,48-50).  The human 

GRP78 promoter contains three ERSEs; the promoter proximal ERSE, ERSE 1, is the 

only consensus ERSE, and it was shown in HeLa cells to be responsible for nearly all of 

the promoter activation observed in response to TM (27).  To examine whether ERSE 1 

is involved in sI-mediated GRP78 promoter activation, it was mutated in the context of 

GRP78(+221)-Luc (Fig. 1.4B), generating construct 2 (Fig. 1.4C).  In contrast to 

previous findings with TM, mutating ERSE1 minimally affected sI-mediated promoter 

activation (Fig. 1.4D; constructs 1 vs 2).  Accordingly, the other ERSEs were mutated  

(Fig. 1.4C); mutating ERSEs 2 or 3 decreased sI-mediated promoter activation by 40 

and 28%, respectively (Fig. 1.4D; constructs 1 vs 3 or 4), suggesting that in this 

context, none of the three previously identified ERSEs accounted for all of the promoter 

induction by sI.  Therefore, combinatorial mutations of the ERSEs were prepared (Fig. 

1.4C, constructs 5-8).  Mutating ERSEs 1 and 2, or 2 and 3 conferred the greatest 

reduction in sI-mediated promoter activation, amounting to a nearly complete blockade 

of sI-mediated promoter activation (Fig. 1.4D; constructs 5 and 7).  Therefore, in 

contrast to previous results with TM in HeLa cells, ERSE 2 appeared to play a dominant 

role in sI-mediated GRP78(+221)-Luc induction, however, it required that either ERSE 1 

or ERSE 3 remain intact for maximal promoter activation. 
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Figure 1.4 - Effect of dominant negative ATF6 and ERSE mutations on sI-activated 
GRP78-Luc.   

Panel A: Cultured cardiac myocytes were transfected with GRP78(+221)-Luc and a β-
galactosidase reporter, and later infected with AdV-Con or AdV-DN-ATF6.  After 24h, 
they were subjected to 20h of sI, followed by extraction and reporter enzyme assays.  
Shown are the mean relative luciferase values (luciferase/β-galactosidase), expressed 
as the fold of control (no sI) + SE.  * p < 0.05 different from control and all other values. 
Panel B:  ERSEs 1, 2 and 3 are shown; the CCAAT-like motifs required for NF-Y and 
ATF6 binding are designated in bold.  The mutations in the CCAAT-like motif and NFY-
binding sites are shown in lower case under each ERSE.  These mutations replicated 
those previously studied in the human GRP78 promoter (32). 
Panel C:  Shown are the eight constructs used in this study.  Construct 1 is the plasmid 
encoding GRP78 promoter from -284 to +221 containing three ERSEs.  Constructs 2-8 
contain mutations that disrupt the ERSEs, as shown.    
Panel D:  Cultured cardiac myocytes were co-transfected with either an empty vector 
control, or with one of the eight constructs and β-galactosidase, and 48h later, subjected 
to 20h of sI, extracted, then analyzed for reporter activities. Shown are the mean relative 
luciferase values (luciferase/β-galactosidase), expressed as the fold of control (no sI) + 
SE. *, #, §, , & p < 0.05 different from control and all other values. 
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ATF6 Binding to GRP78 ERSE 2 

 Since ERSE 2 played a dominant role in sI-mediated promoter activation, 

electromobility shift assays (EMSAs) were carried out to examine whether ATF6 could 

bind to a labeled oligonucleotide that mimicked ERSE 2 in the human GRP78 gene.  It 

has previously been shown that ATF6 binding to ERSEs requires the presence of three 

additional nuclear proteins, NF-Y A, B and C (51).  Accordingly, nuclear extracts of 

untreated cardiac myocytes were used as a source of NF-Y A, B and C, as previously 

described (23).  Incubation of nuclear extract with a labeled GRP78 ERSE 2 

oligonucleotide resulted in the formation of a single complex, Complex 1 (Fig. 1.5A, lane 

1), which has been shown to be due to the binding of NF-Y A, B, and C to the  

ERSE in the absence of ATF6 (51).  The addition of recombinant ATF6 resulted in the 

formation of an additional, larger complex, Complex 2 (Fig. 1.5A, lane 2), which is due 

to ATF6 and NF-Y binding to the ERSE 2 oligonucleotide.  To verify the presence of 

ATF6 in Complex 2, supershift EMSA experiments were carried out.  While the addition 

of pre-immune antiserum to the reaction did not alter Complex 2 formation (Fig. 1.5A, 

lanes 3 & 4), addition of an ATF6-specific antiserum shifted the mobility of Complex 2 to 

a higher molecular weight (Fig. 1.5A, lane 6), but had no effect on Complex 1 (Fig. 1.5A 

lane 5), thus confirming the presence of ATF6 only in Complex 2.  Competition studies 

showed that while addition of excess unlabeled native ERSE 2 to the binding reaction 

disrupted the formation of Complexes 1 and 2 in a concentration-dependent manner 

(Fig. 1.5B, lanes 1-4), addition of an unlabeled mutated form of ERSE 2, which does not 

bind NF-Y or ATF6, had no significant effect on complex formation (Fig. 1.5B, lanes 5-

7).  These results demonstrate that ERSE 2, which is not a consensus ERSE, is capable 
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of binding ATF6 and could therefore be responsible for GRP78 transcriptional induction 

during sI. 

Activation of ATF6 by Simulated Ischemia 

 The results to this point were consistent with a role for ATF6 in ischemia-mediated 

GRP78 transcriptional induction.  Accordingly, subcellular fractionation and 

immunoblotting were used to examine the effects of sI and sI/R on ATF6 processing and 

translocation in cultured cardiac myocytes.  There are two forms of ATF6; ATF6α and 

ATF6β are both cleaved during ER stress, and the N-terminal fragments translocate to 

the nucleus where they bind to ERSEs and influence ER stress response gene 

expression (28,30,52,53).  However, upon activation, ATF6α is extremely labile, making 

it difficult to detect after cleavage and translocation, while ATF6β is much more stable 

(23,40).  We initially attempted to examine the levels of ATF6α in cultured cardiac 

myocytes subjected to sI and sI/R, but were unable to consistently detect the cleaved, 

nuclear form, due to its rapid degradation.  Accordingly, the effect of ischemia on ATF6 

activation was examined by immunoblotting for ATF6β in ER and nuclear fractions from 

cultured cardiac myocytes subjected to sI or sI/R.  Full length ATF6β decreased in the 

ER fraction upon sI (Fig. 1.5C; lanes 1 & 2 [control] vs lanes 3 & 4 [sI]) by 

approximately 60% (Fig. 1.5E, bars 1 and 3), while cleaved active ATF6β in nuclear 

fractions increased (Fig. 1.5D; lanes 1 & 2 [control], vs 3 & 4 [sI), by approximately 

60% (Fig. 1.5E, bars 2 and 4).  In contrast to sI, full length ATF6β in the ER (Fig. 1.5C; 

lanes 5 & 6) and nuclear fractions (Fig. 1.5D, bars 5 and 6) returned to control (Fig. 

1.5E; bars 5 and 6) upon sI/R.  Thus, upon sI, there was a decrease in ER-associated 

ATF6β that coordinated with an increase in nuclear ATF6β.  These results indicate that 
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Figure 1.5 – Electromobility shift assays and ATF6 immunoblots.   
 
Panel A:  To examine ATF6 binding to the GRP78 ERSE 2, EMSA analysis was carried 
out, as described in the Methods.  Recombinant ATF6-(116-373), used in the reactions 
analyzed in lanes 2, 4 and 6, was prepared by in vitro transcription/translation and then 
added to neonatal rat ventricular myocyte nuclear extracts, as previously described (28).  
The 32P-labeled GRP78 ERSE 2 probe was added to initiate the binding reactions.  
Complex 1 is due to direct binding of nuclear extract-derived proteins, e.g. NF-Y, YY1, to 
the ERSE, and has been shown to be required before ATF6 will bind under these 
conditions.  For the supershift, EMSA was carried out as described, except for the 
addition of either pre-immune, or ATF6 antiserum to lanes 3, 4, 5, and 6, as shown.   
Panel B:  Competition binding EMSA was carried out as described above, except for the 
addition of 10X or 50X unlabeled GRP78 ERSE 2 oligonucleotide to lanes 3 and 4, or 
10X and 50X mutated GRP78 ERSE 2 oligonucleotide to lanes 6, and 7.   
Panels C and D:  Cultured cardiac myocytes were treated with sI or sI/R, extracted and 
subjected to subcellular fractionation, as described in “Methods” (n = 2 cultures per 
treatment; approximately 20 X 106 cells/culture).  The ER fraction, Panel C, and the 
nuclear fraction, Panel D, were then analyzed by SDS-PAGE and immunoblotting for 
ATF6β.  The region of the gel that includes the full-length endogenous ATF6 is shown in 
Panel C, whereas the region of the gel that includes the cleaved active form of ATF6β is 
shown in Panel D.  Also shown are VDAC and NP-62, which are used as loading 
controls for ER and nuclear fractions, respectively.  The reason for the ATF6β doublet is 
not known; however, it is possible that this could represent variable cleavage by S1P 
and/or S2P. 
Panel E:  Immunoblots shown in Panels C and D were quantified by densitometry.  
Shown are ATF6β/VDAC (ER) or ATF6β/NP-62 (Nuclear) as relative band intensity.  ER 
and nuclear sI and sI/R values were normalized to ER and nuclear control values, 
respectively.  N = 2 cultures/treatment as described in Panels C and D. 
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 ER-associated ATF6β was cleaved, and that the active form of ATF6β translocated to 

the nucleus.  Moreover, ATF6β activation was reversed upon simulated reperfusion, 

consistent with the reversal of GRP78 gene induction during reperfusion (see Figures 1-

3). 

Effect of Knock-down of ATF6 on GRP78 Expression and Cell Survival During sI 

and sI/sR 

 To further examine roles for endogenous ATF6 in sI-mediated grp78 induction, 

siRNA targeted to rat ATF6 was developed and the levels of ATF6 mRNA in cultured 

cells were examined to assess efficacy of knock-down.  Compared to cardiac myocytes 

transfected with a control, scrambled siRNA, cultures transfected with the ATF6-targeted 

siRNA exhibited an approximate 90% decrease in endogenous ATF6 mRNA (Fig. 1.6A, 

bars 1 and 2).  When rat grp78 mRNA was examined, it was shown that compared to 

cells transfected with the control siRNA, grp78 mRNA levels were reduced by at least 

80% in cultures transfected with the ATF6-targeted siRNA, either under control 

conditions (Fig. 1.6A, bars 3 and 4), or during sI (Fig. 1.6A, bars 5 and 6).  As 

expected, sI/R had no effect on grp78 mRNA (Fig. 1.6A, bars 7 and 8).   

 Previous studies demonstrated that ATF6 activation in the mouse heart in vivo can 

protect cardiac myocytes from I/R damage (24).  Accordingly, to examine the functional 

role of endogenous ATF6 on cell survival during sI and sI/R, recombinant adenovirus 

(AdV) encoding either a control miRNA, or an ATF6-targeted miRNA were generated.  

Compared to control, ATF6-targeted miRNA decreased basal ATF6 mRNA levels by 

about 80% (Fig. 1.6B, bars 1 and 2).  Compared to control, ATF6-targeted miRNA had 

no effect on cell death in the absence of sI or sI/R (Fig. 1.6B, bars 3 vs 4).  However, 
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ATF6 miRNA increased cell death during sI (Fig. 1.6B, bars 5 and 6) and sI/R (Fig 

1.6B, bars 7 vs 8).  These results are consistent with findings in ATF6 transgenic mice  

(38), which support protective roles for the ATF6 branch of the ER stress response 

during sI and sI/R.
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Figure 1.6 - Effects of ATF6 targeted siRNA or miRNA on grp78 mRNA and Cell 
Survival.   
 
Panel A:  Cultured cardiac myocytes were transfected with a control or ATF6 siRNA.  
After 24h, cultures were subjected to sI for 20h + sR for a subsequent 24h.  Cultures 
were then extracted and subjected to RT-qPCR to determine the levels of rat atf6 mRNA 
(bars 1 and 2) or rat grp78 mRNA, relative to gapdh.  Shown are the mean values of 
grp78/gapdh mRNA, expressed as the fold of control (bar 1) + SE.  *, # p < 0.05 different 
from all other values. 
Panel B:  Cultured cardiac myocytes were infected with Adv encoding a control, non-
targeted miRNA (Con, bar 1), or with AdV encoding ATF6-targeted miRNA.  Cultures 
were then extracted and subjected to RT-qPCR to determine the levels of ATF6 mRNA 
(bars 1 and 2) relative to GAPDH.  Shown are the mean values of rat ATF6 or rat 
grp78/gapdh mRNA, expressed as the fold of control (bar 1) + SE for each treatment (n 
= 3 cultures per treatment; 3 experiments compiled).  Alternatively, cultures were 
infected with control or ATF6-targeted miRNA, subjected to sI or sI/R, as shown, and 
then examined for cell death, as described in the Methods.  Shown are the mean values 
of cell death + SE, expressed as the % of dead cells.  *, #, § p < 0.05 different from 
control and different from each other. 
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Discussion 

 In this study, simulating ischemia by depriving cultured cardiac myocytes of glucose 

and oxygen induced the prototypical ER stress response gene, GRP78.  Although there 

have been no studies addressing whether ATF6 is activated during ischemia, numerous 

publications have demonstrated roles for HIF-1α as a mediator of gene induction under 

certain conditions of relatively mild ischemia and hypoxia.  Moreover, there are several 

ER stress response genes that are inducible by both ATF6 and HIF-1, e.g. heme 

oxygenase-1, stanniocalcin-2 and GRP94 (54-56).  Thus, it was possible that ischemia-

mediated grp78 gene induction could have been due, at least in part, to HIF-1α 

activation.  However, under the conditions employed in this study, expression of the 

prototypical HIF-1-inducible gene, pgk, was not increased, nor was active HIF-1α. This 

was consistent with previous studies showing that HIF-1α activation is minimal under 

very low oxygen concentrations (43), such as 0.1% used in the current study.  

Interestingly, the levels of alternate forms of HIF-1α, which are endogenous inhibitors of 

HIF-1-mediated gene induction, were increased, suggesting that HIF-mediated gene 

induction might be inhibited under these conditions.  Therefore, the remainder of the 

study focused on examining the involvement of ATF6 in mediating the effects of 

ischemia on grp78 gene induction. 

 Consistent with roles for ATF6 were our findings that upon sI, the inactive ER-

membrane form of ATF6β translocated to the nucleus, where it accumulated as the 

active form.  Moreover, we showed that ATF6 could bind to a key ERSE in the GRP78 

gene that we found to be responsible for transcriptional induction under these 
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conditions4.  ATF6 activation and GRP78 gene induction were reversed upon simulated 

reperfusion, suggesting that in this model, ER stress is activated during simulated 

ischemia but not reperfusion.  We also showed that ATF6 protected cells from death 

during ischemia, as well as reperfusion, indicating that some genes regulated by ER 

stress during ischemia encode proteins that may precondition myocardial cells to better 

withstand the damaging effects of reperfusion.   

 Several studies have shown that ischemia or hypoxia can activate the PERK or IRE-

1 branches of the ER stress response in cultured cells and tissues.  For example, 

hypoxia is a potent trigger of PERK activation in cultured tumor cell lines.  Moreover, it 

appears that this branch of the ER stress response fosters protection under these 

conditions, since cells with disrupted PERK exhibit impaired survival and/or proliferation 

upon hypoxia. (57,58).  Hypoxia also activates the IRE-1 branch of the ER stress 

response in cultured cells, leading to the generation of the transcription factor, XBP-1, 

which augments tumor and normal cell survival (59).  However, to the best of our 

knowledge, this is the first report of ATF6 activation by ischemia.   

 While it is clear that all three branches of the ER stress response can be activated in 

response to ischemia and/or hypoxia, the precise mechanism by which oxygen 

deprivation activates ER stress is not well understood.  It seems probable that disruption 

of the oxidative environment in the ER by hypoxia leads to ER protein mis-folding.  In 

support of this are the findings that ER protein folding requires oxygen-driven redox 

                                            

4
 The promoters of numerous other known or putative ER stress response genes, such as 

GRP94, ERDJ4, RCAN1 and MANF, were also examined under these conditions, and were 

shown to be activated by ischemia, but not reperfusion. 



34 

 

    

coupling of two well known ER stress response proteins, ER oxidoreductin 1 (ERO1) 

and protein disulfide isomerase (PDI) (60,61).  In fact, ERO1 uses molecular oxygen as 

a terminal electron acceptor.  Therefore, it is probable that hypoxia reduces this redox 

coupling, thus providing a direct mechanism by which hypoxia might impair ER protein 

folding.  Interestingly, there are two isoforms of ERO1, ERO1-Lβ, which is induced by 

ER stress (62), and ERO1-Lα, which is induced during hypoxia by HIF-1α (63,64).  This 

provides a potential linkage between HIF-1α and ER stress as mediators of a portion of 

the ischemia-dependent gene program.  It is also of interest to note that even though 

molecular oxygen is required for efficient ER protein disulfide bond formation and 

folding, when oxygen is consumed by ERO1, potentially damaging reactive oxygen 

species are generated (65), suggesting that a delicate balance of the ERO1/PDI redox 

couple must be maintained in order to optimize protein folding, while minimizing reactive 

oxygen species generation (66). 

  ER stress has been shown to be both protective and damaging.  In terms of 

protection was a study showing that in cancer and tumor cells simulated ischemia 

activates the ER stress response, which promotes cell survival under these conditions 

(58).  Moreover, the rate of tumor growth sometimes surpasses neoangiogenesis in 

aggressively growing solid tumors, leading to hypoxia and activation of the ER stress 

response, which enhances tumor survival and drug resistance (67).  In the brain, 

ischemia induces a variety of ER stress response genes which are believed to contribute 

to the protective effects of ischemic preconditioning (68).  Induction of ER stress 

response gene-encoded chaperones protects from ischemic damage in the brain 

(69,70).  A protective role for ER stress in the ischemic kidney has also been implicated 

(71).  Moreover, several studies have implicated protective roles for ER stress in the 
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heart.  For example, when mouse hearts are subjected to aortic banding, they initally 

undergo hypertrophic growth that is often associated with cardiac myocytes protection; 

ER stress is activated during this growth phase (72).  Also, overexpression of GRP94 

protects cardiac myocytes from oxidative damage (73), and overexpression of GRP78 

decreased hypoxia-mediated cell death of cultured cardiac myocytes (74).  Furthermore, 

siRNA-mediated knock down of XBP1 in cultured cardiac myocytes increases 

ischemia/reperfusion mediated cell death (20).  Moreover, ATF6 activation in transgenic 

mouse hearts decreases myocardial tissue damage in hearts subjected to 

ischemia/reperfusion (24).   

 In terms of damage was a study showing that activation of ER stress in the hearts of 

transgenic mice that overexpress monocyte chemoattractant protein-1 results in tissue 

damage and heart failure (75).  Additionally, transgenic mice that overexpress a mutant 

form of the KDEL receptor, which is required for ER retention of many ER stress 

response gene products, increases ER stress, causing cardiac tissue damage and heart 

failure (76).  Overexpression of the ER stress response gene, p53-upregulated 

modulator of apoptosis (PUMA), causes apoptosis in cultured cardiac myocytes (77), 

and knocking out PUMA in the mouse heart in vivo reduces myocyte death from 

ischemia/reperfusion (78).  Interestingly, one study showed that in cultured cardiac 

myocytes subjected to simulated ischemia, ER stress appeared to be protective early 

on, but upon prolonged ER stress, the cells succumbed to apoptosis (22).  Because of 

the dichotomous nature of the end points of ER stress, a better understanding of the 

molecular mechanisms that determine whether ER stress is protective or damaging is 

required. 
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 In summary, the results of this study suggest that ER stress contributes to the 

hypoxia-mediated reshaping of gene expression during ischemia in ways that may affect 

cell survival during ischemia/reperfusion.  Future studies addressing the roles of 

ischemia-responsive ER stress response genes will be required to decipher the 

functionality of each in the context of determining the fate of ischemic tissue.  

Presumably, the various ischemia-responsive pathways are activated under different 

conditions, such as the severity of the ischemia and the metabolic demands of the 

affected tissue.  Accordingly, investigating the activation of each pathway under various 

conditions, as well as elucidating the pathway-specific gene programs, will be required to 

better understand the specific functions of each as determinants of cell survival and 

tissue damage. 
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CHAPTER II 

Part 1: 

The Cardiokine Story Unfolds:  Ischemic Stress-induced Protein Secretion in the 

Heart 
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Abstract 

 Intercellular communication depends on many factors, including proteins released 

via the classical or non-classical secretory pathways, many of which must be properly 

folded to be functional.  Owing to their adverse effects on the secretion machinery, 

stresses such as ischemia can impair the folding of secreted proteins.  Paradoxically, 

cells rely upon secreted proteins to mount a response designed to resist stress-induced 

damage.  This review examines this paradox using proteins secreted from the heart, 

cardiokines, as examples, focusing on how the ischemic heart maintains, or even 

increases the release of select cardiokines that regulate important cellular processes in 

the heart, including excitation-contraction coupling, hypertrophic growth, myocardial 

remodeling, and stem cell function, in ways that moderate ischemic damage and 

enhance cardiac repair.   
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Introduction 

 A key process in the development, growth, differentiation, function, and potentially 

the repair and regeneration of tissues is cell communication via paracrine, autocrine, and 

endocrine signaling 1.  Such intercellular signaling is of particular importance in the heart, 

where it is required for normal cardiac development and function 2, and where it plays a 

central role in remodeling and the potential repair of the damaged and diseased 

myocardium 3.  The importance of intercellular signaling is highlighted by the fact that a 

majority of pharmaceutical therapies developed to date target either the signaling 

substances directly, or the receptors to which they bind 4.  Accordingly, it is likely that 

most molecular-based therapeutic approaches developed in the near future, including 

those that will advance the utility and feasibility of stem cells in tissue regeneration, will 

be cell signaling based. 

Protein Secretion and Cardiokines 

 The synthesis and active secretion of molecules, including proteins, are critical for 

autocrine, paracrine, and endocrine signaling.  Active secretion is the cellular process by 

which most proteins destined for release are transferred across the plasma membrane.  

Active secretion occurs via two major protein secretion pathways, depending on whether 

the released proteins are synthesized on cytosolic or endoplasmic reticulum (ER)-

associated ribosomes.  In contrast, passive secretion describes the release of cellular 

contents following necrotic tissue damage.   

 Proteins secreted from adipose tissue are collectively called adipokines, whereas 

those secreted from skeletal muscle are called myokines 5, 6.  By analogy, the term 

cardiokine, which has also been called cardiomyokine 7, can be used to describe  
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Figure 2.1. Cardiokines  

By analogy to the release of myokines from skeletal muscle tissue and adipokines from 
adipose tissue, the term cardiokine can be used to describe proteins released by the 
heart that exert autocrine, paracrine and/or endocrine functions.  Stress-induced 
cardiokines are a subset of cardiokines whose expression and secretion increase upon 
stresses that impair the release of many other cardiokines.  
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proteins secreted from the heart.  Cardiokines, which are secreted from cardiac 

myocytes and non-myocytes, as well as from other cells that infiltrate the injured and 

remodeling heart, have autocrine, paracrine and endocrine functions (Fig. 2.1).   

 Although the total number of cardiokines is not yet known, it can be estimated.  The 

total number of secreted proteins encoded by the genomes of several species, including 

the human genome, has been conservativelya estimated to be approximately 1,000 to 

2,000 8, 9.  Since any given cell type expresses about 10% of the genome, there should 

be about 100 to 200 cardiokines.  Consistent with this prediction are several 

experimental approaches that have estimated the number of putative cardiokines to be 

between 30 and 60 10-12.  The cardiokines identified in these and other studies are known 

or predicted to play many roles, including maintaining normal heart and cardiovascular 

function (e.g. growth factors and endocrine hormones), sending signals of distress, 

exacerbating pathology (e.g. cytokines), and remodeling and healing the damaged heart 

(e.g. extracellular matrix proteins and stem cell-homing factors).  Thus, a change in the 

repertoire of cardiokines not only serves as an indicator of pathology, but may also play 

a critical role in determining how the heart responds, acutely and chronically, to 

potentially damaging stress, such as ischemia.   

 

                                            

a
 This estimate includes only those proteins with N-terminal signal sequences that are targeted or 

predicted to be targeted to the classical secretory pathway via those signal sequences.  However, 

only about half of the proteins that are secreted via this pathway have canonical signal 

sequences.  Moreover, significant numbers of proteins are secreted via the nonclassical pathway, 

and they were not included in these estimates.  For more on classical and nonclassical secretion, 

see Box 1. 
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 Predicting the Secretory Route for a Protein  

 There are numerous secreted protein prediction programs that can be used to 

determine whether a protein is secreted via the classical pathway; a recent study 

compared eight such programs 88.  In general, these programs begin with determining 

whether a protein has an amino (N)-terminal structure that conforms to the predictive 

rules for ER-targeting signal sequences.  A commonly used initial paradigm is to 

examine the predicted proprotein sequence for an N-terminal signal sequence using 

SignalP 3.0 or a similar algorithm.  Given a positive result, a transmembrane domain 

search can be carried out using TMHMM 2.0.  Given a negative result from the 

transmembrane domain search, a search for the presence of a carboxy (C)-terminal ER-

retention signal, the four amino acid motif KDEL or a KDEL-like motif 89, can be 

performed.  Generally, proteins with a predicted ER-targeting signal sequence, no 

transmembrane domains, and no C-terminal KDEL or KDEL-like sequence are good 

candidates for secretion via the classical pathway.  Structural and biological predictions 

are available for most proteins; see for example UniProt (www.uniprot.org/).  It should be 

noted that some ER-targeted proteins do not have N-terminal signal sequences; thus, a 

protein without  such a sequence could still be ER-targeted 90.  Moreover, proteins that 

do not have a KDEL or KDEL-like C-termini can be retained in the ER or Golgi by 

associating with other ER/Golgi resident proteins that have transmembrane domains or 

KDEL sequences.  Using a variety of secreted protein prediction programs it has been 

estimated that between 1,000 and 2,000 proteins in the mammalian proteome have 

features consistent with their secretion via the classical secretory pathway 8, 9.   

 The lack of structural commonality amongst proteins secreted via the nonclassical 

pathway makes the development of secretion prediction algorithms much more difficult 

http://www.uniprot.org/
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than for classically secreted proteins.  Nevertheless, several algorithms have been 

developed for this purpose, including SecretomeP 91, SecretP 92 and SPRED 93.  They all 

use combinations of features to obtain information about structural features, post-

translational modifications and subcellular localization of a protein.  Although estimates 

of the total number of proteins secreted via the nonclassical pathway vary, one recent 

report lists 92 human proteins that have been confirmed in the literature to be secreted 

via this pathway 92.  



  49     

    

Potential Effects of Ischemia on Cardiokine Secretion 

 Ischemia is the deprivation of oxygen and nutrient delivery due to inadequate blood 

flow, often resulting from atherosclerosis.  In the heart, prolonged ischemia can cause 

tissue damage, or myocardial infarction, which can be lethal.  The damaged tissue 

passively releases heart-derived proteins into the circulation 13.  By contrast, surviving 

myocardium bordering the infarct is exposed to mild, non-damaging ischemia, and is 

stressed, but remains capable of actively secreting cardiokines 14.  In fact, as part of the 

adaptive response of the myocardium, ischemia-inducible cardiokines may help to 

preserve myocardial tissue structure and function 15, thus underscoring the importance 

of their secretion.  For example, mild ischemia increases the active secretion of the 

cardiokines, enkephalin and calcitonin gene-related peptide, which contribute to 

preserving cardiac function 16, 17.  Accordingly, cardiokines that provide beneficial, 

protective effects can be actively secreted from the ischemic heart.  To better 

understand the impact of ischemia-inducible cardiokines, it is critical to examine the 

mechanisms of their synthesis and secretion, as well as the potential impact of ischemic 

stress on cardiokine production and release. 

Mechanisms of Protein Secretion 

 As with proteins released from any tissue, cardiokines are secreted via either the 

classical (conventional) ER-dependent secretory pathway18 or  the nonclassical 

(unconventional) ER-independent secretory pathway19; these appear to be distinct and 

separate pathways.  Although the subcellular pathway taken by many secreted proteins 

has been determined experimentally, there are others for which such evidence does not 

exist.  For proteins in the latter group, informatics approaches can provide an initial 
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determination of whether they are likely to be released through the classical or 

nonclassical pathway (see “Predicting the secretory route for a protein”). 

Classical Secretory Pathway 

 A defining characteristic of most proteins secreted via the classical secretory 

pathway is that they are synthesized on ER-associated ribosomes (Figure 2.2a, Step 1).  

About half of the proteins secreted via the classical secretory pathway are synthesized 

initially with ER-targeting signal sequences that are recognized by the macromolecular 

signal recognition particle complex, which facilitates ribosome docking to the ER.  These 

proteins are co-translationally translocated into the ER lumen (Figure 2.2a, Step 2), 

where translation is completed, disulfide bonds are formed, and glycosylation begins.  

Classically-secreted proteins are routed through the ER-Golgi intermediate compartment 

(ERGIC), then through the Golgi (Figure 2.2a, Step 3) prior to packaging into secretory 

vesicles that eventually fuse with the plasma membrane (Figure. 2.2a, Step 4), thus 

releasing the mature properly folded, and in some cases glycosylated, biologically active 

cardiokines.  In some cases, such as in ventricular myocytes, soon after they are 

packaged into secretion vesicles, cardiokines are secreted in a constitutive manner.  

However, in other cases, such as in atrial myocytes, most cardiokines are packaged into 

secretory granules and stored until the appropriate stimulus activates their secretion 20.  

Nonclassical Secretory Pathway 

 In contrast to proteins released via the classical pathway, those secreted via the 

nonclassical secretory pathway are synthesized on cytosolic ribosomes and must be 

transported across the plasma membrane independently of the ER-Golgi pathway  
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Figure 2.2. Classical and Nonclassical Secretory Pathways 

Proteins are actively secreted via either the classical or nonclassical secretory pathways.   
(a) In the case of the classical secretory pathway, cardiokine (CK) mRNAs are translated 
on ER-associated ribosomes (1).  The resulting proteins, depicted here as CK1, are 
initially localized to the ER lumen (Step 2), then transported in vesicles of the ER-Golgi 
intermediate compartment (ERGIC) to the Golgi lumen (Step 3), from which they are 
eventually released via secretory vesicle fusion with the plasma membrane (Step 4). 
(b) In the case of the nonclassical secretory pathway, CK mRNAs are translated on 
cytosolic ribosomes (Step 1).  The resulting proteins, depicted here as CK2, 3, 4 and 5, 
are destined for secretion via one of four nonclassical secretory pathways.   
Nonclassical CK secretion takes place via vesicle-mediated (CKs 2-4), or nonvesicle-
mediated pathways, as follows: (2) endocytic secretory lysosomes (CK2); (3) exosome-
derived multivesicular bodies (CK3); (4) microvesicles which are shed from the cell 
surface (CK4); and (5) direct translocation of cytosolic proteins across the plasma 
membrane through complex protein conducting channels (CK5). A portion of Panel b 
and the nomenclature used to describe the nonclassical secretory routes were inspired 

by a review written by Walter Nickel 
94. 
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(Figure. 2.2b, Step 1).  This secretory pathway was initially discovered for 

interleukin(IL)-1β and galectin-1.  Since then, the list of proteins secreted via the 

nonclassical secretory pathway has grown to include about 100 hormones, 

growth factors, cytokines, chemokines, viral proteins and parasitic proteins.  At 

least four main types of nonclassical secretion have been characterized 21; in 

each it is clear that the main barrier to be overcome in the active release of 

proteins is transfer across the plasma membrane.  Accordingly, to assist in this 

transfer, three types of nonclassical secretion involve the import of the protein 

into various types of vesicles, including endocytic secretory lysosomes (Figure. 

2.2b, 2), exosome-derived multivesicular bodies (Figure 2.2b, 3), and 

microvesicles that are shed from the cell surface (Figure 2.2b, 4).  The fourth 

type of nonclassical secretion is non-vesicular and involves the direct 

translocation of cytosolic protein complexes across the plasma membrane, 

sometimes through channels or pores (Figure 2.2b, 5).   

Cardiokine Folding During Ischemic Stress 

 Many secreted proteins, must fold into the appropriate three-dimensional 

configurations to be functional 22.  For most of these proteins, folding takes place 

co-translationally 23; accordingly, disruptions in this process can cause the 

nascent proteins to fold improperly, or misfold.  Numerous studies have focused 

on determining how ischemic stress affects the function of the folding machinery 

and client protein folding; these studies have shown that ischemia decreases 

calcium levels in the ER and sarcoplasmic reticulum (SR), alters redox status 

and reduces ATP levels, each of which can conspire to cripple the folding and 
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secretion of cardiokines 24.  However, cells have evolved elaborate mechanisms 

for fortifying the secretion machinery in order to maintain, and perhaps even 

upregulate the secretion of certain proteins that can help to minimize the 

potentially damaging effects of ischemia 25.  Moreover, studies over the last fifty 

years have shown that a small number of proteins exhibit intrinsically disordered, 

or unfolded structures, such as the ‘molten globule’ (see below), so they may 

require less folding for optimal function 26.  In fact, it has been postulated that 

higher order folding limits the functionality of certain proteins, and therefore some 

proteins must maintain a partially unfolded state to retain function 27.  What then 

differentiates a functional from a non-functional unfolded protein, the latter of 

which should be degraded to avoid proteotoxicity?  It is believed that any 

unfolded protein targeted for degradation contains solvated hydrophobic amino 

acids, which are detected by protein-degradation systems, such as the ubiquitin-

proteasome pathway 27.  Thus, functional unfolded proteins lack the hydrophobic 

residues that target them for degradation, but they remain intrinsically 

unstructured.   

An example of a secreted protein that must be unfolded is the anti-

inflammatory pro-coagulant protein secreted from the rat seminal vesicle 

epithelium (SV-IV), which exhibits regions of intrinsically disordered structure 

upon which its biological activity depends 28.  In addition, sclerostin, a secreted 

glycoprotein that is a negative regulator of Wnt signaling, exhibits unstructured 

features which are believed to be important for its binding to target proteins 29.  

Thus, it seems that secreted proteins exhibit varied requirements for folding; 
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accordingly, a range of strategies are employed by eukaryotic cells to respond to 

conditions that threaten the folding of proteins released via the classical or 

nonclassical secretory pathways. 

Classical Secretory Pathway 

 Although some proteins secreted via the classical pathway require folding for activity, 

most small peptides do not require folding 30 .  However, the proteins responsible for the 

production of such peptides are large and structurally complex, and therefore they 

require folding for optimal function.  This implies that conditions that affect folding can 

still impact on the production of small, secreted peptides that do not themselves require 

extensive folding for activity.  A case in point is the cardiokine, atrial natriuretic peptide 

(ANP).  Although the biologically active form of ANP is 28 amino acids in length, and 

does not adopt a complex three-dimensional structure 31, it is generated by proteolytic 

cleavage from a 126 amino acid precursor, pro-ANP 32.  Conditions that affect protein 

folding in the heart also impact the folding and function of the protease responsible for 

processing pro-ANP in ways that decrease the efficiency of ANP generation in cardiac 

myocytes 33.  Therefore, based on this example, it is apparent that ischemic stress can 

have direct and/or indirect effects on the folding of cardiokines.  

 In order to control the potentially damaging effects of protein misfolding in the ER, 

complex protein quality control machinery is associated with the classical secretion 

pathway.  The ER protein quality control machinery facilitates proteasome-mediated 

degradation of misfolded and unfolded proteins under basal conditions, thus avoiding the 

cellular toxicity associated with the accumulation of dysfunctional proteins 34.  However, 

during ischemic stresses of greater strength and/or duration, these protein degradation 

pathways can be overwhelmed, leading to the accumulation of misfolded proteins in the 

ER, which activates a conserved intracellular signaling pathway called the unfolded 
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protein response, also known as the ER stress response 35.  In addition to secreted 

proteins, the ER stress response can also be activated by the accumulation of misfolded 

transmembrane proteins, which includes many receptors that are made in the ER and 

proceed through the classical secretory pathway to their final membrane destinations.  

Thus, misfolding of secreted proteins, as well as transmembrane receptors, in the 

classical secretory pathway can influence cell to cell communication.   

 In cardiac myocytes, the ER stress response was first shown to be activated when 

sarcoplasmic reticulum calcium stores were depleted 36, a condition which resembles an 

effect of ischemia.  Moreover, later studies demonstrated activation of the ER stress 

response in cultured cardiac myocytes by conditions that simulate ischemia 37, and in the 

ischemic myocardium 38.  In the heart, the ER stress response comprises a complex 

intracellular signaling pathway that is essential for maintaining a robust classical 

secretory pathway under adverse conditions.  ER stress results in the induction of 

numerous genes, many of which are anti-growth oriented; in the heart, this aspect of ER 

stress exerts anti-hypertrophic growth effects 11, suggesting that the ER stress response 

might protect against the pathological hypertrophy that often occurs in the diseased 

heart.   

 The ER stress response ensures the efficient synthesis and folding of cardiokines 

during ischemic stress.  One way this is accomplished is via ER stress-mediated 

decreases in the translation of mRNAs encoding proteins that are not essential for the 

stress response.  ER stress also leads to the activation of several transcription factors, 

such as activating transcription factors 4 and 6 (ATF4 and ATF6), as well as X-box 

binding protein (XBP1); these factors increase the transcription of genes that encode 

numerous proteins, many of which fortify the protein folding and secretory machinery 35.  

Moreover, ATF6 and XBP1 are responsible for upregulating the expression of some 
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ischemia-induced cardiokines 11, 38.  Importantly, ER stress-inducible transcripts have 

structural features that allow them to efficiently escape translational inhibition 35; this 

property allows the cell to devote more resources to the synthesis and folding of proteins 

that play critical roles in the stress response.  In an effort to identify cardiokines induced 

during ER stress, we examined the microarray data from our ATF6 transgenc mice, and 

found that a group of potentially secreted proteins were upregulated (Table 2.1).  
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Table 2.1. ATF6-inducible proteins predicted to be secreted.  
 
Proteins upregulated by ATF6 in the mouse heart and predicted to contain ER-signal 
sequences and no transmembrane domains 
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Nonclassical Secretory Pathway 

 
 Perhaps one of the reasons that a nonclassical secretory pathway exists is that 

during stress, some proteins must be secreted when not only the cytostructure of the 

classical secretory pathway is affected, but also when the higher order structures of 

many proteins are disrupted.  Nevertheless, just as the classical secretory pathway has 

complex protein quality control characteristics 39, protein folding in the cytosol is also 

bound by restrictions on quality 40.  In the cytosol, misfolded proteins are targeted and 

degraded via a well-studied proteasome-mediated degradation pathway 41.  However, 

compared to the classical secretory pathway, less is known about the mechanisms by 

which the accumulation of misfolded proteins destined for secretion via the nonclassical 

pathway are sensed and targeted for degradation.  Additionally, analogous to some 

proteins secreted via the classical pathway, folding might not be required for the function 

and release of some proteins secreted via the nonclassical pathway. 

 Some nonclassically secreted proteins might actually have to exhibit a degree of 

unfolded structure in order to be secreted.  For example, a few nonclassically secreted 

cardiokines translocate across the plasma membrane in a nonvesicular manner; to do 

this, they must adopt a molten globule conformation 42.  This is a partially unfolded 

intermediate conformation that increases hydrophobicity, a property which is thought to 

facilitate transport of proteins across lipid bilayers.  The molten globule intermediate, 

which is characterized by the presence of secondary structure but the absence of tertiary 

structure, is compact and has a loosely packed hydrophobic core.  On the basis of these 

characteristics, it appears that an unfolded, or a partially folded, protein conformation is 

important for the secretion of at least a subset of nonclassically secreted cardiokines that 

pass directly through the plasma membrane.  Moreover, if a protein that is secreted in 

the unfolded state must be folded to be functional, the release of cytosolic chaperones 
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such as members of the heat shock protein (HSP)70 family might facilitate refolding after 

secretion 43.  Other proteins with chaperone activity that assist in the secretion process 

also form complexes with nonclassically secreted proteins.  An example is S100A13, 

which interacts with the nonclassically secreted fibroblast growth factor (FGF)-1 and in 

so doing, assists its secretion 43.   

 The release of some nonclassically secreted proteins that use one of the vesicular 

routes for release might also be enhanced by unfolding 43.  One example is α-synuclein, 

which plays a role in the patholgenesis of Parkinson’s disease; in the absence of stress, 

α-synuclein adopts a folded configuration in the cytosol 44.  Stresses that cause 

widespread protein unfolding, such as proteasome inhibition or oxidative stress, cause 

α-synuclein unfolding which promotes its translocation from the cytosol into vesicles, 

from which it is released via the nonclassical secretory pathway 44.  Thus, α-synuclein 

serves as an example of how the release of a nonclassically secreted protein is actually 

enhanced by proteotoxic and oxidative stresses that increase protein misfolding. 

Ischemia-inducible Cardiokine Secretion 

 The heart consists of four major cells types (i.e. cardiac myocytes, fibroblasts, 

endothelial cells, and vascular smooth muscle cells), and intercellular communication 

among these cell types plays a crucial role in maintaining cardiac structure and function, 

as well as determining how the heart responds to potentially pathological stresses, such 

as ischemia 45.  To the best of our knowledge, there have been no proteomic analyses of 

the effects of mild ischemia on cardiokine secretion.  However, some studies have 

shown that ischemia augments cardiokine release through both the classical and 

nonclassical pathways (Table 2.2). 
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Table 2.2.  Cardiokines Secreted during Ischemia. 

 

Classical secretory pathway 

Cardiokine Gene symbol Reference 
   

1-  Adrenomedullin ADM 
67

 

2-  Atrial natriuretic peptide Nppa 
67

 

3-  Apelin APLN 
68

 

4-  Brain natriuretic peptide Nppb 
67

 

5-  Calcitonin Gene-related Peptide CALCA/CALCB 17
 

6-  Cardiotrophin-1 CT1 
69

 

7-  C-C motif chemokine CCL2 (MCP1) 
70

 

8-  Clusterin CLU 
71

 

9-  Collagen COL1A1 
72

 

10-C-type natriuretic peptide Nppc 
67

 

11-Endothelin-1 ET1 
67

 

12-Enkephalin PENK 
16

 

13-FSTL1 FSTL1 
73

 

14-Growth differentiation factor-15 GDF15 
74

 

15-IL-6 IL6 
75

 

16-Osteopontin OPN 
76

 

17-Petraxin-3 PTX3 
77

 

18-TNF TNFA 
75

 

19-Urocortin UCN 
67

 

20-Vascular endothelial growth factor VEGF 
75

 

Nonclassical secretory pathway 

Cardiokine Gene symbol Reference 
   

21-Annexin V ANXA5 
78

 

22-Cyclophilin A PPIA 
79

 

23-FGF 1 FGF1 (acidic) 
80

 

24-FGF 2 FGF2 (basic) 
81

 

25-HSP60 HSP60 
82

 

26-HMG 1 HMGB1 
59

 

27-IL-1 IL1A 
83

 

28-IL-1 IL1B 
84

 

29-Migration inhibitory factor MIF 
85

 

30-Protein S100-A1 S100A1 
86

 

31-Thioredoxin TXN 
87

 

 
The entries in this table represent proteins whose secretion from the heart or heart cells 
during ischemia or simulated ischemia has been experimentally confirmed.  This table 
does not include reports of the induction by ischemia of genes that encode secreted 
proteins. 
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Classical Secretory Pathway 

 Because of their roles in fostering cardioprotection in the ischemic heart, two 

classically-secreted cardiokines of particular interest are follistatin-like 1 (FSTL1) and 

tumor necrosis factor (TNF)-α (Table 2.2, entries 13 and 18).  Fstl1 is a recently-

discovered novel member of the activin family of secreted proteins 46.  In the mouse 

heart, FSTL1 is upregulated by ischemic stress 47 and by the ER stress-induced 

transcription factor ATF6, which is known to be activated by ischemia, in vivo 11.  

Moreover, FSTL1 exerts a potent cardioprotective effect against ischemic injury in the 

heart, where it binds a novel receptor that differs from all other activin family receptors 48.    

 In addition to it being paradoxically pro-inflammatory and cardioprotective, TNFα is of 

interest because of its unusual mechanism of secretion, i.e. cleavage from the 

extracellular face of the plasma membrane.  TNFα is synthesized in the ER and then 

enters the Golgi network, but in contrast to most classically secreted proteins, the TNFα 

precursor, pro-TNFα, is routed to the cell surface where it resides until it is activated 49.  

TNFα converting enzyme, TACE, cleaves the extracellular domain of pro-TNFα, 

releasing it to interact with receptors (TNFR1 or TNFR2), through which it can exert 

either damaging or protective effects on the heart, depending on which receptor is 

activated 50.  Moreover, recent studies have demonstrated a potentially novel 

mechanism of action for TNFα by showing that some of its protective effects are exerted 

in a TNF receptor-independent manner via direct interaction with cardiac myocyte 

mitochondria 51.  Thus, TNFα and FSTL1 represent two examples of cardiokines that are 

secreted via the classical pathway, even during severe stresses, such as ischemia, 

which usually impairs ER protein synthesis and folding in ways that reduce flux through 

this secretory pathway.  
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Nonclassical Secretory Pathway 

There are also cardiokines whose release via the nonclassical secretory pathway 

is increased by ischemia.  Importantly, some of these cardiokines protect the heart and 

support stem cell-mediated cardiac repair.  For example, some proteins originally 

characterized as pro-inflammatory cytokines are secreted via the nonclassical pathway 

in response to ischemic stress, including high mobility group box1 (HMGB1, also known 

as amphoterin), and members of the S100 family of proteins (Table 2.2, entries 26 and 

30).  HMGB1, a member of the HMG family of nonhistone DNA binding proteins 52, 

exhibits diverse and potentially important functions as a cardiokine 53.  This diversity 

could be because HMGB1 binds several different receptor types 54, including members 

of the Toll-like receptor (TLR) and the receptor for advanced glycation endproducts 

(RAGE) families 55.  Active nonclassical secretion of HMGB1 from several cell types has 

been reported 56, 57; however, in the cardiac context, following the discovery of elevated 

levels of HMGB1 in patients who suffered a myocardial infarction 58, some have 

postulated that HMGB1 might be passively released from necrotic cells 59.  HMGB1 

released passively by necrotic cells preferrentially binds TLR2 receptors, which fosters 

the pro-inflammatory effects of HMGB1; however, HMGB1 released actively lacks 

inflammatory activity, perhaps because it lacks the structural features required to bind 

TLR2 receptors 54.  HMGB1 has also been shown to be protective or damaging in the 

heart.  For example, recombinant HMGB1 administrered intramyocardially to mice at a 

low dose restored infarcted heart tissue, in part, through the proliferation and 

differentiation of c-Kit+ progenitor cells and decreasing local inflammation 60.  In contrast, 

systemic administration of HMBG1 to mice at a high dose exacerbated cardiac 

dysfunction after ischemia reperfusion 60.  Although much remains to be learned about 

HMGB1, these discrepancies could be due to differences in these studies, including the 
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dose of HMGB1, the route of administration and the timing of administration after 

myocardial infarction.   

 Like HMGB1, members of the EF-hand Ca2+-binding S100 protein family also bind 

RAGE 61.  Cardiac myocyte-specific S100A1, which is cardioprotective, is secreted from 

the heart via the nonclassical secretory pathway during myocardial infarction.  Like many 

secreted proteins, the S100 proteins exhibit multiple intra- and extracellular functions.  

Although it might affect certain cell functions via RAGE and possibly other as yet 

uncharacterized receptor types, RAGE-independent endocytosis of S100A1 protects 

cardiac myocytes from apoptosis 62.  There are multiple mechanisms by which S100A1 

mediates cardioprotection, but in general, they converge upon optimizing excitation-

contraction coupling in ways that facilitate myocardial contraction and pump function 

during stress 63.  Whereas intracellular S100A1 localizes to numerous cellular sites 

involved with excitation-contraction coupling, endocytosed S100A1 adopts a different 

distribution in cardiac myocytes, localizing primarily to endosomes 63.  Thus, S100A1 is 

an example of a cardiokine that exhibits functions before and after secretion via the non-

classical secretory pathway that enhance myocardial protection from ischemic damage, 

which makes it an excellent candidate for a heart failure therapeutic 64.  

Concluding Remarks 

 Cardiokines released from the stressed heart are likely to play central roles in 

establishing whether the environment in the injured myocardium is conducive to repair.  

Given the limited self-renewal capacity of the heart, repairing the damaged myocardium 

and improving cardiac function following myocardial infarction pose major challenges in 

preventative and regenerative medicine.  Engrafting self-renewing cells, such as bone 

marrow-derived cells and cardiac progenitor cells, into the damaged heart has proven 

successful in animal studies that paved the way for numerous recent clinical trials 65, 66.  
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To enhance the benefits demonstrated in these pioneering trials, and to further address 

the ongoing challenge of repairing the damaged myocardium, additional strategies to 

augment cardiac repair are needed.  This challenge could be met, in part, through a 

better understanding of the identities and functions of cardiokines released by the 

stressed myocardium.  Stimulating expression of endogenous repair-promoting cardiac 

proteins, such as ischemia-inducible cardiokines, could be one effective strategy to 

enhance cardiac repair. As such, cardiokines induced by the same stress that damages 

the heart are part of the heart’s natural defense and thus, could be viable therapeutic 

candidates.  Accordingly, further studies of ischemia-inducible cardiokines may 

contribute to our understanding of the cellular and molecular mechanisms by which the 

endogenous repair machinery of the heart can be enhanced.  
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CHAPTER II 

Part 2: 

Communication in the Heart:  Cardiokines as Mediators of a Molecular 

Social Network



73 

 

 

 

Abstract 

 Cell-cell communication depends upon secretion, which is the process by which 

substances are transferred across the plasma membrane from intracellular to 

extracellular spaces.  The heart is comprised of numerous cell types that communicate 

by secretion with each other, and with cells in other tissues.  This chapter focuses on 

proteins secreted by the heart, which are called cardiokines.  Cardiokines and their 

receptors constitute a molecular social network that facilitates interactions between 

cells in the heart and other tissues.  As critical elements of this network, cardiokines 

contribute in a combinatorial fashion to the intricate communication system that forms 

the basis of acute and chronic responses of the heart to environmental cues.  In this 

chapter, we review the varied mechanisms of cardiokine synthesis and secretion that 

illustrate the complexities, as well as the subtleties and novelty of communication in, and 

from the heart. 
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Cardiokines and the Molecular Social Network of Cell Communication 

 Communication between individuals of a society is essential for effective functioning 

of the whole.  Tissues, organs and organisms are, in essence, societies of cells that 

must communicate over short and long distances.  Communication between cells over 

short distances relies upon physical association, whereas communication over long 

distance depends upon secretion, which is the process by which substances are 

transferred across an intact plasma membrane from intracellular to extracellular spaces.  

The heart is comprised of numerous cell types that communicate by secretion with each 

other, and with cells in other tissues.  Although the chemical nature of the molecules 

secreted by the heart is varied, this review focuses mainly on proteins secreted by the 

heart, or cardiokines 1.  Cardiokines and their receptors constitute a molecular social 

network that is organized to optimize interactions between cells in the heart, as well as 

communication between the heart and other tissues.  As critical elements of this 

network, cardiokines contribute in a combinatorial fashion to the intricate communication 

system that forms the basis of acute and chronic responses of the cells in the heart to 

environmental cues.   

 In the first section of this chapter, we review the archetype cardiokine, ANP, the first 

element of the molecular social network in the heart to be identified.  ANP is used as an 

example to describe the varied mechanisms by which cells synthesize and release 

cardiokines, as well as to highlight novel features of the molecular social network of the 

heart that distinguish it from most other secretory tissues.  In the second section of the 

chapter, we examine a few of the more recently described elements of the network, 

including our recent discovery of proteins secreted by cardiac myocytes during 
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endoplasmic reticulum stress response, that illustrate the complexities, as well as the 

subtleties of communication in, and from, the heart. 

Mechanisms of Secretory Protein Synthesis, Processing and Secretion 

 Cardiokines and the Molecular Social Network  

 The discovery in 1981 that the heart is an endocrine organ has led to many studies 

focused on determining the nature of the communication substances released from the 

heart, as well as the mechanisms that govern their synthesis and secretion.  Although 

heart cells secrete various types of molecules, the bulk of them are proteins, or 

cardiokines.  Since most cardiokines are relatively large and hydrophilic, crossing the 

hydrophobic plasma membrane without compromising its integrity constitutes a 

significant challenge.  Cells have met this challenge by employing several routes of 

cardiokine secretion that can be generally classified as either classical- or non-classical 

protein secretory pathways 1.  Moreover, the heart is a particularly complex secretory 

organ, because in addition to performing its main function of pumping blood, the muscle 

cells in the different chambers exhibit different cardiokine expression and secretion 

properties.  For example, atrial myocytes store cardiokines in large dense-core vesicles 

(LDCVs) from which release is regulated, whereas ventricular myocytes store 

cardiokines in small vesicles from which release is constitutive.  

 Classical and Non-classical Secretory Pathways 

  The Classical Secretory Pathway (Fig. 2.3A-1D):  The first well-characterized 

pathway of protein secretion, called the classical secretory pathway, involves the 

endoplasmic reticulum (ER)-dependent synthesis and co-translational translocation of 

nascent proteins across the ER membrane 2.  Although this pathway was originally 

delineated in cells derived from endocrine and exocrine glands, such as -cells and 
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acinar cells in the pancreas, further studies demonstrated the existence of the ER-

dependent classical secretory pathway in all mammalian cell types examined, including 

atrial and ventricular myocytes.  Proteins destined for secretion via the classical pathway 

are co-translationally translocated into the lumen of the ER (Fig. 2.3A).  Once in the ER, 

secretory proteins proceed to ER exit sites (ERES) where they are incorporated into 

membrane-coating coat protein II (COPII) vesicles that leave the ER and move the cargo 

to the ER-to-Golgi intermediate compartment (ERGIC), after which they are routed to the 

Golgi (Fig. 2.3B).  Post-Golgi carriers then transport secretory proteins to either large 

dense-core vesicles (LDCV) (Fig. 2.3C), where they can be stored until receipt of a 

stimulus for exocytosis, a process called regulated secretion 3, or they can be packaged 

into small vesicles that fuse with the plasma membrane in a manner that is independent 

of a stimulus, a process which leads to the unregulated, or constitutive secretion of 

soluble proteins (Fig. 1D) 4.  In addition to being responsible for the secretion of proteins 

that are not targeted to the regulated secretory pathway, the constitutive pathway is also 

responsible for the delivery of membrane proteins to organelles or the cell surface. 

  The Non-classical Secretory Pathway (Fig. 2.3E-G):  Further investigation of 

the mechanisms of protein secretion led to the more recent discoveries of proteins that 

are released from cells in an ER-independent manner, called non-classical secretion 5.  

The first proteins shown to be secreted via the non-classical pathway were interleukin-

1, galectin and fibroblast growth factor.  However, ensuing studies have identified at 

least 100 additional proteins that are released from cells via the non-classical secretory 

pathway.  Proteins secreted via the non-classical pathway lack a conventional signal 

peptide, and are synthesized on free ribosomes (Fig. 2.3E).  After their synthesis, non-

classically secreted proteins can take several routes across the plasma membrane,   



77 

 

 

 

 

Figure 2.3- Mechanisms of Cardiokine Synthesis and Secretion 

Messegner RNAs encoding proteins destined for either the classical (A) or non-classical 
(E) secretory pathways are translated on either ER-associated, or free ribosomes, 
respectively.  Classical Secretory Pathway:  Cardiokines synthesized and secreted via 
the classical secretory pathway are transported from the ER lumen, to the Golgi (B), and 
eventually packaged in either large dense-core secretory vesicles (LDCVs) in cells such 
as endocrine cells, e.g. atrial myocytes, that exhibit regulated secretion, or packaged 
into small transition vesicles (D) in all cells, including neuroendocrine cells that exhibit 
forms of constitutive secretion.  In neuroendocrine cells, some prohormones are 
glycosylated in the ER and Golgi lumen; almost all prohormones are subjected to post-
translational proteolytic processing by prohormone convertases in the Golgi and 
secretory vesicles (C).  Atrial myocytes are different than other neuroendocrine cells, in 
that, the major secretory protein made in the heart, is stored as the prohromone, pro-
ANP (G).  Concurrent with secretion, pro-ANP is cleaved by corin to form the secreted, 
circulating bioactive form of the cardiokine, ANP (H).  Ventricular myocytes differ from 
atrial myocytes in that they exhibit primarily constitutive secretion, and little, if any 
regulated secretion.  However, ventricular myocytes in the pathologic heart are similar to 
atrial myocytes, in that they express pro-ANP, which is co-secretionally processed to the 
bioactive product, ANP, by corin.  Non-classical Secretory Pathway:  Cardiokines 
synthesized and secreted via the non-classical secretory pathway are either packaged 
into vesicles post-translationally and secreted via a vesicle-dependent mechanism (F), 
or they are transported across the plasma membrane through channels or pores (G). 
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which can be broadly classified as either vesicle-dependent or vesicle-independent 6, 7.  

In the vesicle-dependent pathways, proteins are made on cytosolic free ribosomes, then 

following their synthesis, they can be endocytosed into secretory lysosomes, transported 

into exosomes, or they can reside within microvesicles that are shed from the cell 

surface (Fig. 2.3F).  The vesicle-independent pathways generally involve the direct 

translocation of cytosolic proteins across the plasma membrane, usually through protein-

conducting channels or pores (Fig. 2.3G). 

 Biosynthesis of Secreted Proteins—Implications for the Heart 

 Although both the classical and non-classical pathways are responsible for 

cardiokine secretion, most studies carried out to date have been performed on 

cardiokines secreted via the classical pathway 1.  Moreover, the cardiokine made in the 

largest quantities in the heart is atrial natriurietic peptide, ANP, which is secreted via the 

classical pathway.  Accordingly, the following section is limited to a discussion of the 

classical secretory pathway, and ANP is used as an example of a cardiokine. 

  Signal Sequences:  Approximately half of the proteins secreted via the classical 

pathway possess an N-terminal 20 to 26-amino acid hydrophobic signal sequence that 

targets the nascent polypeptide to the ER 8.  Ribosomes engaged in translation of 

proteins with an N-terminal signal sequence bind to the ER via an ER-localized receptor 

that is part of the signal recognition particle, or SRP 9, 10.  Thus, signal sequences not 

only play crucial roles in localizing nascent polypeptides and their ribosomes and 

mRNAs to the ER, but they also facilitate the co-translational transfer across the ER 

membrane of proteins destined for the classical secretory pathway.  One of the first 

modifications of most secretory proteins that have an N-terminal signal sequence is the 

signal peptidase-mediated, co-translational removal of the signal sequence in the ER 
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membrane by regulated intramembrane proteolysis, or RIP 11.  Following signal 

sequence removal, translation ensues, culminating with the complete transfer across the 

ER membrane of a precursor form of the secreted protein, often called the prohormone.  

Most prohormones undergo further post-translational modifications, such as 

glycosylation, disulfide bond formation, proteolytic processing and C-terminal alpha-

amidation before attaining mature, fully bioactive status.   

  Proteolytic Processing:  The post-translational proteolytic maturation of 

prohormones usually involves subtilisin/kexin-like endoproteases, called prohormone 

convertases, the mature forms of which reside in secretory granules of the classical 

secretory pathway 12, 13.  The prohormone convertases, which are sometimes 

abbreviated PCs, comprise a family of seven subtilisin/kexin-like endoproteases 

including furin, PC1/3, PC2, PC4, PACE4, PC5/6, and PC7 12. Prohormone convertases 

perform a specialized function by cleaving prohormones on the C-terminal side of 

selected single, paired, or tetra basic amino acid residues. The products of prohormone 

convertase-mediated cleavage are often trimmed further by carboxypeptidases, such as 

carboxypeptidases E and D, which also reside within the classical secretory pathway 14.  

Prohormone convertases and carboxypeptidases are responsible for the processing of 

many proteins made in the rough-ER and then either secreted, or routed to the cell 

surface, including neuropeptides (e.g., enkephalin and dynorphin), peptide hormones 

(e.g., ocytocin and somatostatin), growth and differentiation factors (e.g., the bone 

morphogenetic protein/transforming growth factor- family), receptors (e.g., Notch and 

insulin receptor), enzymes (e.g., PCs and matrix metalloproteinases) adhesion 

molecules (e.g., a chains of integrins and collagens), blood coagulation factors (e.g., von 

Willebrand factor and factor IX), and plasma proteins (e.g., albumin and 1-
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microglobulin). Prohormone convertases function in a combinatorial fashion to generate 

the appropriate collection of product peptides from prohormones, and therefore, they 

have important roles as regulators of cell-cell communication 12.  Interestingly, cardiac 

myocytes are unusual in that they do not express any of the prohormone 

convertases that are usually involved in prohormone processing in other 

secretory tissues 2.  This finding implies that post-translational proteolytic 

processing of prohormones in the heart is atypical (see Section III. C.). 

  C-terminal Peptidyl Alpha-amidation:  Many peptide hormones secreted via 

the classical secretory pathway require C-terminal -amidation for full biological activity 

15.  Peptidyl -amidation involves the replacement of the hydroxyl group of the C-

terminal amino acid of a protein with an amino group.  The enzyme responsible for this 

modification, peptidylglycine -amidating monooxygenase, or PAM, is found in the 

highest concentrations in cells with LDCVs, where it resides in the lumen, as well as the 

membrane; PAM C-terminally amidates peptides that have the appropriate consensus 

sequence.  Interestingly, the cell type exhibiting the greatest concentration of PAM 

is the atrial myocyte, which paradoxically, is not known to express any secreted 

proteins that are C-terminally amidated, implying potentially novel roles for PAM 

in the heart (see Section III. C.). 

  Timing and Location of Prohormone Processing in the Heart:  A common 

theme among cells that synthesize and secrete proteins via the classical secretory 

pathway is that all of the post-translational processing required for the generation of the 

final, bioactive product peptide takes place prior to secretion.  Accordingly, the mature 

bioactive hormone is either stored within LDCVs in those cells that release hormone in a 

regulated manner, and/or it is packaged into small vesicles from which the bioactive 
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protein is released constitutively, essentially as soon as it is made 2.  Interestingly, 

unlike other tissues that synthesize and release proteins via the classical 

secretory pathway, cardiac myocytes do not store the mature, bioactive form of 

ANP, but instead store a prohormone form of ANP, implying novel mechanisms of 

prohormone processing in the heart (see Section III. C.).   

ANP, the Archetype Cardiokine 

 The Endocrine Heart—Discovery of ANP 

  Atrial Granules and Natriuretic Peptides:  Several studies in the 1950’s and 

1960’s used electron microscopy to examine the ultrastructure of various tissues 16-18.  

These studies revealed the presence of LDCVs in atrial myocytes, but not in ventricular 

myocytes.  Since the atrial LDCV’s were similar to peptide hormone-containing vesicles 

in other tissues, the authors of these reports postulated that in addition to serving a 

critical contractile role, atrial myocytes might also serve an endocrine function.  

However, it was not until 1981 that the endocrine function of the heart was discovered.  

Using bioassays, it was shown that when injected into rats, atrial tissue extracts, but not 

ventricular tissue extracts, exerted strong natriuretic and diuretic effects, as well as 

hypotension 19.  In 1983, the active circulating form of the substance responsible for 

these effects, ANP, was isolated and shown to be a 28-amino acid peptide that 

possessed a single disulfide bond that was required for activity 20, 21.  Soon thereafter, in 

1988, two additional natriuretic pepides structurally related to ANP were discovered in 

porcine brain 22, 23.  The two new natriuretic peptide members were named B- and C-type 

natriuretic peptides, or BNP and CNP, which, like ANP, are encoded on separate genes.  

BNP was later found in relatively high levels in the cardiac ventricles, which are believed 
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to be the source of circulating BNP 24, while CNP is not made in the heart 23.  Like ANP, 

BNP is also made in atrial myocytes, albeit, in much lower quantities than ANP.  

  Physiological Roles for ANP:  Soon after its discovery, a multitude of specific 

physiological roles for ANP were elucidated 21.  For example, ANP was shown to 

decrease vascular smooth muscle tone and peripheral resistance, to increase 

glomerular filtration rate and to inhibit sodium reabsorption in the kidneys.  In addition to 

these endocrine effects, ANP, which is upregulated in hypertrophic, ischemic, and failing 

hearts, also exerts autocrine and paracrine protective, anti-hypertrophic roles on cardiac 

myocytes in the diseased heart.   

 ANP signaling is mediated by its binding to membrane-associated guanylyl cyclase 

receptors, also called natriuretic peptide receptors, or NPRs.  Although there are two 

main subtypes of this family of NPRs, NPR-A and NPR-B, ANP binds preferentially to 

the NPR-A, through which it mediates most of its physiological effects.  Genetically 

modified mice have been used to study the effects of ANP, NPR-A and NPR-B gain- and 

loss-of-function in vivo; these studies have shown that the ANP and NPR system is not 

only critical for regulating blood pressure, salt excretion and water excretion, but also for 

modulating ventricular growth (reviewed in 25, 26).  

 ANP Synthesis and Secretion from the Heart 

  ANP Expression During Development and Pathology:  The pattern of 

expression of ANP in the heart varies, depending on the developmental stage, as well as 

heart health status.  ANP is normally expressed in both the atria and ventricles in the 

embryonic and fetal heart, but soon after birth, ventricular ANP levels decrease 

considerably, while expression of ANP in the atrium continues to rise with age.  For 

example, in the healthy adult heart, ANP expression in the atria is about 1,000-fold 
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greater than in the ventricles 21.  ANP release from the atria can be stimulated by atrial 

stretch in response to increases in blood volume.  In this case, ANP serves as part of an 

endocrine loop that maintains blood volume over a narrow range.  ANP secretion can 

also be stimulated by numerous neurohumoral substances, such as catecholamines, 

vasoactive peptides, such as endothelin, and cytokines 27.  Since the fetal gene program 

is reactivated in the ventricles in response to certain pathologies, such as pressure and 

volume overload hypertrophy, myocardial ischemia, and heart failure 28, as with many 

other fetal gene program members, expression of ANP in the adult ventricle is often 

elevated under these conditions 29.  However, even at its highest point, ANP expression 

in the diseased ventricle is relatively low compared to the atria.  For example, it has 

been estimated that only about 30-40% of circulating ANP in heart failure patients is 

derived from ventricular ANP, while the remainder originates from the atria 30.    

  Transcriptional Regulation of ANP Expression:  Chamber- and development-

specific expression of ANP are regulated by a variety of transcription factors 25, 26.  

Prominent among them are GATA-4 and GATA-6, as well as Nkx2.5, MEF-2, Tbx5, SRF 

and friend of GATA, or FOG-2.  These factors appear to be important regulators of ANP 

transcriptional induction in the fetal ventricle, as well reactivation of ANP transcription in 

the diseased heart.  The inhibition of ANP expression in the healthy adult ventricle is 

mediated, at least in part via Hey, which represses GATA-4 and GATA-6-mediated 

transcription, and Jumonjii, which inhibits GATA-4 and Nkx2.5.  Additionally, neuron-

restrictive silencing factor, or NRSF, binds to a neuron-restrictive silencer element, 

NRSE, in the ANP gene, and represses transcription in the healthy ventricle.  However, 

in the hypertrophic or failing ventricle, ANP transcriptional repression is relieved, at least 
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partly via upregulation of a novel NRSF binding protein, zinc-finger binding protein 90, 

Zfp90, which inhibits NRSF-mediated ANP transcriptional repression 31.  

  Mechanism of ANP Synthesis in the Heart:  One of the most intriguing and 

unusual aspects of ANP is the mechanism of its biosynthesis (Fig. 2.3G).  The ANP 

gene encodes a protein with an N-terminal signal sequence, which is removed co-

translationally to give rise to a 126-amino acid form of ANP, called pro-ANP, and, in 

some species, an initial product of 128 amino acids in length.  In those species that 

express it, the 128 amino acid form of pro-ANP has two C-terminal arginine residues that 

are removed within the secretory pathway, most likely by a carboxypeptidase known to 

reside in atrial granules.  To this point, the biosynthesis of ANP is typical for a peptide 

secreted via the classical secretory pathway.  However, unlike other peptide hormones, 

the 126 amino acid form of ANP, often called pro-ANP, is the form of the peptide that is 

stored in cardiac myocytes, while the circulating form of ANP is a cleavage product of 

pro-ANP, and is comprised of the C-terminal 28 amino acids of pro-ANP 32.   

 It remained unclear for some time how and where the conversion of the stored, 

inactive pro-ANP, to the circulating, active form of ANP took place.  It was once 

hypothesized that the conversion of the storage form of ANP to the circulating form 

might be the result of processing after its secretion, perhaps in the circulation 33, 34.  

However, pulse-chase labeling experiments using cultured atrial myocytes in serum-free 

medium 35, as well as experiments with isolated perfused rat hearts that were devoid of 

blood-borne components, such as proteases 36, demonstrated that the conversion of the 

126-amino acid storage form of ANP to the 28 amino acid circulating form took place at 

the moment of secretion 37 (Fig. 2.3H).   
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 Seven years later, serendipity led to the finding that the type II transmembrane 

protein, trypsin-like serine protease, now called corin, which, in humans comprises 1,042 

amino acids and 116 kDa, and is configured with the active site of the enzyme directed 

toward the extracellular space 38, 39, co-secretionally converts pro-ANP to ANP 40, 41 (Fig. 

2.3H).  Thus, it is believed that corin is responsible for the co-secretional maturation of 

ANP secreted from atrial myocytes in the healthy heart, as well as from ventricular 

myocytes in the pathologic heart.  Support for this belief came from studies on mice in 

which corin was deleted by gene-targeting; it was shown that ANP was undetectable in 

the atria of mice that lack corin, and that they develop spontaneous hypertension, which 

is exacerbated by a high-salt diet 42.  Interestingly, mice lacking corin also exhibited 

cardiac hypertrophy 42, which is consistent with a role for ANP as an anti-hypertrophic 

hormone, which is independent of its effects on blood pressure 43. 

 Novel Features of Cardiokine Synthesis in the Heart 

 In terms of secretory protein synthesis and secretion, compared to most other 

endocrine cells, cardiac myocytes exhibit a number of unique features, suggesting that 

the heart is an atypical endocrine gland.  In addition to distinguishing the heart as an 

atypical secretory tissue, these features have provided examples of novel roles for the 

molecular components of the cardiac secretory machinery that could be of importance in 

other tissues, as well. 

 Novel Functions for PAM in the Heart 

 Peptidyl alpha-amidating monooxygenase, or PAM, has been found in nearly all 

peptide-secreting tissues examined to date.  There are at least two forms of PAM, one 

form exhibits features of a transmembrane protein, and the other resides in the granule 

lumen.  The tissue exhibiting the highest level of PAM expression is the atrium 44, which 
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is intriguing, because there are no known amidated peptides made in the atrial myocyte 

secretory pathway, and the only function of PAM known at the time it was discovered in 

atrial myocytes was peptidyl -amidation.  Thus, it was hypothesized that there might be 

some yet-to-be-discovered amidated secretory proteins expressed in atrial myocytes.  

However, to this date, no such proteins have been identified.  Moreover, a proteomic 

analysis revealed the presence of 100 different proteins in highly purified atrial granules, 

none of which were amidated 45, suggesting that PAM might serve novel functions in the 

heart.  In support of novel functions for PAM in the heart are recent reports 

demonstrating that under certain conditions, the cytosolic domain of the trans-granule 

form of PAM is clipped and translocates to the nucleus, where it acts as a transcription 

factor to regulate genes that are required for secretory granule production 46, 47.  In other 

studies, it has been shown that pro-ANP, while not a trans-granule membrane protein, is 

tightly associated with atrial secretory granule membranes, where it binds to the intra-

lumenal portion of the trans-granule membrane form of PAM 48, suggesting that PAM 

and pro-ANP might collaborate to exert an as yet undiscovered function.  Further studies 

have shown that calcium levels in atrial granules are relatively high, that PAM and pro-

ANP associate at these levels of calcium in a calcium-dependent manner; moreover, 

disruption of this association, which requires mutating only two amino acids in pro-ANP, 

disrupts atrial secretory granule biogenesis, as well as regulated secretion of ANP 49-51.  

These results suggest that in addition to the role in peptidyl -amidation, for which it was 

originally characterized, PAM, may collaborate with pro-ANP to facilitate the biogenesis 

of atrial myocyte granules.  In support of this possibility is the finding that in ANP gene-

deficient mice, atrial myocytes do not contain secretory granules 52.   
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 Novel Functions for Pro-ANP in the Heart 

 The initial studies showing that pro-ANP is stored in atrial myocytes were carried out 

before the discovery of the prohormone convertase family of proteases, although, it was 

known that numerous cell types had proteases necessary to process prohromones 

before secretion.  Accordingly, to account for the lack of pro-ANP processing before to 

secretion, it was hypothesized that either atrial myocytes do not express prohormone 

processing proteases intracellular, or that if they do, pro-ANP must not be a substrate for 

those proteases 33, 53.  Several studies addressed these hypotheses.  In the first, pro-

ANP was expressed in an endocrine cell line known to process pro-ACTH/-endorphin, 

and known not to express pro-ANP 54.  In that study, it was shown that pro-ANP was 

processed prior to secretion, supporting the hypothesis that pro-ANP was not processed 

prior to secretion in the heart because atrial myocytes do not express prohormone 

proteases.  Following the discovery that the PC family of proteases is responsible for 

prohormone processin, a proteomic analysis of purified atrial myocytes showed that PCs 

are not expressed in the atria 45.  It was shown that by overexpressing PC1 in cultured 

atrial myocytes, pro-ANP was efficiently processed prior to secretion 55.  Therefore, it 

became clear that atrial myocytes are unusual among endocrine cells, in that they do not 

express PCs.  While it is not known precisely what roles the storage of pro-ANP serves, 

it is possible that in atrial myocytes, pro-ANP must be intact in order to function in 

conjunction with PAM in secretory granule biogenesis. 

 Novel Mechanism of Pro-ANP Processing in the Heart 

 Pro-ANP is unusual among secreted peptides in that it is co-secretionally cleaved by 

corin to form the final, circulating products, ANP(1-98) and ANP(99-126) (Fig. 1H), the 
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latter of which is often called ANP.  Although the precise reasons for this unusual co-

secretional processing are not known, it is possible that, in addition to a requirement for 

pro-ANP in atrial granule biogenesis (see previous sections), there may be other 

reasons for this unusual processing mechanism.  For example, it is possible that 

regulation of the levels and/or activity of corin could provide a mechanism by which the 

rate of release of bioactive ANP from the heart could be fine-tuned.  Consistent with this 

possibility was the finding that treatment of cultured cardiac myocytes with the 1-

adrenergic agonist, phenylephrine not only increased pro-ANP, but also increased the 

amount of corin on the surface of the cultured cells 56.  In this same study, corin levels 

were also elevated in the ventricles of the hearts from mice with heart failure.  Another 

study showed that while the levels of corin were unchanged, or slightly elevated in the 

hearts from animals or humans with various forms of heart failure, for reasons that are 

not clear, the activity of corin was reduced in all of the heart failure samples 57, 58.  These 

findings correlated with previous findings of increased levels of pro-ANP in the 

circulation of heart failure patients 59.  While many intriguing questions about ANP 

biosynthesis remain, the discoveries of the co-secretional processing of pro-ANP in 1992 

complement the 1999 discovery of corin, a cell-surface protease that can perform this 

unusual processing event.  Future studies will be required in order to fully appreciate the 

novel aspects of corin-mediated ANP generation in the heart, as well as those aspects 

that might shed light on mechanisms of the synthesis of other cardiokines that are co-

released from the heart with ANP. 

Novel Autocrine and Paracrine Signaling Proteins in the Heart 

 The Molecular Social Network beyond ANP 
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 To this point, the focus of this chapter has been on using ANP as an example of the 

expression, synthesis, and secretion of cardiokines.  However, since the discovery of 

ANP, and perhaps fueled in part by that discovery, numerous studies have revealed the 

existence of many other cardiokines secreted in response to numerous, but nevertheless 

physiologically relevant stimuli 60.  Most of these cardiokines are expressed and secreted 

in considerably lower quantities than ANP, which, most likely underlies the fact that they 

have major autocrine and paracrine roles.  The discovery of these additional cardiokines 

has led to the realization that the communication between cardiac myocytes, as well as 

all of the other cell types in the heart, is crucial for optimal cardiac function.  Like ANP, 

these additional cardiokines are secreted in response to a vast array of environment 

cues, including neurohormonal substances, mechanical force or stretch, electrical 

signals, and changes in oxygen tension.  

 The remainder of this chapter will focus on the description of several modules of the 

molecular social network that serves as the basis of communication between cardiac 

myocytes and other cell types in the heart.  In each module, the initiation of 

communication begins with the sensing of physiologically relevant environmental cues 

by cardiac myocytes, which respond by secreting cardiokines that transfer information to 

other cell types in the heart, which themselves secrete additional cardiokines that 

contribute to the physiological response.  Thus, like all social networks, this molecular 

social network is essential for effective distribution of information, but in this case, it is 

information integrated by cardiac myocytes in response to environmental cues that is 

converted to the appropriate physiological response. 

 Roles of Mechanical Force on Cardiokine Release in the Heart 

 Hypertension-induced left ventricular hypertrophy alters the genetic program of the 
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myocardium, resulting in structural and functional changes that initially serve as an 

adaptive ventricular response to pressure overload; but, eventually these changes result 

in an increased risk of cardiac failure, sudden death, ventricular dysrhythmias and 

coronary heart disease 28.  While a number of factors, including cardiac ischemia and 

fibrosis have been known to contribute to these risks, some of the details of the 

mechanisms by which cardiokines contribute to the hypertrophic gene program have 

come to be appreciated more recently.  One development that advanced this 

understanding was the observation that cultured cardiac myocytes undergo hypertrohic 

growth when they are subjected to mechanical force, or stretch, which mimics the strain 

they experience, in vivo, during hypertension 61.  This intriguing finding led to further 

investigations of how cardiac myocytes convert stretch-induced mechanical force into 

the biochemical signals that mediate hypertrophic growth.  While it had been known that 

various autocrine and paracrine factors secreted by cardiac myocytes, and other heart-

derived cells contribute to hypertrophic growth 62, the link between mechanical force and 

secretion of the responsible growth factors remained unknown.  However, the findings 

that angiotensin II (Ang II) could be made by cultured cardiac myocytes and fibroblasts, 

as well as in the heart, in vivo 63, 64, along with the discovery that it induced cultured 

cardiac myocyte protein synthesis 65, provided the framework for the seminal studies of 

Sadoshima et al 66, who used an in vitro model to show that Ang II was secreted by 

stretched isolated cardiac myocytes, and that it acted in an autocrine manner to induce 

hypertrophic myocyte growth (Fig. 2.4i, A and B).  This result not only provided an 

intriguing function for cardiac myocyte-derived Ang II in cultured cells, and in vivo, but, 

along with the earlier discovery of the intra-cardiac generation of Ang II 67, it also raised 

questions about how Ang II could be locally generated in the myocardium.   
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 The classical, or systemic, renin-angiotensin system (RAS) is well known for its 

ability to regulate blood pressure and water balance.  However, given the required 

multiple tissues, including liver, kidney and vascular endothelium for the angiotensin-

converting enzyme (ACE)-mediated generation of Ang II in the circulation from a large 

liver-derived macromolecular precursor, angiotensinogen, the molecular mechanism by 

which Ang II could be produced locally in the myocardium remained an intriguing 

mystery for many years.  Since that time, additional studies have shown that cardiac 

myocytes, as well as cardiac fibroblasts, can convert angiotensinogen to Ang II in an 

ACE-independent, chymase-dependent manner, and that Ang II can be released from 

these cells via the classical secretory pathway 68.  An additional part of the mystery of 

local Ang II formation in the heart was solved when it was shown that chronic stretch of 

cardiac myocytes induced angiotensinogen mRNA formation 66.  This finding supported 

the existence of a positive local feedback mechanism between mechanical stretch and 

cardiac myocyte-derived Ang II.   

 The intricate roles of Ang II as a key communicator in orchestrating responses of the 

myocardium to stretch were further appreciated when it was shown that in addition to 

cardiac myocytes, Ang II exerted diverse autocrine and paracrine effects on other cell 

types in the heart.  For example, Ang II was shown to increase release of transforming 

growth factor β (TGFβ) via the classical secretory pathway from cardiac myocytes (Fig. 

2.4i, D).  Cardiac myocyte-derived TGFβ, in turn, was shown to act in a paracrine 

manner to increase the expression and constitutive release of the pressor peptide, 

endothelin (ET-1) from vascular endothelial cells via the classical secretory pathway 69  

(Fig. 2.4i, E).  TGFβ was also shown to exert paracrine effects on cardiac fibroblasts, 

where it increased expression and secretion of numerous cardiokines, including IL-6 and 
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Figure 2.4- Panel i-  Effects of mechanical force on cardiac cell communication 

Mechanical stretch causes the release of Ang II, which has hypertrophic effects on 
cardiac myocytes (B), and paracrine effects on cardiac fibroblasts (G).  Mechanical 

stretch activates the transcription factor NFB, which increases the expression of TGF  
 

(D).  Secreted TGF causes the secretion of endothelin (ET-1) from endothelial cells (E).  

ET-1 causes the contraction of vascular smooth muscle cells.  In response to TGF, 

fibroblasts secrete cytokines such as TNF and IL-6 (F), which in an autocrine manner 

activate the fibroblasts, resulting in collagen secretion and fibrosis.  TNF can act in a 
paracrine fashion to cause cardiac myocyte growth. 
 
Figure 2.4- Panel ii-  Effects of oxygen tension on cardiac cell communication:  
At high oxygen concentrations (one study defines as > 6%), cardiac myocytes secrete 
angiotensin (which can be secreted as Ang II, or converted to Ang II outside of cardiac 
myocytes) (A).  Ang II then causes the secretion of ET-1 from endothelial cells (B), 
which cause vascular smooth muscle cells to contract, resulting in vasoconstriction.  At 
low oxygen concentrations (defined as < 6%), cardiac myocytes secrete adenosine, 
which directly acts on vascular smooth muscle cells, resulting in vasodilation (C).  

Activation of HIF1 at low oxygen concentrations results in the upregulation of 
transcripts encoding, among other proteins, cardiokines that promote angiogenesis. 
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TNF, both of which were released via the classical secretory pathway (Fig. 2.4i, F).  In 

addition, these cardiokines were also shown to contribute to increased collagen 

expression in cardiac fibroblasts, which is released via the classical secretory pathway, 

after which its deposition in the extracellular matrix contributes to myocardial fibrosis.  In 

addition to this indirect effect, Ang II can affect fibrosis directly by inducing the 

expression of numerous extracellular matrix proteins, including fibronectin and collagen 

in cardiac fibroblasts 70 (Fig. 2.4i, G).  Moreover, the Ang II-dependent increase in 

collagen secretion is accompanied by decreased secretion of collagenase, which 

exacerbates the untoward effects of collagen-mediated fibrosis on myocardial 

contractility 71.  Ang II can also stimulate the secretion of TGFβ and ET-1 from cardiac 

fibroblasts 72. 

 Roles of Oxygen Tension on Cardiokine Release in the Heart 

 Hypoxia is a recurrent theme underlying the pathophysiology of several cardiac 

diseases, including hypertrophy and ischemic heart disease.  In pathological cardiac 

hypertrophy, the rate of neoangiogenesis does not keep pace with the rate of myocardial 

growth, which can generate a chronic ischemic state.  In the case of myocardial 

infarction, myocardial ischemia is the result of insufficient coronary blood flow, usually 

due to atherosclerosis.  In both cases, hypoxic stress activates a variety of signaling 

pathways that are designed, in part, to facilitate adaptation of the heart to changes in 

oxygen tension 73.  Although physiological mechanisms coordinate cardiac oxygen 

balance dynamically in response to acute alterations in cardiac workload, changes in the 

expression of genes encoding proteins that regulate coronary blood delivery also play a 

critical role, generally as adaptive responses to cardiac stressors that alter either 

myocardial oxygen consumption (e.g. hypertrophy) or oxygen delivery (e.g. coronary 
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artery disease).  The sensitivity of the myocardium to oxygen tension has led to studies 

examining not only how cardiokine secretion is altered under hypoxic conditions, but 

also how the heart and coronary vasculature respond to changes over the hypoxic to the 

hyperoxic range of oxygen concentrations.  Communication between cardiac myocytes 

and other cells in the heart has been shown to be the basis of local myocardial 

adaptation to hypoxia, as well as hyperoxia.  For example, Winegrad et al have shown 

that when the concentration of oxygen is >6%, cardiac myocytes secrete angiotensin 74 

(Fig. 2.4ii, A).  According to these same investigators, Ang II then causes the secretion 

of ET-1 from endothelial cells, which interacts with neighboring vascular smooth muscle 

cells to foster vasoconstriction (Fig. 2.4ii, B).  However, at oxygen levels <6%, in the 

same study it was shown that cardiac myocytes release adenosine, which causes 

vascular smooth muscle cell relaxation, leading to vasodilation (Fig. 2.4ii, C).  Moreover, 

adenosine has also been shown to promote angiogenesis by upregulating vascular 

endothelial growth factor (VEGF) mRNA 75.  These are among the mechanisms by which 

cardiac myocytes can communicate with nearby cells in a paracrine manner to 

autoregulate vascular tone in response to hypoxia and hyperoxia, thus providing a 

mechanism for maintaining optimal oxygen levels in the myocardium over a narrow 

range.   

 Another mechanism for regulating proper myocardial oxygen perfusion during more 

chronic hypoxia is the release of cardiokines from cardiac myocytes that promote 

neoangiogenesis.  For example, activation of the transcription factor, hypoxia inducible 

factor 1α (HIF1α) in cardiac myocytes in response to hypoxia induces genes encoding 

angiogenic factors, such as VEGF, secreted via the classical pathway, and basic 

fibroblast growth factor (bFGF), secreted via the non-classical pathway, which 
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collaborate to induce growth of new blood vessels 60, 73 (Fig. 2.4ii, D).  HIF1α also 

induces other genes that encode proteins involved in blood delivery (e.g. vascular 

remodeling and erythropoiesis) and metabolism, apoptosis, control of reactive oxygen 

species, vasomotor reactivity and vascular tone, and inflammation. 

 Roles of Cardiokines in Heart Failure 

 The progression of heart failure is dependent on the overexpression of neurohumoral 

substances, including norepinephrine, angiotensin II, and other cardiokines 76.  These 

factors contribute to disease progression by promoting left ventricle remodeling and 

eventual cardiac dysfunction.  This understanding, coupled with earlier studies of Ang II 

as a cardiac growth factor, has led to the adoption of therapeutic strategies using ACE 

inhibitors, angiotensin receptor blockers, and β-blockers to antagonize the renin-

angiotensin and adrenergic signaling systems in attempts to moderate the untoward 

effects of heart failure.  However, despite these strategies, which may slow the 

progression of heart failure, there is currently no treatment for resolving heart failure in 

the long-term.  Accordingly, there have been numerous studies aimed at identifying the 

cardiokines that contribute to, or protect from the effects of heart failure, which have 

been called pro- or anti-inflammatory cytokines, respectively.   

 Several lines of evidence indicate that, at least in part, the source of heart failure-

related cardiokines are cardiac myocytes.  Indeed, myocardial overexpression of TNFα 

77-79 was shown to be sufficient to cause heart failure.  Moreover, circulating TNFα, as 

well as IL-6 family members, including IL-6, LIF, and cardiotrophin, which may originate 

from the periphery or the myocardium, increase with the severity of heart failure 80-83.  

Most of the effects of these cytokines are due to their abilities to bind to gp130, a cell-

surface receptor that is upregulated to a greater extent in patients with dilated 
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cardiomyopathy than in those with valvular or ischemic cardiomyopathy, suggesting that 

at, least in part, their effects depend upon the etiology of the heart failure.   

 As illustrated in the “mechanical stretch” section, there is crosstalk between the RAS 

and cytokine expression and secretion, which may amplify and sustain a positive 

feedback loop, leading to hypertrophy, cardiac dysfunction and eventually, heart failure.  

This suggests that cytokines may be both a cause and a consequence of heart failure.  

In addition to cytokine production during pressure overload, myocardial infarction 

increases production of cytokines such as TNFα, interleukin-1β (IL-1β), IL-5, and IL-6 84, 

85.  Treatment with ACE inhibitors following an infarction decreases cytokine production, 

and treatment of heart failure patients with AT1R antagonists has shown a decrease in 

circulating levels of TNFα, suggesting the possibility that one of the actions of ACE 

inhibitors may be through inhibition of cytokine production 86, 87.  Conversely, cytokines 

can upregulate components of the RAS, fueling the positive feedback loop, and in some 

cases making the upregulation of the RAS secondary to the development of the 

cardiomyopathy 88.   

 It is important to mention that in heart failure, the levels of circulating inflammatory 

cytokines, such as those mentioned above, are much lower than those observed in 

inflammatory diseases, such as sepsis 89.  Thus, it is possible that these cytokines may 

exert different effects, depending upon their levels.  For example, activation of the 

immune system with TNFα or IL-6 can promote survival mediated by the transcription 

factor, the signal transducer and activator of transcription 3 (STAT3), which following 

phosphorylation translocates to the nucleus and the mitochondria, where it exerts 

protective effects.  This pathway, recently discovered in infarct and ischemic heart 

failure, is known as the survivor activating factor enhancement (SAFE) pathway in the 
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heart 89.  Interestingly, the protective aspects of this pathway during ischemic heart 

failure do not translate to non-ischemic heart failure.  Additionally, a large number of 

experimental models and clinical studies have investigated the roles of hematopoietic 

cytokines, including the inflammatory hallmarks of heart failure mentioned here, in 

cardiac repair and stem cell recruitment and homing.  These studies have also shed light 

on the potential cardioprotective aspects of cytokine therapy, and have shown that the 

outcomes depend on timing of therapy, extent of stem cell mobilization, the patient 

population, and mobilization-independent effects of cytokines 90.   

Effects of ER Stress on Cardiokine Secretion  

 Proteins released by the classical secretory pathway are synthesized in the 

rough ER and eventually packaged into secretory vesicles (Doroudgar and Glembotski, 

2011; Halban and Irminger, 1994; Kelly, 1985; Nickel, 2010).  Although many ER stress 

response genes have been identified, relatively few encode proteins destined for 

secretion.  This may be because impaired ER-protein folding is predicted to decrease 

the processing and transport of proteins secreted by the classical secretory pathway 

(Molinari and Sitia, 2005).  Addressing the hypothesis that cardiokine secretion is 

decreased and the identities of cardiokines released during the ER stress response 

differs from those released when there is no stress, we used purified primary neonatal 

rat ventricular myocytes in a proteomics study to characterize such differences in the 

secretomes.  While secretion of most proteins decreases with both ER stress-inducing 

chemicals tunicamycin (TM; glycosylation inhibitor) and thapsigaring (TG; SERCA 

inhibitor), we found that a unique set of proteins are released when myocytes were 

treated with TG (TABLE 2.3).  Since TG is known to deplete ER calcium, these findings 

suggesting that decreased ER calcium might trigger the secretion of these cardiokines.   
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 We recently discovered that mesencephalic astroctye-derived neurotrophic factor 

(MANF), the ER-targeted ER stress response protein, is protective in the heart and is 

also secreted in response to TG.  We used this model protein to investigate the effects 

of calcium depletion on cardiokine secretion.  Since extracellular MANF protects cultured 

ventricular myocytes from stress-induced death (Tadimalla et al., 2008), they were used 

in initial experiments to study the mechanism of MANF secretion.  Ventricular myocytes 

secrete other proteins, such as atrial natriuretic factor (ANF), constitutively (De Young et 

al., 1994).  Accordingly, we hypothesized that MANF secretion would vary in 

coordination with its expression, as reported for other constitutively secreted proteins 

(Halban and Irminger, 1994).  To test this hypothesis, cultured cardiac myocytes were 

treated for 20h with tunicamycin (TM), thapsigargin (TG), and dithiothrietol (DTT), which 

increase the expression of ER stress response genes, by inhibiting glycosylation (Olden 

et al., 1979), decreasing ER calcium (Booth and Koch, 1989) and by altering ER redox 

status (Jamsa et al., 1994), respectively.  As expected, immunoblotting showed that 

each compound increased the expression of two well-known ER stress gene products, 

glucose-regulated protein (GRP) 94 kDa (GRP94) and GRP78 (Fig. 2.5A, GRP94, 

GRP78).  This finding confirmed the abilities of these compounds to induce ER stress.  

In the absence of ER stress, MANF was expressed at moderate levels, which increased 

in response to each ER stressor (Fig. 2.5A, MANF).  Immunocytofluorescence, also 

showed that GRP94, GRP78 and MANF were induced by these ER stressors, and that 

they were found in a punctate, perinuclear pattern, consistent with their localization in 

the ER and sarcoplasmic reticulum of cardiac myocytes (Fig. 2.5C-F).  Unexpectedly, 

the only compound that significantly increased the levels of MANF in the medium was 

thapsigargin (Fig. 2.5B, MANF).  In contrast to MANF, ANF was found in similar 
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Table 2.3. Proteomic analysis of secretion medium from myocytes. 
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quantities in the media from cells treated with all of the ER stressors (Fig. 2.5B).  In 

further contrast to MANF, compared to untreated cells, all of the ER stressors decreased 

the levels of ANF in the media, which is consistent with the ability of ER stress to 

decrease export of some proteins from the ER (Amodio et al., 2009).  These results 

demonstrated that thapsigargin did not enhance MANF release by increasing 

constitutive secretion.  The effects of ER stress on MANF secretion from another cell 

type was examined using HeLa cells.  All three ER stressors increased cellular levels of 

GRP94, GRP78 and MANF (Fig. 2.6A).  And consistent with the results using cardiac 

myocytes, only thapsigargin increased MANF secretion in HeLa cells (Fig. 2.6B). 

 Since thapsigargin is known to deplete ER calcium, these findings suggesting 

that decreased ER calcium might trigger MANF secretion.  Therefore, the characteristics 

of thapsigargin-stimulated MANF secretion were examined further to determine whether 

the kinetics and the doses with which thapsigargin induced MANF secretion were 

coordinate with its known abilities to deplete ER calcium.  Previous studies have shown 

that thapsigargin depletes ER calcium in cultured cells within ~ 30 min (Eaddy and 

Schnellmann, 2011).  Accordingly, HeLa cells were treated with thapsigargin for times 

short enough to deplete ER calcium, but not long enough to induce MANF gene 

expression (Haze et al., 1999).  MANF was detected in the media after as little as 30 min 

of thapsigargin treatment, and it continued to accumulate through 120 min of 

thapsigargin treatment (Fig. 2.6C).  These results suggest that MANF secretion was due 

to the ability of thapsigargin to acutely decrease ER calcium, and that it did not require 

MANF gene induction.   
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Figure 2.5- Effect of ER Stress on Cardiac Myocytes 

Panel A-  Survey of the Effects of ER Stressors on Cellular MANF:  Neonatal rat 
ventricular myocytes (NRVMs) were treated for 20h with tunicamycin (TM; 10 µg/ml), 
thapsigargin (TG; 1 µM), or dithiothreitol (DTT; 1 mM). Cell extract samples (20 µg of 
protein) were fractionated by SDS-PAGE, followed by immunoblotting for GRP94 and 
GRP78, using an anti-KDEL antibody, as well as GAPDH and MANF. Shown is an 
immunoblot of a representative experiment; the migration locations of molecular mass 
markers are shown on the right side of the blot, and the identities of immunoreactive 
proteins, are shown on left of the blot.  N = 3 cultures per treatment.  Band intensities of 
MANF were normalized to those for GAPDH, and the MANF levels + SE, compared to 
control, are shown beneath the blot.  Unless otherwise stated, the quantification of band 
intensities was carried out the same way for subsequent experiments. 

Panel B-  Survey of the Effects of ER Stressors on Levels of MANF in Media of 
Cardiac Myocytes:  Media samples (35 µl each) from the cultures described in Panel A 
were fractionated by SDS-PAGE followed by immunoblotting for GAPDH, MANF, and 
ANF. 

Panels C-F- Survey of the Effects of ER Stressors on MANF Expression in Cardiac 
Myocytes-Immunocytofluorescence:  NRVMs were treated for 20h with TM, TG and 
DTT, as described in Panel A, then subjected to immunocytofluorescence followed by 
laser scanning confocal microscopy.  Green = anti-KDEL; red = anti-MANF; blue = Sytox 
Blue. 
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  Thapsigargin depletes ER calcium by inhibiting sarcoplasmic/endoplasmic 

reticulum calcium ATPase (SERCA) over a concentration range of ~ 0.1 to 0.5 M 

thapsigargin (Treiman et al., 1998).  When HeLa cells were treated with various 

concentrations of thapsigargin, ranging from 0.1 to 2 M, MANF secretion increased in a 

concentration-dependent manner, reaching a maximum at 0.5 M thapsigargin (Fig. 

2.6D).  Thus, the concentration range over which thapsigargin increased MANF 

secretion was the same as that which acutely depletes ER calcium.   

 We next examined the effects of two other compounds, cyclopiazonic acid (CPA) 

(Seidler et al., 1989), and t-butyl hydroquinone (tBHQ) (Paula et al., 2009) that are 

structurally distinct from thapsigargin, but are known to deplete ER calcium by inhibiting 

SERCA.  When used at concentrations known to inhibit SERCA, and to cause ER 

calcium depletion (Bhogal and Colyer, 1998), both CPA and tBHQ increased MANF 

secretion (Fig. 2.6E).  Taken together, these results further support the hypothesis that it 

is by acutely depleting ER calcium that thapsigargin causes MANF secretion.  Moreover, 

since thapsigargin did not increase constitutive secretion, then we reasoned that it must 

be enhancing MANF release through a different mechanism, such as decreasing its 

retention. 
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Figure 2.6- Effect of ER Stress on HeLa Cells 
 
Panel A-  Survey of the Effects of ER Stressors on Cellular MANF:  HeLa cells were 
treated with TM, TG and DTT, then cell extracts (30 µg protein) were subjected to SDS-
PAGE and immunoblotting, as described in Figure 1. 

Panel B-  Survey of the Effects of ER Stressors on Medium MANF:  Media samples 
(25 ml) from the cultures described in Panel A were fractionated by SDS-PAGE and 
immunoblotting for GAPDH and MANF.  

Panel C-  Effect of Different Times of Thapsigargin on MANF Secretion:  HeLa cells 
were treated with 1 µM thapsigargin (TG) for the times shown, then media samples 
subjected to SDS-PAGE and immunoblotted for MANF.  N = 3 cultures per treatment.  
ND = not detectible. 

Panel D- Effect of Thapsigargin Concentration on MANF Secretion:  HeLa cells 
were treated with the various concentrations of TG shown, then media samples 
subjected to SDS-PAGE and immunoblotted for MANF.  N = 3 cultures per treatment.  
Band intensities were normalized to the 0.10 mM TG value as the control (i.e. fold of 
con). ND = not detectible. 

Panel E- Effect of Different SERCA Inhibitors on MANF Secretion:  HeLa cells were 
treated for 2h with TG (1 µM), t-BHQ = 2,5-di-(t-butyl)-1,4-hydroquinone (30 µM), or CPA 
= cyclopiazonic acid (50 µM), then media samples subjected to SDS-PAGE and 
immunoblotted for MANF.  N = 3 cultures per treatment.  Band intensities were 
normalized to the TG value as the control (i.e. fold of con). ND = not detectible. 
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Conclusions 

 Since 1981, when the heart was first shown to be an endocrine organ, studies of the 

autocrine, paracrine and endocrine mechanisms by which the heart communicates have 

revealed the existence of a complex network of cardiokines and their receptors.  These 

fundamental elements of a molecular social network provide the basis for all 

communication of the developing, healthy and pathological heart.  This communication 

serves as a critical framework for all acute, as well as chronic, responses of the heart to 

environmental cues.  Accordingly, future studies aimed at determining the roles of 

cardiokines in areas such as myocardial regeneration and the mitigation of damage in 

the diseased heart, may contribute to the development of novel therapeutic approaches. 



105 

 

 

 

References 

1. Doroudgar S, Glembotski CC. The cardiokine story unfolds: ischemic stress-
induced protein secretion in the heart. Trends Mol Med.17(4):207-214. 

2. Halban PA, Irminger JC. Sorting and processing of secretory proteins. Biochem 
J. 1994;299 ( Pt 1):1-18. 

3. Michael DJ, Cai H, Xiong W, Ouyang J, Chow RH. Mechanisms of peptide 
hormone secretion. Trends Endocrinol Metab. 2006;17(10):408-415. 

4. Kelly RB. Pathways of protein secretion in eukaryotes. Science. 
1985;230(4721):25-32. 

5. Nickel W, Rabouille C. Mechanisms of regulated unconventional protein 
secretion. Nat Rev Mol Cell Biol. 2009;10(2):148-155. 

6. Nickel W. Unconventional secretory routes: direct protein export across the 
plasma membrane of mammalian cells. Traffic. 2005;6(8):607-614. 

7. Nickel W. The mystery of nonclassical protein secretion. A current view on cargo 
proteins and potential export routes. Eur J Biochem. 2003;270(10):2109-2119. 

8. Martoglio B, Dobberstein B. Signal sequences: more than just greasy peptides. 
Trends Cell Biol. 1998;8(10):410-415. 

9. Egea PF, Stroud RM, Walter P. Targeting proteins to membranes: structure of 
the signal recognition particle. Curr Opin Struct Biol. 2005;15(2):213-220. 

10. Schwartz TU. Origins and evolution of cotranslational transport to the ER. Adv 
Exp Med Biol. 2007;607:52-60. 

11. Brown MS, Ye J, Rawson RB, Goldstein JL. Regulated intramembrane 
proteolysis: a control mechanism conserved from bacteria to humans. Cell. 
2000;100(4):391-398. 

12. Seidah NG, Chretien M. Eukaryotic protein processing: endoproteolysis of 
precursor proteins. Curr Opin Biotechnol. 1997;8(5):602-607. 

13. von Eggelkraut-Gottanka R, Beck-Sickinger AG. Biosynthesis of peptide 
hormones derived from precursor sequences. Curr Med Chem. 
2004;11(20):2651-2665. 

14. Rholam M, Fahy C. Processing of peptide and hormone precursors at the dibasic 
cleavage sites. Cell Mol Life Sci. 2009;66(13):2075-2091. 



106 

 

 

 

15. Prigge ST, Mains RE, Eipper BA, Amzel LM. New insights into copper 
monooxygenases and peptide amidation: structure, mechanism and function. 
Cell Mol Life Sci. 2000;57(8-9):1236-1259. 

16. Kisch B. Electron microscopy of the atrium of the heart. I. Guinea pig. Exp Med 
Surg. 1956;14(2-3):99-112. 

17. Kisch B. A Siginificant Electron Microscopic Difference between the Atria and the 
Ventricles of the Mammalian Heart. Exp Med Surg. 1963;21:193-221. 

18. Jamieson JD, Palade GE. Specific Granules in Atrial Muscle Cells. J Cell Biol. 
1964;23:151-172. 

19. de Bold AJ, Borenstein HB, Veress AT, Sonnenberg H. A rapid and potent 
natriuretic response to intravenous injection of atrial myocardial extract in rats. 
Life Sci. 1981;28(1):89-94. 

20. Flynn TG, de Bold ML, de Bold AJ. The amino acid sequence of an atrial peptide 
with potent diuretic and natriuretic properties. Biochemical and Biophysical 
Research Communications. 1983;117(3):859-865. 

21. McGrath MF, de Bold ML, de Bold AJ. The endocrine function of the heart. 
Trends Endocrinol Metab. 2005;16(10):469-477. 

22. Sudoh T, Kangawa K, Minamino N, Matsuo H. A new natriuretic peptide in 
porcine brain. Nature. 1988;332(6159):78-81. 

23. Sudoh T, Minamino N, Kangawa K, Matsuo H. C-type natriuretic peptide (CNP): 
a new member of natriuretic peptide family identified in porcine brain. Biochem 
Biophys Res Commun. 1990;168(2):863-870. 

24. Sudoh T, Maekawa K, Kojima M, Minamino N, Kangawa K, Matsuo H. Cloning 
and sequence analysis of cDNA encoding a precursor for human brain natriuretic 
peptide. Biochem Biophys Res Commun. 1989;159(3):1427-1434. 

25. Nishikimi T, Maeda N, Matsuoka H. The role of natriuretic peptides in 
cardioprotection. Cardiovasc Res. 2006;69(2):318-328. 

26. Gardner DG, Chen S, Glenn DJ, Grigsby CL. Molecular biology of the natriuretic 
peptide system: implications for physiology and hypertension. Hypertension. 
2007;49(3):419-426. 

27. Dietz JR. Mechanisms of atrial natriuretic peptide secretion from the atrium. 
Cardiovasc Res. 2005;68(1):8-17. 

28. Hunter JJ, Chien KR. Signaling pathways for cardiac hypertrophy and failure. N 
Engl J Med. 1999;341(17):1276-1283. 



107 

 

 

 

29. Ruskoaho H. Atrial natriuretic peptide: synthesis, release, and metabolism. 
Pharmacol Rev. 1992;44(4):479-602. 

30. Ruskoaho H. Cardiac hormones as diagnostic tools in heart failure. Endocr Rev. 
2003;24(3):341-356. 

31. Hata L, Murakami M, Kuwahara K, Nakagawa Y, Kinoshita H, Usami S, Yasuno 
S, Fujiwara M, Kuwabara Y, Minami T, Yamada Y, Yamada C, Nakao K, 
Ueshima K, Nishikimi T. Zinc-finger protein 90 negatively regulates neuron-
restrictive silencer factor-mediated transcriptional repression of fetal cardiac 
genes. J Mol Cell Cardiol.50(6):972-981. 

32. Glembotski CC, Gibson TR. Molecular forms of immunoactive atrial natriuretic 
peptide released from cultured rat atrial myocytes. Biochem Biophys Res 
Commun. 1985;132(3):1008-1017. 

33. Glembotski CC, Irons CE, Sprenkle AB, Sei CA. Studies of ANF processing and 
secretion using a primary cardiocyte culture model. Can J Physiol Pharmacol. 
1991;69(10):1525-1536. 

34. Gibson TR, Shields PP, Glembotski CC. The conversion of atrial natriuretic 
peptide (ANP)-(1-126) to ANP-(99-126) by rat serum: contribution to ANP 
cleavage in isolated perfused rat hearts. Endocrinology. 1987;120(2):764-772. 

35. Shields PP, Dixon JE, Glembotski CC. The secretion of atrial natriuretic factor-
(99-126) by cultured cardiac myocytes is regulated by glucocorticoids. J Biol 
Chem. 1988;263(25):12619-12628. 

36. Shields PP, Glembotski CC. Characterization of the molecular forms of ANP 
released by perfused neonatal rat heart. Biochem Biophys Res Commun. 
1987;146(2):547-553. 

37. Sei CA, Hand GL, Murray SF, Glembotski CC. The cosecretional maturation of 
atrial natriuretic factor by primary atrial myocytes. Mol Endocrinol. 1992;6(3):309-
319. 

38. Yan W, Sheng N, Seto M, Morser J, Wu Q. Corin, a mosaic transmembrane 
serine protease encoded by a novel cDNA from human heart. J Biol Chem. 
1999;274(21):14926-14935. 

39. Hooper JD, Scarman AL, Clarke BE, Normyle JF, Antalis TM. Localization of the 
mosaic transmembrane serine protease corin to heart myocytes. Eur J Biochem. 
2000;267(23):6931-6937. 

40. Yan W, Wu F, Morser J, Wu Q. Corin, a transmembrane cardiac serine protease, 
acts as a pro-atrial natriuretic peptide-converting enzyme. Proc Natl Acad Sci U 
S A. 2000;97(15):8525-8529. 



108 

 

 

 

41. Wu Q, Xu-Cai YO, Chen S, Wang W. Corin: new insights into the natriuretic 
peptide system. Kidney Int. 2009;75(2):142-146. 

42. Chan JC, Knudson O, Wu F, Morser J, Dole WP, Wu Q. Hypertension in mice 
lacking the proatrial natriuretic peptide convertase corin. Proc Natl Acad Sci U S 
A. 2005;102(3):785-790. 

43. Feng JA, Perry G, Mori T, Hayashi T, Oparil S, Chen YF. Pressure-independent 
enhancement of cardiac hypertrophy in atrial natriuretic peptide-deficient mice. 
Clin Exp Pharmacol Physiol. 2003;30(5-6):343-349. 

44. Ouafik L, May V, Keutmann HT, Eipper BA. Developmental regulation of 
peptidylglycine alpha-amidating monooxygenase (PAM) in rat heart atrium and 
ventricle. Tissue-specific changes in distribution of PAM activity, mRNA levels, 
and protein forms. J Biol Chem. 1989;264(10):5839-5845. 

45. Muth E, Driscoll WJ, Smalstig A, Goping G, Mueller GP. Proteomic analysis of rat 
atrial secretory granules: a platform for testable hypotheses. Biochim Biophys 
Acta. 2004;1699(1-2):263-275. 

46. Francone VP, Ifrim MF, Rajagopal C, Leddy CJ, Wang Y, Carson JH, Mains RE, 
Eipper BA. Signaling from the secretory granule to the nucleus: Uhmk1 and 
PAM. Mol Endocrinol.24(8):1543-1558. 

47. Rajagopal C, Stone KL, Mains RE, Eipper BA. Secretion stimulates 
intramembrane proteolysis of a secretory granule membrane enzyme. J Biol 
Chem.285(45):34632-34642. 

48. O'Donnell PJ, Driscoll WJ, Back N, Muth E, Mueller GP. Peptidylglycine-alpha-
amidating monooxygenase and pro-atrial natriuretic peptide constitute the major 
membrane-associated proteins of rat atrial secretory granules. J Mol Cell Cardiol. 
2003;35(8):915-922. 

49. Canaff L, Brechler V, Reudelhuber TL, Thibault G. Secretory granule targeting of 
atrial natriuretic peptide correlates with its calcium-mediated aggregation. Proc 
Natl Acad Sci U S A. 1996;93(18):9483-9487. 

50. Baertschi AJ, Monnier D, Schmidt U, Levitan ES, Fakan S, Roatti A. Acid 
prohormone sequence determines size, shape, and docking of secretory vesicles 
in atrial myocytes. Circ Res. 2001;89(3):E23-29. 

51. Labrador V, Brun C, Konig S, Roatti A, Baertschi AJ. Peptidyl-glycine alpha-
amidating monooxygenase targeting and shaping of atrial secretory vesicles: 
inhibition by mutated N-terminal ProANP and PBA. Circ Res. 2004;95(12):e98-
109. 



109 

 

 

 

52. John SW, Krege JH, Oliver PM, Hagaman JR, Hodgin JB, Pang SC, Flynn TG, 
Smithies O. Genetic decreases in atrial natriuretic peptide and salt-sensitive 
hypertension. Science. 1995;267(5198):679-681. 

53. Rosenzweig A, Seidman CE. Atrial natriuretic factor and related peptide 
hormones. Annu Rev Biochem. 1991;60:229-255. 

54. Shields PP, Sprenkle AB, Taylor EW, Glembotski CC. Rat pro-atrial natriuretic 
factor expression and post-translational processing in mouse corticotropic 
pituitary tumor cells. J Biol Chem. 1990;265(19):10905-10911. 

55. Marx R, Mains RE. Adenovirally encoded prohormone convertase-1 functions in 
atrial myocyte large dense core vesicles. Endocrinology. 1997;138(12):5108-
5118. 

56. Tran KL, Lu X, Lei M, Feng Q, Wu Q. Upregulation of corin gene expression in 
hypertrophic cardiomyocytes and failing myocardium. Am J Physiol Heart Circ 
Physiol. 2004;287(4):H1625-1631. 

57. Ibebuogu UN, Gladysheva IP, Houng AK, Reed GL. Decompensated heart 
failure is associated with reduced corin levels and decreased cleavage of pro-
atrial natriuretic peptide. Circ Heart Fail.4(2):114-120. 

58. Chen S, Sen S, Young D, Wang W, Moravec CS, Wu Q. Protease corin 
expression and activity in failing hearts. Am J Physiol Heart Circ 
Physiol.299(5):H1687-1692. 

59. Ando K, Hirata Y, Emori T, Shichiri M, Kurosawa T, Sato K, Marumo F. 
Circulating forms of human atrial natriuretic peptide in patients with congestive 
heart failure. J Clin Endocrinol Metab. 1990;70(6):1603-1607. 

60. Tirziu D, Giordano FJ, Simons M. Cell communications in the heart. 
Circulation.122(9):928-937. 

61. Mann DL, Kent RL, Cooper Gt. Load regulation of the properties of adult feline 
cardiocytes: growth induction by cellular deformation. Circ Res. 1989;64(6):1079-
1090. 

62. Long CS, Kariya K, Karns L, Simpson PC. Trophic factors for cardiac myocytes. 
J Hypertens Suppl. 1990;8(7):S219-224. 

63. Dostal DE, Rothblum KN, Conrad KM, Cooper GR, Baker KM. Detection of 
angiotensin I and II in cultured rat cardiac myocytes and fibroblasts. Am J 
Physiol. 1992;263(4 Pt 1):C851-863. 

64. Dzau VJ. Implications of local angiotensin production in cardiovascular 
physiology and pharmacology. Am J Cardiol. 1987;59(2):59A-65A. 



110 

 

 

 

65. Aceto JF, Baker KM. [Sar1]angiotensin II receptor-mediated stimulation of protein 
synthesis in chick heart cells. Am J Physiol. 1990;258(3 Pt 2):H806-813. 

66. Sadoshima J, Xu Y, Slayter HS, Izumo S. Autocrine release of angiotensin II 
mediates stretch-induced hypertrophy of cardiac myocytes in vitro. Cell. 
1993;75(5):977-984. 

67. Lindpaintner K, Jin M, Wilhelm MJ, Suzuki F, Linz W, Schoelkens BA, Ganten D. 
Intracardiac generation of angiotensin and its physiologic role. Circulation. 
1988;77(6 Pt 2):I18-23. 

68. Kumar R, Singh VP, Baker KM. The intracellular renin-angiotensin system in the 
heart. Curr Hypertens Rep. 2009;11(2):104-110. 

69. Sarkar S, Vellaichamy E, Young D, Sen S. Influence of cytokines and growth 
factors in ANG II-mediated collagen upregulation by fibroblasts in rats: role of 
myocytes. Am J Physiol Heart Circ Physiol. 2004;287(1):H107-117. 

70. Villarreal FJ, Dillmann WH. Cardiac hypertrophy-induced changes in mRNA 
levels for TGF-beta 1, fibronectin, and collagen. Am J Physiol. 1992;262(6 Pt 
2):H1861-1866. 

71. Brilla CG, Zhou G, Matsubara L, Weber KT. Collagen metabolism in cultured 
adult rat cardiac fibroblasts: response to angiotensin II and aldosterone. J Mol 
Cell Cardiol. 1994;26(7):809-820. 

72. Gray MO, Long CS, Kalinyak JE, Li HT, Karliner JS. Angiotensin II stimulates 
cardiac myocyte hypertrophy via paracrine release of TGF-beta 1 and 
endothelin-1 from fibroblasts. Cardiovasc Res. 1998;40(2):352-363. 

73. Giordano FJ. Oxygen, oxidative stress, hypoxia, and heart failure. J Clin Invest. 
2005;115(3):500-508. 

74. Winegrad S, Henrion D, Rappaport L, Samuel JL. Self-protection by cardiac 
myocytes against hypoxia and hyperoxia. Circ Res. 1999;85(8):690-698. 

75. Takagi H, King GL, Robinson GS, Ferrara N, Aiello LP. Adenosine mediates 
hypoxic induction of vascular endothelial growth factor in retinal pericytes and 
endothelial cells. Invest Ophthalmol Vis Sci. 1996;37(11):2165-2176. 

76. Diwan A, Dorn GW, 2nd. Decompensation of cardiac hypertrophy: cellular 
mechanisms and novel therapeutic targets. Physiology (Bethesda). 2007;22:56-
64. 

77. Bryant D, Becker L, Richardson J, Shelton J, Franco F, Peshock R, Thompson 
M, Giroir B. Cardiac failure in transgenic mice with myocardial expression of 
tumor necrosis factor-alpha. Circulation. 1998;97(14):1375-1381. 



111 

 

 

 

78. Kubota T, McNamara DM, Wang JJ, Trost M, McTiernan CF, Mann DL, Feldman 
AM. Effects of tumor necrosis factor gene polymorphisms on patients with 
congestive heart failure. VEST Investigators for TNF Genotype Analysis. 
Vesnarinone Survival Trial. Circulation. 1998;97(25):2499-2501. 

79. Bozkurt B, Kribbs SB, Clubb FJ, Jr., Michael LH, Didenko VV, Hornsby PJ, Seta 
Y, Oral H, Spinale FG, Mann DL. Pathophysiologically relevant concentrations of 
tumor necrosis factor-alpha promote progressive left ventricular dysfunction and 
remodeling in rats. Circulation. 1998;97(14):1382-1391. 

80. Tsutamoto T, Hisanaga T, Wada A, Maeda K, Ohnishi M, Fukai D, Mabuchi N, 
Sawaki M, Kinoshita M. Interleukin-6 spillover in the peripheral circulation 
increases with the severity of heart failure, and the high plasma level of 
interleukin-6 is an important prognostic predictor in patients with congestive heart 
failure. J Am Coll Cardiol. 1998;31(2):391-398. 

81. Kubota T, Miyagishima M, Alvarez RJ, Kormos R, Rosenblum WD, Demetris AJ, 
Semigran MJ, Dec GW, Holubkov R, McTiernan CF, Mann DL, Feldman AM, 
McNamara DM. Expression of proinflammatory cytokines in the failing human 
heart: comparison of recent-onset and end-stage congestive heart failure. J 
Heart Lung Transplant. 2000;19(9):819-824. 

82. Eiken HG, Oie E, Damas JK, Yndestad A, Bjerkeli V, Aass H, Simonsen S, 
Geiran OR, Tonnessen T, Christensen G, Froland SS, Gullestad L, Attramadal H, 
Aukrust P. Myocardial gene expression of leukaemia inhibitory factor, interleukin-
6 and glycoprotein 130 in end-stage human heart failure. Eur J Clin Invest. 
2001;31(5):389-397. 

83. Kurdi M, Booz GW. Can the protective actions of JAK-STAT in the heart be 
exploited therapeutically? Parsing the regulation of interleukin-6-type cytokine 
signaling. J Cardiovasc Pharmacol. 2007;50(2):126-141. 

84. Irwin MW, Mak S, Mann DL, Qu R, Penninger JM, Yan A, Dawood F, Wen WH, 
Shou Z, Liu P. Tissue expression and immunolocalization of tumor necrosis 
factor-alpha in postinfarction dysfunctional myocardium. Circulation. 
1999;99(11):1492-1498. 

85. Ono K, Matsumori A, Shioi T, Furukawa Y, Sasayama S. Cytokine gene 
expression after myocardial infarction in rat hearts: possible implication in left 
ventricular remodeling. Circulation. 1998;98(2):149-156. 

86. Gullestad L, Aukrust P, Ueland T, Espevik T, Yee G, Vagelos R, Froland SS, 
Fowler M. Effect of high- versus low-dose angiotensin converting enzyme 
inhibition on cytokine levels in chronic heart failure. J Am Coll Cardiol. 
1999;34(7):2061-2067. 



112 

 

 

 

87. Gurlek A, Kilickap M, Dincer I, Dandachi R, Tutkak H, Oral D. Effect of losartan 
on circulating TNFalpha levels and left ventricular systolic performance in 
patients with heart failure. J Cardiovasc Risk. 2001;8(5):279-282. 

88. Sekiguchi K, Li X, Coker M, Flesch M, Barger PM, Sivasubramanian N, Mann 
DL. Cross-regulation between the renin-angiotensin system and inflammatory 
mediators in cardiac hypertrophy and failure. Cardiovasc Res. 2004;63(3):433-
442. 

89. Lecour S, James RW. When are pro-inflammatory cytokines SAFE in heart 
failure? Eur Heart J.32(6):680-685. 

90. Sanganalmath SK, Abdel-Latif A, Bolli R, Xuan YT, Dawn B. Hematopoietic 
cytokines for cardiac repair: mobilization of bone marrow cells and beyond. Basic 
Res Cardiol. 

 

 

 



       

    113 

CHAPTER III: 

Under Pressure:  The Role of Synoviolin in Preserving 

Myocyte Size and Function 
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Introduction 

 An enlarged heart is associated with most types of heart disease.  In most cases, 

such enlargement, while initially compensatory, leads to weakening of the myocardium 

and eventual failure of the heart to effectively circulate blood.  For many years, the 

cellular and molecular mechanisms responsible for myocardial enlargement were not 

known.  However, in 1982, using primary neonatal rat ventricular myocytes, Simpson et 

al. demonstrated that cultured cardiac myocytes respond to growth factors with 

increases in cell size and protein synthesis, with little, if any myocyte division 1.  This 

hallmark study established the current widespread tenet that the enlargement of the 

heart in response to heart disease is mostly due to hypertrophic, not hyperplasic 

myocyte growth.  This spawned an entire field of study aimed at determining the 

molecular mechanisms and functional consequences of cardiac myocyte hypertrophy.  

 From a functional perspective, pathologic cardiac myocyte hypertrophy is associated 

with reduced catecholamine sensitivity, and impaired contractility 2-4. From a mechanistic 

perspective, cardiac myocyte hypertrophy is thought to be driven by the neurohumoral 

and stretch-mediated activation of numerous cell signaling processes responsible for the 

induction of genes that regulate the cardiac myocyte growth program 5-7.  However, in 

cardiac myocytes, relatively little is known about the precise mechanisms governing 

what is now recognized as the most fundamental determinant of cell size, protein 

metabolism 6 . 

 During hypertrophic remodeling in the heart, a reprogramming of protein metabolism 

results in increased protein synthesis, and decreased protein degradation 8.  This 

change in the metabolic balance toward relatively more protein synthesis increases the 

demands on the cellular machinery responsible for the management of protein quality, 
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including energy production.  Accordingly, the activation of genes that encode anti-

hypertrophic proteins modulate this strain, and rebalance protein metabolism and 

cellular energy production in ways that optimize myocyte and heart size, as well as 

cardiac function 9.   

The long-term health of all metazoan cells is linked to protein quality control, or 

proteostasis, the maintenance of a careful balance of the proteome under physiological, 

or stress conditions 10.  The endoplasmic reticulum (ER) serves essential roles in 

proteostasis.  The ER has been long known as the location for the translation of mRNAs 

that encode most secreted and membrane proteins, which constitute about 1/3 of all 

proteins 11.  However, recent genomic ribosome profiling evidence indicates that, in 

addition to secreted and membrane proteins, proteins destined for many other locations, 

including the nucleus, are also made on ER-bound ribosomes.  Thus, it is apparent that 

the ER serves a much bigger role in protein synthesis than previously thought 12, which 

emphasizes the importance of protein quality control in the ER.   

 Protein quality control in the ER is regulated in large part by three ER trans-

membrane proteins, which are known as sensors of ER protein misfolding:  protein 

kinase R-like ER kinase (PERK), inositol-requiring protein-1 (IRE-1), and activating 

transcription factor 6 (ATF6) 13.  Each of these sensors contributes to a genetic 

reprogramming that takes place in response to stress in the ER resulting from the 

accumulation of misfolded proteins.  In the early stages of ER stress, the PERK and 

IRE-1 pathways are oriented toward recovery from the stress, which enhance survival. 

However, upon prolonged ER stress, both of these branches of the ER stress response 

activate cell death pathways. 

 Activated ATF6 is a potent transcription factor that is believed to regulate the 

expression of mostly protective genes associated with ER protein quality control 13. To 
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study the mechanism of ATF6-mediated protection in the heart, in vivo, we generated a 

mouse model that allows us to selectively activate ATF6 in myocardial cells without 

activating other branches of the ER stress response.  Initial studies with these mice 

showed that ATF6 was anti-hypertrophic, and that it protected the heart from the 

ischemic damage that often leads to hypertrophic cardiomyopathy 14.  In a microarray 

analysis of ATF6 transgenic mouse hearts, the expression levels of nearly 400 genes 

were increased 15. In addition to the induction of numerous well-known ER stress 

response genes, genes not previously characterized as ATF6-regulated were induced.  

One gene that fell into the latter group was synoviolin, an E3 ubiquitin ligase localized to 

the endoplasmic reticulum membrane.  While synoviolin has not been studied in heart 

cells, it has been shown that targeted deletion of synoviolin in mice is embryonic lethal at 

day 13.5, and that synoviolin expression decreases as a function of age 15, suggesting 

that it is required for proper development.  Synoviolin was studied first in HeLa, HEK293 

and NIH373 cells in 2002 to 2004; in those studies it was shown to be induced upon the 

accumulation of misfolded protein in the ER 16-18.  However, prior to studies of synoviolin 

in mammalian cells, in 1996, the yeast homolog of synoviolin, HRD1p, was discovered 

on the basis of its ability to degrade the ER transmembrane protein, HMG CoA 

reductase 19, which catalyzes the rate limiting step in cholesterol biosynthesis.  Since 

then, synoviolin/HRD1 has been shown to target other proteins for degradation, only 

some of which are ER residents 20, 21.  Thus, given the strategic location of synoviolin in 

the ER, and its ability to selectively target ER, as well as other proteins for degradation, 

it is possible that synoviolin serves an important role at the interface of the ER and 

cytosolic protein quality control systems. 

 The synoviolin promoter contains cis elements that are responsible for increasing its 

transcription during ER stress 22.  However, synoviolin has not been shown to be 
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regulated, in vivo by transcription factors activated during the ER stress response.  

Accordingly, pursuant to our microarray results, in the present study, we showed that 

synoviolin was induced in the mouse heart and in cultured cardiac myocytes by activated 

ATF6.  To examine the function of synoviolin in protein quality control in the heart, we 

assessed the effect of synoviolin overexpression in cardiac myocytes.  We found that 

synoviolin protected cardiac myocytes from stresses that induce protein misfolding, and 

that that synoviolin modulated cardiac myocyte size, in vitro and in vivo.  Because 

cardiac myocyte size represents the balance between protein synthesis and protein 

degradation, we considered the possibility that synoviolin modulates myocyte growth by 

affecting one or both of these processes. We tested this hypothesis by altering 

synoviolin levels in vitro and in vivo, in cultured cardiac myocytes, and in the mouse 

heart, respectively.  We found that synoviolin modulated protein synthesis and cell size, 

in vitro and in vivo, but it did not affect contractile performance.  We also found that 

synoviolin was necessary for proper calcium handling in the heart.  Collectively, our 

studies suggest that synoviolin is a novel determinant of cardiac myocyte size, and that 

while it modulates growth it does not impair cardiac myocyte function.  To the best of our 

knowledge, this is the first study of an ER transmembrane E3 ubiquitin ligase in the 

heart, and the results indicate that synoviolin may play important roles as a regulator of 

protein synthesis and, thus, cell size. 

 

  

 

 



  118     

    

Methods 

Cardiac Myocytes 

 Neonatal rat ventricular myocyte cultures (NRVMC) were prepared from neonatal 

rats as described 23, and then myocytes were purified on a discontinuous Percoll density 

gradient centrifugation.  Cells were isolated by enzymatic digestion of 1-4 day-old 

neonatal rat hearts, as described 23, and collected by centrifugation.  Forty to 60 million 

cells were resuspended in 1-1.5 ml of 1XADS buffer containing phenol red (1X ADS red) 

buffer 24, and then layered onto the top of a discontinuous Percoll gradient consisting of 

3 ml of Percoll (1.082 g/ml) layered beneath 4 ml of Percoll (1.059 g/ml) in a 15 ml 

conical centrifuge tube.  The Percoll solutions were prepared from a Percoll stock, which 

was prepared by diluting 9 parts of PercollTM (G.E. Healthcare Lifesciences) with 1 part 

10X ADS without phenol red, then mixing 4.5 ml of Percoll stock with 5.5 ml of 1XADS 

without phenol red (1X ADS), to generate the 1.059 g/ml solution, and by mixing 6.5 ml 

of Percoll stock with 3.5 ml of 1XADS (red), to generate the 1.082 g/ml solution.  After 

applying the cell sample, the gradient was centrifuged for 30 min at 1,500 X g in a 

refrigerated centrifuge (4oC) in a swinging bucket rotor.  After centrifugation, myocytes 

concentrated at the interface between the Percoll solutions, and they were harvested by 

pipet, collected by centrifugation, resuspended in fresh 1XADS red, collected by 

centrifugation a second time, resuspended in plating medium consisting of DME/F-12 

supplemented with 10% fetal bovine serum, and then distributed to culture dishes, as 

needed.  Approximately 18h later, culture medium was replaced with maintenance 

medium, consisting of DME/F-12 supplemented with 2% fetal bovine serum, and then 

cultures were treated, as described in the legends and as described elsewhere in the 

Methods for various experiments. 
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Quantitative Real-time PCR 

 Quantitative real time-PCR (qRT-PCR) was performed, as previously described 14.  

Primer sequences (courtesy of Dr. Kedryn Baskin) are listed below.   

 

Transcript Primer Sequence 

mAtrogin-1 590F (forward) TGTATCGGATGGAGACCATTC 

 677R (reverse) GTGATCGTGAGGCCTTTGAAG 

mMuRF1 29F (forward) ATGGAAACGCTATGGAGAACCT 

 170R (reverse) GGATTCGCAGCCTGGAAGAT 

rAtrogin-1 371F (forward) GGCTGTTGGAGCTGATAGCA 

 505R (reverse) CATGACTTTCAGGAACTTCTGGTCG 

rMuRF1 487F (forward) TTCCAAGGACAGAAGACTGAACTG 

 582R (reverse) TTCCTTGGTCACTCGGCAG 

m/rAtg12 195F (forward) AGGCTGTAGGAGACACTCCCATAA 

 276R (reverse) GAAGTCGATGAGTGCTTGGACAGT 

h/m/rBeclin 466F (forward) CCTCAGCCGAAGACTGAAGGT 

 547R (reverse) CTCACAGAGTGGGTGATCCACAT 

m/rAtg5 m/rAtg5 (forward) GGTGATCAACGAAATGCAGAGAA 

 m/rAtg5 (reverse) GTCCAAAACTGGTCAAATCTGTCA 

m/rLC3 LC3 (forward) GTGGAAGATGTCCGGCTCAT 

 LC3 (reverse) CTCCCCCTTGTATCGCTCTATAATCA 
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Immunoblotting 

 Samples were separated on 4-12% Bis-tris pre-cast gels (Biorad) followed by 

transfer to PVDF membrane. Membranes were blocked in 5% milk in TBST (150 mmol/L 

NaCl, 50 mmol/L Tris-pH 7.5, 0.1% Tween) for one hour and probed with primary 

antibody overnight (see below for antibody sources and dilutions) at 4°C. The following 

day, blots were washed in TBST three times for 10 minutes per wash, and incubated 

with secondary antibodies conjugated to horseradish peroxidase (Jackson 

Immunoresearch, West Grove, Pa).  Proteins were detected using ECL (PerkinElmer; 

NEL101001EA), quantitated for pixel intensity using ImageJ, and normalized to 

corresponding loading control.   

 
Antibody 

 
Source 

 
Catalog 
number 

 
Primary 
dilution 

 
Molecular 

weight (kDa) 

SYVN1 (5015) 
Covance 
(custom) 

N/A 1:20,000 68 

KDEL (10C3) 
Enzo ADI-SPA-

827 
1:1,000 78 and 94 

GAPDH Fitzgerald 10R-G109a 1:150,000 37 

CHOP/GADD153 
(B-3) 

Santa Cruz Sc-7351 1:500 25 

p-EIF2α (S51) 
(D968) 

Cell Signaling 3398 1:500 38 

EIF2α (D7D3) Cell Signaling 5324 1:1,000 38 

ANF Peninsula T-4014 1:1,1000 17 and 3 

Ubiquitin (FK2) Millipore  04-263 1:1,000 various 

p-MTOR (S2448) Cell Signaling 2971 1:1,000 >250 

MTOR Cell Signaling 2972 1:1,000 >250 

p-NDRG1 (T346) Cell Signaling 5482 1:1,000 48 

p-S6 Kinase1 
(T389) 

Cell Signaling 9205 1:500 70 

S6 Kinase1 Cell Signaling 9202 1;500 70 

p-AKT Cell Signaling 9271 1:1,000 62 

AKT1/2 (N-19) Santa Cruz 1619 1:1,000 62 

p-PRAS40 Cell Signaling 2640 1:1,000 40 

PRAS40 Cell Signaling 2691 1:1,000 40 

p-Rib S6 
(S235/236) 

Cell Signaling 2211 1:2,000 32 

Rib S6 (54D2) Cell Signaling 2317 1:1,000 32 
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Synoviolin Antiserum Preparation 

 Human, mouse and rat synoviolin1 are 617, 612 and 608 amino acids in length, 

respectively.  Each has a predicted N-terminal signal sequence of 22 amino acids (AA), 

followed by an ER luminal domain (AA 23-41), five transmembrane domains (AA 42-62, 

99-119, 141-161, 170-190, and 225-251), and a C-terminal domain (AA 252-617) that 

includes a RING finger domain (AA 291-330).  Antigenicity was determined using 

EMBOSS antigenic, and antisera were raised by Covance Research Products, Inc., in 

rabbits against a keyhole limpet hemocyanin-conjugated synthetic peptide, 

PEDGEPDAAELRRRRLQKLE, which is identical to residues 593-600 in the C-terminus 

of human synoviolin, and is conserved in mouse and rat synoviolin.  This antiserum was 

affinity purified for use in the experiments reported in this study. 

3H-leu Incorporation and Trichloroacetic Acid Precipitation of Protein 

 NRVMC were plated at 0.5 to 1.0 X 106 cells/well in a six-well plastic culture dish.  

Twenty four hours after plating, plating media was changed to 0.75 ml of DMEM/F-12 

supplemented with 2% FBS, or to serum-free media supplemented with various test 

compounds, as described in the legends.  To this media were added 10 to 50 µCi of 3H-

leucine (Amersham, Inc.).  Twenty four hours later, or as otherwise stated in the legend, 

media were removed, cultures were washed 3-times with 1 ml of DMEM/F-12, then 0.5 

ml of 25% trichloroacetic acid were added and the cells were scraped and placed into a 

1.5-ml microcentrifuge tube.  Fifty µl of a 10 mg/ml solution of bovine serum albumin 

(BSA) were then added to induce protein precipitation.  After incubating on ice for 15 to 

30 min, precipitates were collected by centrifugation, supernatants were removed by 

careful manual aspiration using a Pasteur pipet, and precipitated protein was dissolved 

in 250 ml of 100 mM NaOH, or 100 mM bicarbonate, 1 M urea, 5 mM mercaptoethanol.  

Radioactivity in the solubilized material was then quantified by scintillation counting by 
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placing 100 ml of the solubilized protein into 1 ml of Ecoscint fluor.  Each vial was 

counted for a minimum of 2 minutes.  N = 6 cultures per treatment. 

Protein Degradation 

 Protein degradation was determined according to Baskin et al 25, with minor 

changes.  Briefly, NRVMC were plated at 1.0 X 106 cells/well in a six-well plastic culture 

dish DMEM/F-12 containing 10% FBX.  Twenty-four hours after plating, cultures were 

incubated with “pulse medium” comprising DMEM/F-12 containing 2% FBS and 1 µCi/ml 

3H -phenylalanine (Perkin Elmer cat # NET1122001MC; 1 mCi/ml, 110 Ci/mmol) for 24 

hrs prior to adenovirus infection.  Adenovirus, as described in the legends, were then 

added directly to the cultures at MOI=2.5 without changing the media.  After 24 hrs, the 

pulse medium was removed, and cultures were washed twice with DMEM/F-12 without 

radioactivity.  DMEM/F-12 (1 ml) containing various additions, as described in the 

legends, was then added to each culture.  After 24h, media were collected, centrifuged 

at 250xg to collect cells and debris, and 500µl of each medium sample was combined 

with 500µL of 20% TCA in ddH2O and incubated at 4°C overnight to precipitate proteins.  

Precipitated proteins were centrifuged at 9600xg for 5 minutes at 4ºC. A portion of the 

supernatant (920 µL) was added to glass scintillation vials containing 10ml scintillation 

fluid and counted using one counting cycle with two-minute count time and no sigma 

coincidence.  The acid-soluble radioactivity from the chase medium was used as an 

estimate of the amount of protein degraded over time while total radioactivity in TCA 

precipitable protein from the cell lysates was used for normalization.  Radioactivity in cell 

lysate was measured as follows.  Cells were collected and the radiolabeled 

phenylalanine remaining in the cells was measured.  The acid-soluble radioactivity in the 

chase medium was used as a measure of the amount of protein degraded over time, 
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while radioactivity in the TCA precipitable cellular protein was used for normalization.  

Results are expressed as percent protein degradation or fold change over control 26. 

Immunocytofluorescence of Cultured Cardiac Myocytes 

 NRVMC in DMEM/F-12 containing 10% FBS were plated at a density of 0.25 X 106 

cells per 2-chamber Lab-tek slide that had been pre-coated with fibronectin (25µg/ml).  

After 24h, the medium was replaced with DMEM/F-12 containing 2% FBS.  After 24h, 

the medium was replaced with DMEM/F-12 containing 2% FBS plus tunicamycin 

(10µg/ml), thapsigargin (1µm), or dithiothreitol (2mM).  After 20h, cultures were fixed 

with 4% paraformaldehyde for 15 min, permeabilized with 0.2% TritonX-100 in 0.1M 

glycine in phosphate-buffered saline, then blocked with 10% horse serum for 1h. For 

detection of endogenous proteins, slides were incubated with the required antibody 

overnight at 4 °C, then visualized with Cy3-conjugated secondary antibody and/or 

fluorescein isothiocyanate-conjugated secondary antibody (both used at a 1:100 dilution; 

Jackson Immuno-Research).  Sytox Blue or To-Pro (Molecular Probes) was added to 

mounting medium (Vector H-1000), and images were obtained using a Leica TCS SP2 

laser scanning confocal microscope.  Images from single optical sections are shown, 

taken with a 63X objective. 

Immunocytofluorescence of Cardiac Sections 

 Mice were sedated heavily with chloral hydrate, and the hearts were arrested in 

diastole by catheterizing the abdominal aorta and flushing the heart with a high 

potassium chloride/cadmium chloride.  Coronary arteries were perfused with 10% 

formalin at systolic pressure while the left ventricle was filled with formalin at diastolic 

pressure. Retroperfused hearts were then removed and placed in formalin overnight, 

then processed for paraffin embedding using a Leica TP1050 automated tissue 

processor.  Five µm sections of paraffin-embeded mouse hearts were prepared and 
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placed on slides, which were then deparaffinized in xylene, and rehydrated by sequential 

passage through decreasing concentrations of alcohol, until they were finally placed into 

alchol-free distilled water. Antigen retrieval was achieved by boiling the slides in 10 

mmol/L citrate pH 6.0 for 12–15 min, after which slides were washed several times with 

distilled water, and once with Tris/NaCl, or TN buffer, comprising 100 mmol/L Tris, pH 

7.5 and 150 mmol/L NaCl). Endogenous tissue peroxidase was quenched by incubating 

slides in TN buffer which had been supplemented with 3% H2O2. Slides were then 

washed in TN buffer and blocked at room temperature for at least 30 min in TN buffer 

containing bovine serum albumin, or TNB buffer (TSATM kit from Perkin-Elmer). Primary 

antibodies were diluted into TNB and added to slides which were incubated at 4 °C for 

approximately 12-16h.  Samples were then washed with TN buffer and incubated with 

secondary antibodies at room temperature in the dark for 2 h.  Synoviolin antibody used 

for ATF6 transgenic hearts was affinity purified Covance custom (5016) at 1:500 dilution, 

and for AAV9 treated hearts was affinity purified Covance custom (5015) at 1:200 

dilution.  Confocal images and counts were acquired using a Leica TCS SP2 confocal 

microscope. 

Adenovirus (Adv) 

Recombinant adenovirus (AdV) encoding only GFP (Adv-GFP), GFP and 

constitutively active ATF6, or ATF6 (1-373) (Adv-ATF6), or GFP and spliced XBP1 (Adv-

XBP1s), were prepared as previously described 27, 28.  Recombinant Adv encoding full-

length mouse synoviolin (1-612) (Adv-syn) or full-length mouse synoviolin with an N-

terminal FLAG epitope tag were generated by cloning a construct encoding mouse 

synoviolin (NCBI RefSeq NM_028769) into the adenovirus shuttle vector, pAdTrack-

CMV, which was then used to generate the desired Adv strain in 293 cells, as previously 

described 29.   
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Adeno-associated Virus-9 (AAV-9) 

 For generation of recombinant AAV vector pTRUF-CMVenhMLC800 was 

constructed by modifying pTRUF12(a gift from R Hajjar) by first removing the region 

encoding GFP that was down-stream of the IRES.  New restriction sites were inserted 

into the multiple cloning site to include Nhe1, Pme1, Xho1, and Mlu1.  The CMV 

promoter was replaced with a composite promoter comprised of an 800bp fragment of 

the MLC2v promoter downstream of a CMV enhancer (a gift from Dr. Oliver J. Muller; 

see Muller OJ et al.  Cardiovasc Res (2006) 70 (1): 70-78). AAV9 vectors with wild-type 

capsids were generated by cotransfection the helper plasmid pDG-9 (a gift from Dr. 

Roger Hajjar).  

 pTRUF-CMVenhMLC800-Syvn1 was created by subcloning the mouse synoviolin 

cDNA from pcDNA3.1-synoviolin plasmid by excising with Xho1 and HindIII. 

 To create pTRUF-CMVenhMLC800-miNeg and pTRUF-CMVenhMLC800-miSyvn1, 

miRNA constructs were first created using the BLOCK-iT Pol II miR RNAi Expression 

Vector Kit (Invitrogen; cat no. K4936-00) by first designing miRs targeted to the 3’ UTR 

of mouse synoviolin (accession NM_028769) using the RNAi Designer program from 

Invitrogen. The target sequences used were tattctgtacctactggcttt (bases 3167-3187) and  

agggtgtgtgctgctccttaa (bases 3081-3101).   These miRs were then cloned into the vector 

pcDNA 6.2-GW/EMGFP-miR (Invitrogen).  These miR hairpins were then cloned in 

tandem to create pcDNA 6.2-GW-2x miSyvn1.  The 2x miNeg was created from an miR 

Neg clone with a non-specific target sequence, gtctccacgcgcattacattt.  The 2x miR 

sequences were subcloned into NheI and HindIII sites and then cloned into pTRUF-

CMVenhMLC800.   

 To prepare the recombinant AAV9, HEK293T cells were grown in DMEM/F12 

containing 10% FBS, penicillin/streptomycin at 37°C and 5% CO2.  HEK293T cells were 
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plated at 8x106 per T-175 flask. Twenty-four hours after plating, cultures were 

transfected using Polyethylenimine “Max” (MW 40,000; cat. No: 24765; Polysciences, 

Warrington, PA) as follows 15ug of helper plasmid and 5ug of pTRUF plasmid were 

mixed with 1 ml of DMEM:F12 and 160ul of polyethylenimine (0.517mg/ml),vortexed for 

30 seconds, and incubated for 15 minutes at room temperature.  This mixture was then 

added to the cultures in a drop-wise fashion.  The cultures were then rocked 

intermittently for 15 minutes before incubation.  The culture medium was changed 6 to 

18hrs later.  Three days after transfection, the cells were collected from six flasks and 

then centrifuged at 500xg for 10 minutes.  The cells were resuspended in 10ml of lysis 

buffer (150 mmol/l NaCl, 50mmol/l Tris-HCL).  The resuspended cells were then 

subjected to three rounds of freeze-thaw followed by treatment with benzonase (1500u 

of benzonase; Novagen cat. no. 71205) and 1mM MgCl2 at 37°C for 30 minutes.  The 

cell debris was collected by centrifugation at 3,400xg for 20 minutes.  The supernatant 

containing the AAV9 virus was then purified on an iodixanol gradient comprised of the 

following four phases:  7.3ml of 15%, 4.9ml of 25%, 4ml of 40%, and 4ml of 60% 

iodixanol (Optiprep; Sigma-Aldrich, cat. No. D1556) overlayed with 10ml of cell 

supernatant. The gradients were centrifuged in a 70Ti rotor (Beckman Coulter, Brea, 

CA) at 69,000 rpm for 1 hour using OptiSeal Polyallomer Tubes (cat. no. 361625; 

Beckman Coulter).  The virus was collected by inserting a needle 2 mm below the 40%-

60% interphase and collecting 4 or 5 fractions (~4ml) of this interphase and most of the 

40% layer.  The fractions were analyzed for viral content and purity by analyzing 10µl of 

each fraction on a 12% SDS-PAGE gel (BioRad, cat. no. 345-0119) followed by staining 

with InstantBlue (Expedeon; cat. no. ISB1L) to visualize the viral capsid proteins, VP1, 

VP2 and VP3.  The virus was then collected from the fractions of several gradients and 

the buffer was exchanged with lactated Ringer’s using an ultrafiltration device, Vivaspin 
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20, 100kDa MWCO (GE Healthcare; cat. no. 28-9323-63).  The final viral preparation 

was then fractionated on a 12% SDS-PAGE gel, stained with InstantBlue, and then 

compared with a similarly stained gel of a virus of a known titer.  Alternatively, a qPCR 

was performed using a forward primer (AAGTCTCCACCCCATTGACGT) and reverse 

primer (AGGAGCCTGAGCTTTGATTCC), which spans the CMVenhMLC800 composite 

promoter. A pTRUF vector containing the CMV/MLC800 promoter was used as a 

standard to determine copy number.   

Transaortic constriction (TAC) 

 Transverse aortic constriction (TAC) was used as the surgical model for pressure 

overload-induced cardiac hypertrophy.  FVB male mice (≈25 g) were anaesthetised with 

isoflurane, intubated, and a trans-sternal thoracotomy performed. The transverse aorta 

was constricted with a 7.0 polypropylene suture tied around a 27 gauge needle. 

Echocardiography 

      Vevo 770 high-resolution ultrasound was used for the evaluation of cardiac systolic 

and diastolic function in anesthetized mice, essentially as described 30.   

In vivo hemodynamics 

 Mice were anesthetized with chloral hydrate (400 mg/kg b.w., i.p.) and the right 

carotid artery was cannulated with a microtip pressure transducer (FT111B Scisense 

Ontario, Canada) connected to an A/D converter to record data on a computer.  

Subsequently, the catheter was advanced into the LV cavity for the evaluation of LV 

hemodynamic measurements. 

Caspase-3 Activity Assay 

 NRVMC were infected for 24h with Adv-con or Adv-syn in 2% FCS containing 

medium overnight, after which, cells were washed and fed with the same medium but 

without the Adv.  After 24h, cells were treated with ER stressors. Cultures were 
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extracted in caspase assay buffer containing 50 mM Hepes, pH 7.4, 0.1% CHAPS, 0.1 

mM EDTA. A total of 50 μL of the lysate and 10 μL of the assay buffer were then 

combined with 45 μL of reaction buffer (40 μL caspase assay buffer, 1 mM DTT, 40 μM 

DEVD-AFC in DMSO. After 1 hour at 37°C, fluorescence was measured at an excitation 

wavelength of 400 nm and an emission wavelength of 505 nm. Caspase activity was 

defined as fluorescence/protein. 

Extract and Media Samples 

 Media samples were obtained from cultures after various times; following the 

removal of debris by centrifugation, they were used for SDS-PAGE and immunoblotting.  

The remaining cells were extracted in protein lysis buffer and analyzed by 

immunoprecipitation and SDS-PAGE followed by immunoblotting.  

Replicates and Statistical Analysis 

 Unless otherwise stated in the legends, each treatment was performed on three 

identical cultures.  Statistical analyses were performed using a one-way ANOVA 

followed by Student’s Newman-Keul’s post-hoc analysis of variance.  * p < 0.05, ** p < 

0.01, *** p < 0.001 different from control and all other values, unless otherwise stated in 

the legends. 
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Results 

Synoviolin is Expressed in Adult Mouse and Human Myocardium 

 To assess synoviolin expression, we generated antisera in two rabbits.  Human, 

mouse, and rat synoviolin1 are 617, 612, and 608 amino acids in length, respectively.  

Each has a predicted N-terminal signal sequence of 22 amino acids (AA), followed by an 

ER luminal domain (AA 23-41), five transmembrane domains (AA 42-62, 99-119, 141-

161, 170-190, and 225-251), and a C-terminal domain (AA 252-617) that includes a 

RING finger domain (AA 291-330).  Antigenicity was determined using EMBOSS 

antigenic, and rabbit antisera were raised by Covance Research Products, Inc., against 

a keyhole limpet hemocyanin-conjugated synthetic peptide, 

PEDGEPDAAELRRRRLQKLE, which is identical to residues 593-600 in the C-terminus 

of human synoviolin, and is conserved in mouse and rat synoviolin.  The abilities of 

affinity purified antisera to detect endogenous human synoviolin, or overexpressed 

mouse synoviolin in HeLa cells, were examined by immunoblotting.  The two antisera 

exhibited similar abilities to cross-react with endogenous human, and overexpressed 

synoviolin, which migrated at the expected molecular mass of 68 kDa (Fig. 3.1a and b, 

lanes 1-3).  A FLAG epitope-tagged version of mouse synoviolin was also detected with 

these antisera, as well as with anti-FLAG antisera (Fig. 3.1a-c, lane 4). 

 We found that synoviolin is expressed in the human heart and its levels increase 

in the failing human myocardium (Fig. 3.2a).   Immunoblotting confirmed that synoviolin 

was expressed at greater levels in the neonatal mouse heart than the adult heart, and 

also showed that the major form of synoviolin in all heart extracts was about 68 kDa 

(Fig. 3.2b).  We also observed a higher molecular weight form of synoviolin, at about 

140 kDa, which was detected in adult atrial extracts, as well as neonatal atrial and 

ventricular extracts, but not in the adult ventricle (Fig. 3.2b).   
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Figure 3.1:  Synoviolin antiserum characterization.  
 
Two rabbit antisera were raised against the C-terminal region of synoviolin, then affinity 
purified and characterized by immunoblotting.  HeLa cells were transfected with either 
an empty vector control plasmid (lanes 1), or plasmids encoding the full length mouse 
synoviolin transcript, including 5’- and 3’ untranslated regions (lanes 2), full length 
mouse synoviolin cDNA (lanes 3), or an epitope tagged version of synoviolin in which 
sequences encoding a FLAG epitope were inserted between the N-terminal signal 
sequence and the first amino acid of mouse synoviolin (lanes 4).  HeLa cell extracts 
were then fractionated by SDS-PAGE and blots were probed with antiserum from one of 
the two rabbits, denoted 5015 or 5016 (A and B), or with anti-FLAG (C).  Molecular 
mass markers are shown on the left side of each blot. 
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Figure 3.2:  Synoviolin expression in the mouse and human myocardium.   
 
(A) Human control and failing left ventricle, immunoblotted for synoviolin and gapdh and 
quantification of relative band intensities.  (B) Heart tissues from 5 day and 18 week-old 
mice were extracted, fractionated by SDS-PAGE, and immunoblotted for synoviolin and 
gapdh.  Molecular mass markers are shown on the left side of each blot.   
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While 68 kDa is the approximate expected mass of the 612-amino acid mouse 

synoviolin, the ~140 kDa form of synoviolin could be a dimer, which is consistent with a 

previous studies demonstrating synoviolin dimerization 31.  Although it is not known why 

more of the 140 kDa form of synoviolin was found in neonatal mouse heart than in adult 

mouse heart, these results demonstrate that the major form of synovilin expressed in the 

mouse heart exhibits the expected molecular mass of 68 kDa, and they validate the use 

of the affinity purified antisera for the detection of synoviolin.  Furthermore, 

immunodepletion of epitope-tagged overexpressed synoviolin, followed by 

immunoblotting for synoviolin using these antibodies demonstrated the specificity of the 

affinity-purified antibodies that we had generated.   

Synoviolin is Up-regulated by, and Protects Against, Stresses that Disturb 

Sarco/endoplasmic Reticulum Homeostasis 

 To examine the regulation of synoviolin gene expression in the heart, synoviolin 

expression in ATF6-MER transgenic (TG) mouse hearts was studied.  In this TG mouse 

line, an ATF6-MER fusion protein is expressed under the control of the -MHC 

promoter.  Therefore, ATF6-MER expression is restricted to cardiac myocytes of the 

heart.  Moreover, upon administration of tamoxifen, the transcriptional activation domain 

of ATF6 is unmasked, thus activating ATF6 and its downstream target genes 14.  

Immunocytofluorescence of sections from vehicle-treated TG mouse hearts showed that 

the expression of synoviolin in cardiac myocytes was relatively low (Fig. 3.3a).  In 

contrast, sections from tamoxifen-treated TG mouse hearts exhibited a synoviolin 

staining pattern that was similar to other proteins expressed in the SR of cardiac 

myocytes (Fig. 3.3b). These results demonstrate that synoviolin expression is increased 

in response to ATF6 activation in mouse heart cardiac myocytes, in vivo.   
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Figure 3.3: Effect of ATF6 on synoviolin expression in the mouse heart.  
 
ATF6-MER TG mice were treated with vehicle or tamoxifen (20mg/kg) for 5 days.  The 
hearts were extracted for RNA or protein, or they were sectioned for microscopy.  
Sections of hearts from TG mice treated with vehicle only (A) or vehicle plus tamoxifen 
(B) were stained for synoviolin (green), actin (red), or stained with TOPRO-3 to identify 
nuclei (blue), and then examined by confocal fluorescence microscopy.  Bars denote 10 

m.   
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In addition to ATF6, the transcription factor, X-box binding protein (XBP1), is 

activated during ER stress 32.  A subset of the genes induced by ATF6 is also induced by 

XBP1 33.  Accordingly, to determine the relative effects of ATF6 and XBP1 on synoviolin 

expression, we examined the abilities of adenovirus-mediated overexpression of 

activated ATF6 or XBP1 to induce synoviolin in cultured cardiac myocytes.  Compared to 

a control adenovirus (Adv-Con), cardiac myocytes infected with Adv-ATF6, or Adv-XBP1 

exhibited 5- and 8-fold increases in synoviolin mRNA, respectively (Fig. 3.4a).  Adv-

ATF6 and Adv-XBP1 also increased cellular synoviolin protein levels by 3.6 ± 0.68- and 

4.5  2.1-fold, respectively (Fig. 3.4b). Conversely, when ATF6 was knocked down in 

NRVMC using an adenovirus overexpressing miRNA targeted to ATF6, synoviolin was 

significantly knocked down, but the knock down was partial (Fig. 3.4c).  These results 

indicated that synoviolin gene expression in cultured cardiac myocytes could be induced 

by either ATF6 or XBP1, which is a hallmark of many ER stress response genes.     

 To further examine the molecular characteristics of synoviolin expression in 

cardiac myocytes, synoviolin mRNA and protein were measured in extracts of cultured 

cardiac myocytes subjected to ER stress.  Accordingly, cultures were treated with 

tunicamycin (TM), a protein glycosylation inhibitor, thapsigargin (TG), an inhibitor of 

SERCA, or dithiothreitol (DTT), a reducing agent, all of which impair protein synthesis, 

folding, and trafficking in the ER.  Synoviolin mRNA (Fig. 3.5a) and protein (Fig. 3.5b) 

significantly increased when cardiac myocytes were treated with these compounds.  

Thus, synoviolin expression was increased in cultured cardiac myocytes in response to 

chemical activators of ER stress.   
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Figure 3.4:  Effects of activated ATF6α or XBP1 on synoviolin expression. 

Neonatal rat ventricular myocyte cultures (NRVMC) were plated at 1M per well of 6-well 
dishes.  Cultures were then infected with a control adenovirus (Adv-Con), or with Adv 
encoding active forms of ATF6 (Adv-ATF6) or XBP1 (Adv-XBP1).  Forty-eight hours 
later, cultures were extracted and analyzed for synoviolin and gapdh mRNA, which are 
shown as mean relative mRNA (synoviolin/gapdh) + SEM (A), or synoviolin and gapdh 
protein (B).  Effects of knocking down ATF6 on synoviolin transcript (C).  N=3 cultures 
for each treatment. 
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Figure 3.5:  Effects of chemical ER stressors on synoviolin expression. 

NRVMC were plated at 1M per well of 6-well dishes.  Twenty-four hours later, cultures 

were treated with 10 g/ml tunicamycin (TM), 1M thapsigargin (TG), or 1mM 
dithiothreitol (DTT) for 20 hours in 2% FCS medium, then extracted and analyzed for 
synoviolin and gapdh mRNA, which are shown as mean relative mRNA 
(synoviolin/gapdh) + SEM (A), or synoviolin and gapdh protein (B).  N=3 cultures for 
each treatment. 
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Figure 3.6:  Effect of synoviolin knockdown on neonatal rat ventricular myocyte 
viability. 

 
NRVMC were plated at 1M per well of 6-well dishes.  Cultures were then treated with 
either a control siRNA, or with siRNA targeting rat synoviolin.  Culture extracts were 
analyzed for synoviolin and gapdh expression by SDS-PAGE followed by 
immunoblotting (A).  Cultures were treated with control, or synoviolin siRNA, then 
treated with or without 10µg/ml TM in 2% FCS medium, then examined by phase 
contrast microscopy (B).  Lysates of NRVMC treated as described in Panel B were 
assessed for the ER chaperones, glucose-regulated protein 78kDa (GRP78) and 
glucose-regulated protein 94kDa (GRP94), using an antibody that recognizes the C-
terminal KDEL sequence in each of these proteins.  Samples were also assess by 
immunoblotting for CHOP and gapdh (C). Lysates of NRVMC treated as described in 
Panel B were assayed for caspase-3 activity (D). 
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Figure 3.7:  Effects of synoviolin on neonatal rat ventricular myocyte size. 

NRVMC were plated at 1M per well of 6-well dishes.  Cultures were then infected with a 
control adenovirus (Adv-Con), or with an adenovirus encoding synoviolin (Adv-Syvn1) at 
MOI=2.5 overnight.  Twenty-four hours later, cultures were analyzed for synoviolin, 
eIF2α, p-eIF2α and gapdh expression by SDS-PAGE followed by immunoblotting (C).  

Twenty-four hours after Adv infection, cultures were incubated with 50 M phenylephrine 
(PE) in serum free medium or with serum free medium without phenylephrine for 24 
hours.  Representative phase contract micrographs of NRVMC are shown (A).  Average 
cell area of cultures treated as described for Panel B is shown (B).  N=3 cultures for 
each treatment.  Values are mean pixels counts from at least 100 cells for each N as 
calculated by ImageJ software.  Shown is the compilation of three identical experiments.  
Cultures were extracted and assessed for p-eIF2α and total eIF2α to examine ER-
mediated global translational inhibition (C). 
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Figure 3.8:  Assessment of cardiac myocyte growth markers by qRT-PCR. 

NRVMC were plated at 1M cells per well of 6-well dishes.  Twenty-four hours later, they 
were infected with Adv-Con or Adv-Syvn1 at MOI=2.5 overnight.  Cultures were then 
incubated in serum free medium for 48 hours, followed by 24 treatments with either 
50µM phenylephrine (PE) in serum free medium, or with serum free medium alone, as 
shown.  Cultures were extracted for mRNA and assessed for ANF, BNP, and βMHC 
transcript levels in (A), for ANF (B), and for RCAN transcript levels in (C).  Shown are 
specific mRNA/gapdh mRNA.  N = 3 cultures/treatment. 
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To examine the function of synoviolin in stressed cardiac myocytes, we adopted 

a loss-of-function approach in which siRNA targeting rat synoviolin was used to 

knockdown synoviolin in cultured cardiac myocytes.  Compared to cells treated with 

Control siRNA (Fig. 3.6a, panel 1), treatment of cultured cardiac myocytes with Syvn1 

siRNA affected the morphology of the cells, which appeared stressed (Fig. 3.6a, panel 

3).  Moreover, while TM had little effect on cells treated with Control siRNA, it appeared 

to decrease the numbers of cells, and affect the morphology of cells treated with Syvn1 

siRNA, suggesting that synoviolin knockdown increased susceptibility to ER stress (Fig 

3.6b, panels 2 and 4).  Accordingly, we examined the effects of synoviolin knockdown 

on molecular markers of ER stress and death in cultured cardiac myocytes.  Whereas 

knocking down synoviolin slightly increased basal expression of the prototypical ER 

stress markers GRP78 and GRP94, it did not affect significantly affect the induction of 

these proteins by TM (Fig. 3.6b).  However, TM-mediated induction of CHOP, a pro-

apoptotic transcription factor that is upregulated during maladaptive ER stress, while 

upregulated in Control siRNA treated cells, was upregulated even more in Syvn1 siRNA 

treated cells (Fig. 3.6b).  Coordinate with these results was the finding that synoviolin 

knockdown increased caspase 3 activation, but only in TM-treated cells in which 

synovilin had been knocked down.  These results suggest that synoviolin serves a 

protective role in cardiac myocytes subjected to ER stress.  

Cell Size Decreases with Synoviolin Overexpression in vitro and in vivo 

 To further examine the effects of synoviolin in cardiac myocytes, we adopted a 

gain-of-function approach in which recombinant Adv encoding mouse synoviolin (Adv-

syvn1) was used to overexpress synoviolin in cultured cardiac myocytes.  The most 

remarkable visible phenotype observed when cultures were treated with Adv-syvn1 was  
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a decrease in cell size; this decrease became even more evident when cultures 

overexpressing synoviolin were treated with the cardiac myocyte growth-promoting α1-

adrenergic receptor agonist, phenylephrine (PE) (Fig. 3.7b).  Quantification of cell area, 

which is an estimate of cultured cardiac myocyte size, showed that Adv-syvn1 blocked 

the ability of PE to increase cell area (Fig. 3.7b).  Furthermore, synoviolin 

overexpression significantly downregulated the levels of ANF, BNP, and MHC mRNAs, 

all of which are markers of hypertrophy that are induced in cardiac myocytes in response 

to PE (Fig. 3.8a).  The RCAN1.4 gene encodes a calcineurin phosphatase that inhibits 

cardiac myocyte growth in cultured cells and in the mouse heart, in vivo 9, 15.  We found 

that RCAN1.4 expression was upregulated by 1.5-fold by synoviolin overexpression in 

untreated cells, and that it increased by nearly 3-fold in PE-treated cultures (Fig. 3.8c).  

Thus, upregulation of RCAN1.4 is consistent with the growth modulating effects of 

synoviolin in untreated, as well as PE treated cardiac myocytes.  

Because cell size is dependent on protein synthesis, we investigated whether 

synoviolin overexpression affects translation.  Global translational inhibition is achieved 

when the ER transmembrane protein PERK phosphorylates eIF2α, preventing the 

ternary translation initiation complex eIF2-GTP-tRNAMeti.   Whereas phosphorylation of 

eIF2α by PERK leads to attenuation of global mRNA translation, phosphorylated eIF2α 

selectively stimulates translation of a specific subset of mRNAs in response to stress 34. 

We found that synoviolin overexpression increases the ratio of p-eIF2α to eIF2α (Fig. 

3.7), suggesting that synoviolin-mediated decrease in cell size is due at least in part to 

inhibition of mRNA translation.   
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Figure 3.9:  Recombinant cardiotropic adenovirus-associated virus serotype 9 
(AAV9) vector design and in vivo experimental plan. 

 
(A) Full-length mouse synoviolin cDNA was cloned into a modified pTRUF vector 
containing a CMV enhancer and 800bp of the MLC2v promoter for transcriptional 
targeting to mainly cardiac myocytes of the left ventricle (LV).  The pTRUF vector was 
provided by Oliver J. Müller from the University of Heidelberg.  Experimental strategies 
for gene delivery and a surgical model of cardiac hypertrophy are shown in (B).  Briefly, 
1x1011 genome containing units of either control AAV9 (AAV9-Con) or AAV9 encoding 
synoviolin (AAV9-Syvn1) were delivered, via tail vein injection, to FVB mice at 8 weeks 
of age.  Six weeks later, the mice were subjected to either sham or trans-aortic 
constriction (TAC) surgeries (using 27 ½ gauge needle).  The experiment was 
terminated 6 weeks after the surgeries.  Baseline and longitudinal echocardiographs 
were performed to assess cardiac function and in vivo hemodynamic analyses were 
performed to assess cardiac contractility. 
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Figure 3.10:  Effects of synoviolin on cardiac myocyte growth in a model of 
pressure-induced cardiac hypertrophy, in vivo. 
 
AAV9 treated mice were subjected to sham or TAC surgery.  Hearts were obtained six 
weeks after the surgeries for immunocytofluorescent confocal analyses, as well as for 
biochemical assays.  (A) Confocal micrographs of paraffin-embedded sections of LVs 
were stained for synoviolin (green), the plasma membrane marker, wheat germ 
agglutinin (WGA; purple), and nuclei (blue).  Images are magnified by 63x.  (B) Extracts 
from LVs were prepared by homogenization using a pestle (Wheaton; 358133) and a 
1.5ml microcentrifuge tube in RIPA buffer comprising NaCl 150 mM, Tris-HCl (pH 7.5) 
20 mM, Triton-X 1%, Na deoxycholate 0.50%, sodium dodecyl sulfate 1%.  Extracts 
were examined for synoviolin expression by immunoblotting for synoviolin and gapdh.  
(C) Representative confocal micrographs from the LV at 63 x illustrating ventricular 
myocyte cross-sections stained with WGA.  (D) Quantification of cardiac myocyte cross-
sectional area measurements in sham or TAC operated, AAV9-Con or AAV9-Syvn1 
treated mice, six weeks after surgery were obtained using ImageJ software. All cardiac 
myocytes in each image (100-300 per image) were included in the calculation.  Three 
images from each heart were analyzed.  N=3 hearts per treatment group. 
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To investigate the effects of synoviolin on cardiac myocyte size in the heart, in 

vivo, we generated a recombinant form of the cardiotropic adenovirus-associated virus 

serotype 9 (AAV9) encoding synoviolin driven by the MLC2v promoter, the latter of 

which results in restricted expression, mainly in cardiac myocytes of the left ventricle 

(Fig. 3.9a).  Via tail vein injection, 1x1011 genome containing units of either control AAV9 

(AAV9-con) or AAV9 encoding synoviolin (AAV9-syvn1) were administered to 8 week-

old FVB mice.  Six weeks later, the mice were subjected to either sham surgery, or to 

trans-aortic constriction (TAC) surgery (Fig. 3.9b), the latter of which is an in vivo model 

of cardiac pressure-overload model of hypertrophy, which increases cardiac myocyte 

size in mouse hearts 35.   

Treatment of mice with AAV9-syvn1 increased synoviolin expression in cardiac 

myocytes, as assessed by confocal immunocytofluorescence imaging and 

immunoblotting (Fig. 3.10a, b).  To determine whether synoviolin affected cardiac 

myocyte size, in vivo, we measured individual myocyte cross-sectional areas by staining 

sections of mouse hearts with wheat germ agglutinin (WGA).   

Postmortem analysis of cardiac sections showed a significant decrease in 

myocyte cross sectional area in sham-operated AAV9-syvn1 treated hearts (Fig. 

3.10c,d).  Whereas TAC surgery resulted in increased cardiac myocyte cross sectional 

area in AAV-con treated hearts, myocyte cross sectional area from TAC-operated AAV9-

syvn1 treated hearts were significantly lower (Fig. 3.10c,d).  These results showed that 

in comparison to its effects on cultured cardiac myocytes, synoviolin modulated cardiac 

myocyte size in the mouse heart, in vivo.   
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Figure 3.11:  Effects of synoviolin on heart weight in a model of pressure-induced 
cardiac hypertrophy, in vivo. 
 
Postmortem determination of the ratio of whole heart-to-body weight (A) and heart 
weight-to-tibia length (B) in AAV9-Con, or AAV9-Syvn1-treated mice subjected to sham 
or TAC surgery. 
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Figure 3.12:  Effects of synoviolin on cardiac function in a model of pressure-
induced cardiac hypertrophy, in vivo. 
 
Serial echocardiographic measurements of LV anterior and posterior wall dimensions in 
sham or TAC-operated AAV9-Con and AAV9-syvn1 treated mice were used to calculate 
relative change in ejection fraction (%EF) in (A) and fractional shortening (%FS) in (B) 2, 
4, and 6 weeks after TAC, normalized to pre-TAC baseline values.  Pressure-volume 
loop measurements were used to assess cardiac contractility 6 weeks after surgeries 
(C). 
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Heart Weight is Decreased and Cardiac Contractile Function is Preserved in 

AAV9-synoviolin Treated Mice Subjected to Pressure Overload 

Gravinometric analyses showed that six weeks after TAC surgery, the average 

heart weight-to-body weight ratio was greater in AAV9-con treated mice (7.2±0.32 mg/g), 

compared to AAV-syvn1 treated mice (6.2±0.27 mg/g) (p<0.05) (Fig. 3.11a). 

Consistently, following TAC, heart weight-to-tibia length ratio was also greater in AAV9-

con treated mice (12.1±0.6 mg/mm) compared to AAV9-syvn1 treated mice (10.3±0.4 

mg/mm) (p<0.05) (Fig. 3.11b).  In contrast, following sham surgery, HW/BW and HW/TL 

ratios were similar in AAV9-con and AAV9-syvn1 treated mice.  These results were 

consistent with the cross sectional area analyses, demonstrating that synoviolin 

overexpression modulated cardiac hypertrophy in response to pressure overload, in 

vivo. 

 Left ventricular (LV) function was also evaluated by echocardiography 2, 4, and 6 

weeks after sham, or TAC surgery.  Measurements were made at the same level of 

anesthesia in all mice, and body temperature was carefully maintained between 36.0 

and 37.0 °C.  There were no significant differences in heart rates between the 

experimental groups of mice.  At each time point, ejection fraction (EF), a measure of the 

fraction of blood ejected from the LV upon each contraction, was determined.  

Compared to mice subjected to sham surgery, the EF declined significantly by more than 

20% in AAV9-con treated mice subjected to TAC surgery (Fig. 3.12a, Con TAC).  In 

contrast, the EF did not decrease in AAV9-syvn1 treated mice subjected to TAC surgery 

(Fig. 3.12a, Syvn1 TAC).  Similar effects of AAV9-syvn1 were observed on fractional 

shortening (FS), a measure of LV muscle contractility (Fig. 3.12b).  Thus, compared to 

AAV9-con treated mice, AAV9-syvn1 treated mice exhibited significant preservation of 

cardiac performance and contractile function upon overload hypertrophy.  
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At the conclusion of the experiment, six weeks following the surgeries, cardiac 

performance was examined further by generating in vivo pressure-volume loops using 

LV catheterization of a pressure transducer, as described 36. These hemodynamic 

measurements revealed that AAV9-con and AAV9-syvn1 treated mice subjected to 

sham surgery exhibited similar levels of LV contractility, which is estimated by 

determining the first derivative of LV pressure increase over time (dP/dtmax) (Fig. 3.12c).  

While TAC decreased dPdtmax by more than two-fold in AAV9-con treated mice (Fig. 

3.12c), this drop in LV contractility was blunted in AAV9-syvn1 treated mice (Fig. 3.12c).  

The peak negative derivative of LV pressure over time, which is a measure of relaxation, 

showed that AAV9-syvn1 also preserved LV relaxation after TAC surgery (Fig. 3.12c). 

Synoviolin is Necessary for Proper Calcium Handling in the Heart 

 Since synoviolin overexpression preserved cardiac contractile properties and 

attenuated hypertrophy, and since calcium governs growth and excitation-contraction 

coupling in cardiac myocytes 37, the potential that synoviolin might participate in 

regulating calcium handling was examined.  In cardiac muscle, excitation-contraction 

coupling relies on calcium-induced calcium-release, wherein extracellular calcium enters 

myocytes through voltage-gated Ca2+ channels, binds to ryanodine receptors in the SR 

membrane, and induces release of SR Ca2+ into the cytosol.  After mediating 

contraction, cytosolic Ca2+ returns to systolic levels via SR ATPase pump (SERCA) 

mediated transport back into the sarcoplasm, and via transport out of the cell via the 

sodium-calcium exchanger (NCX) and the plasma membrane calcium ATPase.  

Cytosolic Ca2+ measurements were made on cardiac myocytes isolated from adult FVB 

mice 3 weeks after administration of AAV9-con, or AAV9-syvn1.  Overexpression of 

synoviolin did not change Ca2+ transient amplitude (Fig. 3.13a and b).  Removal of Ca2+ 

by SERCA, as measured by the duration of decline in transients (Fig. 3.13c), SR Ca2+ 
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load (Fig. 3.13d), and NCX activity, as measured by the decline of caffeine-induced 

contraction (Fig. 3.13e), were also unaltered by synoviolin overexpression.  SR Ca2+ 

leak, manifested as increased Ca2+ sparks or waves mediated by the RyR2, can serve 

as the molecular trigger for arrhythmia.  Synoviolin overexpression did not change Ca2+ 

spark properties (Fig. 3.14).  Therefore, synoviolin overexpression had no negative 

effect on calcium handling in the mouse heart.   

 To investigate potential roles of endogenous synoviolin in calcium handling 

properties of cardiac myocytes, a recombinant AAV9 encoding an miRNA targeting 

synoviolin (AAV9-mi-syvn1) driven by the MLC2v promoter was generated and used to 

knockdown synoviolin expression in cardiac myocytes in the mouse heart, in vivo.  

Compared to AAV9-mi-con, AAV9-mi-syvn1 exhibited increased calcium transient 

amplitude (Fig. 3.13a and b) but no change in SR Ca2+ content (Fig. 3.13d).  

Furthermore, AAV9-mi-syvn1 decreased the rate of calcium removal by SERCA (Fig. 

3.13c) and decreased NCX activity (Fig. 3.13e) by ~30%, although this reduction did not 

reach statistical significance.  Synoviolin knockdown also increased Ca2+ spark 

frequency, prolonged spark duration (FDHM), and increased spark width (FWHM) (Fig. 

3.14).  The combination of the increase in Ca2+ transient amplitude, and the pronounced 

calcium spark properties observed in myocytes in which synoviolin was knocked down, 

suggest that endogenous synoviolin is required for normal calcium handling.  However, 

since synoviolin overexpression did not affect calcium handling, it appeared as though 

the growth modulating effects of synoviolin overexpression were not due to changes in 

calcium-mediated growth regulation. 
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Figure 3.13: Effects of synoviolin on cardiac myocyte calcium handling, in vivo. 
 
FVB mice at 8 weeks of age were treated with 1x1011 genome containing units of AAV9-
Con, AAV9-Syvn1, AAV9-mi-Neg, or AAV9-mi-Syvn1.  Cardiac myocytes were isolated 
about 3 weeks after AAV9 delivery and used for calcium (Ca2+) handling experiments. 
Representative confocal line-scan images and calcium transient tracings obtained from 
isolated fluo-4 AM-loaded cardiac myocytes during 1 Hz pacing in 1.8 mM Ca2+ in (A) 
and average twitch Ca2+ transient amplitude (ΔF/F0) in (B).  The decrease in cytosolic 
calcium, as measured by the time from peak to basal [Ca2+]c is shown (C).  Sarcoplasmic 
reticulum (SR) Ca2+ content was measured by changing the superfusate to 10 mM  
caffeine in 0 Na+, 0 Ca2+ Tyrode’s solution, which releases SR calcium, producing a 
large contracture, which was used to measure SR calcium content (ΔF/F0) (D).  The 
decay of caffeine induced Ca2+ transients is shown in (E).  
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Figure 3.14: Effects of synoviolin on SR Ca2+ leak. 

 
Quantification of Ca2+ spark frequency (CaSpF) in cardiac myocytes isolated from AAV9-
treated mice (A), and average Ca2+ spark amplitude (B).  Calcium spark full duration at 
half-maximum 
(FDHM) is shown in (C) and full width at half-maximum (FWHM) is shown in (D). 
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Protein Degradation is Unchanged by Synoviolin Overexpression 

 The balance between protein synthesis and degradation is a fundamental 

determinant of cell size 8. Therefore, since synoviolin appeared to decrease myocyte 

size, we hypothesized that synoviolin migh affect the balance between protein synthesis 

and degradation. Since synoviolin is a ubiquitin ligase, we examined whether synoviolin 

overexpression changed the amount of ubiquitinated proteins in cardiac myocytes, which 

would suggest that synovolin might increase protein degradation.  However, overall 

protein ubiquitination was unchaged upon synoviolin overexpression in untreated 

cultured cardiac myocytes (Fig. 3.15a).  While blocking proteasome activity with 

bortezomib 25 increased protein ubiquitination in Adv-Con treated cells, as expected 

(Fig. 3.15a), this increase was only slightly attenuated in Adv-syvn1 treated cells (Fig. 

3.15a), suggesting that synoviolin overexpression did not contribute significantly to 

overall protein ubiquitination and, thus, proteasome mediated degradation.   

 To examine the effects of synoviolin on protein degradation directly, we 

measured 3H-phenylalanine release from cardiac myocytes pre-labeled cardiac 

myocytes, as previously described 25.  Cultured cardiac myocytes were incubated for 24 

hours with 3H-phenylalanine and then treated for another 24h with Adv-con or Adv-syvn1 

in the presence of the label.  Following 24h incubation with or without PE in serum-free 

medium, secreted 3H-phenylalanine was measured and normalized to total labeled 

protein. Basal protein degradation in Adv-con treated cultures was blocked by BZ, as 

expected (Fig. 3.15b).  Consistent with its effects as a growth promoter, PE significantly 

decreased protein degradation, while BZ treatment had a similar effect to that seen in 

untreated cells (Fig. 3.15b).  Compared to Adv-con, Adv- syvn1 had no effect on protein 

degradation in control, or in PE-treated cells (Fig. 3.15b).  These results indicate that 

protein degradation was not a major contributor to the decrease in cell size in synoviolin 
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Figure 3.15: Effects of synoviolin on protein ubiquitination and degradation. 
 
(A) NRVMC were plated at 1M cells per well of 6-well dishes.  Twenty-four hours later, 
they were infected with Adv-Con or Adv-Syvn1 at MOI=2.5 overnight, and then 
incubated for an additional 24 hours in either 2% FCS medium (top) or serum free 
medium (bottom) in the presence, or absence of 1 μM bortezomib (proteasome 
inhibitor).  Lysates were fractionated on 4-12% Bis-Tris SDS-PAGE gels with MES as 
the running buffer at 200v for 40 minutes, then blotted with anti-ubiquitin (Millipore clone 
FK2) antibody.  (B) NRVMC, plated as in Panel A, were incubated with 5uCi 3H-
phenylalanine for 24 hours and then infected with Adv-Con or Adv-Syvn1 (MOI=2.5) 
overnight.  The radiolabel remained in the medium during Adv infection.  Following the 
24h Adv infection, culture media were replaced with media with, or without PE and/or 
BZ.  Protein degradation was then determined as described in the methods, and was 
calculated as the amount of label in TCA-soluble media samples divided by the amount 
of label in TCA-insoluble cell lysate samples.  Results are shown as the mean ± SEM of 
3 independent experiments, each of which was performed with 3 cultures per treatment. 
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Figure 3.16: Examining the effects of synoviolin on protein turnover –autophagy 
and atrophic ubiquitin ligases. 
 
NRVMC plated at 1M cells per well of 6-well dishes were infected with a control 
adenovirus (Adv-Con) or with adenovirus encoding synoviolin (Adv-Syvn1) at MOI=2.5 

overnight.  Twenty-four hours later, cultures were incubated with 50 M phenylephrine 
(PE) in serum free medium or with serum free medium alone for 24 hours.  Cultures 
were extracted for mRNA and assessed for LC3, beclin, ATG5, and ATG12 transcript 
levels in (A), and for atrogin1 and MuRF1 transcript levels in (B). 
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Figure 3.17: Assessing the effects of synoviolin on protein synthesis. 

 
NRVMC plated at 1M cells per well of 6-well dishes were infected with Adv-Con or with 
Adv- Syvn1 at MOI=2.5 overnight.  Twenty-four hours later, cultures were extracted for 
protein and protein concentration was determined using Biorad Bradford assay.  
Graphed in (A) are the compilation of three experiments. N=3 samples per treatment per 
experiment.  In (B), NRVMC were infected with adenovirus overnight, then treated with 
either 50µM phenylephrine (PE) in serum free medium or with serum free medium alone 

for 24 hours in the presence of 10 Ci 3H-leucine.  Graphed are the average of 
disintegrations per minute (DPM) for each treatment. 
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treated cells.  

 Since protein degradation can also be increased by autophagy, we also 

assessed the possible role of synoviolin in increasing autophagy, and found that the 

markers of autophagy were not significantly upregulated upon synoviolin overexpression 

(Fig. 3.16a).  Although synoviolin-mediated decreases in cell size were not accompanied 

by decreases in contractile function, which is a hallmark of myoycte atrophy 8, we 

examined transcript levels of atrogin1 and MuRF, which are two E3 ubiquitin ligases 

associated with muscle and cardiac atrophy.  Both atrogin1 and MuRF were 

downregulated with hypertrophic stimulus, PE, as expected, as well as with synoviolin 

overexpression, indicating that changes in these proteins were not responsible for 

synoviolin-mediated decreases in cell size (Fig. 3.16b).   

Synoviolin Decreases Protein Synthesis 

Since synoviolin did not increase protein degradation, yet myocyte size was 

decreased upon synoviolin overexpression, we determined whether synoviolin shifted 

protein homeostasis towards a decrease in protein synthesis.  Compared to Adv-con, 

total cellular protein was consistently and significantly lower in Adv-syvn1 treated cardiac 

myocyges (Fig. 3.17a).  Therefore, the effects of synoviolin on 3H-leucine incorporation, 

which serves as an indirect estimate of protein synthesis, were examined.  3H-leucine 

incorporation increased upon PE treatment, as expected, and was significantly reduced 

upon synoviolin treatment (Fig. 3.17b).  These results suggest that synoviolin may play 

a role in cellular growth pathways by regulating protein synthesis.   

To assess the effects of synoviolin on protein synthesis, we investigated whether 

synoviolin affects the activity of mammalian target of rapamycin (mTOR), which is a 

central regulator of protein synthesis.  mTOR Complex I integrates input from many 

upstream pathways, and when activated, promotes protein synthesis.  One of the most 



  157     

    

thoroughly characterized targets of mTORC1 is p70-S6 Kinase 1 (S6K1).  Active S6K1 

stimulates the initiation of protein synthesis through activation of S6 Ribosomal protein, 

(a component of the ribosome) and other components of the translational machinery.  

second target of mTORC1 is 4E-BP1, the eukaryotic initiation factor 4E (eIF4E) binding 

protein 1.  Non-phosphorylated 4E-BP1 binds tightly to the translation initiation factor 

eIF4E, preventing it from binding to 5'-capped mRNAs and recruiting them to the 

ribosomal initiation complex.  Upon phosphorylation by mTORC1, 4E-BP1 releases 

eIF4E, allowing it to perform its function.  We found that, compared to AAV9-con treated 

mice, the phosphorylation of mTOR, ribosomal S6, and 4E-BP1 increased in the hearts 

of mice treated with AAV9-con and subjected to TAC compared with AAV9-con sham; 

however, the phosphorylation of these proteins was unchanged in AAV9-syvn1 TAC 

hearts, compared to sham controls, suggesting that synoviolin attenuated mTORC1 

activation.  Furthermore we saw no upregulation of AKT phosphorylation in AAV9-syvn1 

TAC hearts, compared to AAV9-con TAC hearts, indicating that synoviolin inhibited AKT 

activation (Fig. 3.18). 

Serum- and glucocorticoid-regulated kinase 1 (SGK1) is another member of the 

growth-promoting AGC subfamily of protein kinases that also includes AKT, ribosomal 

S6 kinases, and the mitogen/stress-activated kinases. The phosphorylation of n-myc 

downstream gene 1 (NDRG1-Thr346/356/366) can be assayed using well-characterized 

antibodies 38, as a way of monitoring cellular SGK1 activity. Therefore, we used p-

NDRG1 to monitor the effects of synoviolin on SGK1 activity.  We found that AAV9- 

syvn1 attenuated the increase in p-NDRG1 that was seen during pressure overload in 

AAV9-con (Fig. 3.18). 
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Figure 3.18: Examining the effects of synoviolin on molecular effectors of protein 
synthesis in vivo. 
 
AAV9-con and AAV9-syvn1 mice were subjected to sham or TAC.  Hearts were obtained 
six weeks later and used for biochemical assays.  Western blot analyses were carried 
out on LV lysates obtained by homogenization using a mortar and pestle in RIPA buffer.  
RIPA: NaCl 150 mM, Tris-HCl (pH 7.5) 20 mM, Triton-X 1%, Na deoxycholate 0.50%, 
SDS (sodium Dodecyl Sulfate) 1%. 
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Figure 3.19: Examining the effects of synoviolin on cardiac size and function after 
initiation of overload-induced hypertrophy. 
 
Postmortem determination of the ratio of whole heart-to-tibia length (A) in AAV9-Con, or 
AAV9-Syvn1-treated mice subjected to sham or TAC surgery.  Serial echocardiographic 
measurements of LV anterior and posterior wall dimensions in sham or TAC-operated 
AAV9-Con and AAV9-syvn1 treated mice were used to calculate relative change in 
ejection fraction (%EF) in (B) and fractional shortening (%FS) in (C) after surgery.  *, p < 
0.05.  **, p < 0.01. 
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AAV9-syvn1 Improves Cardiac Function When Administered after the Initiation of 

Hypertrophy 

To assess the effects of synoviolin on preserving cardiac function after the 

initiation of hypertrophy, AAV9-syvn1 or AAV9-con were delivered to C57/Bl6 male mice 

one week after TAC or sham surgery.  Following TAC, heart weight-to-tibia length 

(HW/TL)  ratio was greater in AAV9-con treated mice (13.34±1.71 mg/mm) compared to 

AAV9-syvn1 treated mice (9.87±0.47 mg/mm) (p<0.05) (Fig. 3.19a).  In contrast, 

following sham surgery, HW/TL ratios were similar in AAV9-con and AAV9-syvn1 treated 

mice.  Left ventricular (LV) function was evaluated by serial echocardiography after TAC 

or sham surgery.  While initially EF and FS declined in both AAV9-con and AAV9-syvn1 

TAC groups, AAV9-syvn1 TAC mice had significantly higher EF and FS at 7, 8, and 9 

weeks post surgery (Fig. 3.19b and c).  Thus, compared to AAV9-con treated mice, 

AAV9-syvn1 treated mice exhibited significant preservation of cardiac weight and 

performance upon overload hypertrophy.  These results (Fig. 3.19) were consistent with 

the effects of AAV9-syvn1 administration prior to the onset of hypertrophy (Figs. 3.11 

and 3.12), demonstrating that synoviolin overexpression modulated cardiac hypertrophy 

in response to pressure overload, in vivo, but importantly these findings demonstrate 

that AAV9-syvn1 delivery after the initiation of hypertrophy can “rescue” the failing 

pheynotype. 
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Discussion 

The design of real time quantitative PCR primers and the generation of affinity-

purified antibodies to synoviolin provided us with the tools to specifically recognize and 

evaluate the levels of synoviolin mRNA and protein.  As evaluated by qRT-PCR, as well 

as immunoblots, the expression levels of synoviolin decrease as a function of age, 

suggesting the significance of synoviolin during embryonic and neonatal development.  

In adult cardiac myocytes, which express synoviolin at relatively low levels, the 

inducibility of this gene product implies that synoviolin may serve important functions 

during cellular stress.  With the initial identification of synoviolin as an upregulated 

transcript in a microarray analysis of transcripts regulated by ATF6 specifically in the 

heart, we sought to determine whether synoviolin was regulated by ATF6, as well as 

stresses that upregulate and activate ATF6.  We found that synoviolin is upregulated in 

cultured neonatal cardiac myocytes transcriptionally by ATF6, as well as by canonical 

chemical inducers of protein misfolding in the endoplasmic reticulum (ER).   

When synoviolin was knocked down in neonatal rat cardiac myocytes, the cells 

exhibited increased sensitivity to ER stress, as evidenced by morphological changes 

consistent with stressed cells, as well as upregulation of the death-promoting 

transcription factor, CHOP, and increased caspase activity, the latter of which is 

consistent with previous findings in synovial fibroblasts 17.  Thus, it appears as though 

synoviolin is critical for cardiac myocyte survival during ER stress.  While synoviolin has 

been characterized as an E3 ubiquitin ligase involved in degrading specific ER-resident 

and cytosolic substrates, relatively little is known about the role of synoviolin during ER 

stress. Aside from its role as an E3 ubiquitin ligase, the role of synoviolin in the ER 

stress signaling pathways is unclear.  Previously, it was speculated that, by 

ubiquitinating proteins and targeting them for degradation, synoviolin increases ER 
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associated degradation (ERAD), and that increased expression of synoviolin creates a 

state of “hyper-ERAD”, which is thought to facilitate the secretion of growth factors that 

promote cellular survival and proliferation 39.   However, we found that increasing 

synoviolin expression in cultured neonatal cardiac myocytes did not increase protein 

ubiquitination, or degradation, suggesting that synoviolin ubiquitinates specific 

substrates and targets them for degradation. Nevertheless, synoviolin overexpression 

decreased overall protein synthesis and myocyte size in vitro and in the heart, in vivo.  

Consistent with the decrease in protein synthesis and cell size, synoviolin increased 

phosphorylated eukaryotic translation initiation factor 2α (eIF2α) relative to total eIF2α 

levels.  An ER-transmembrane protein, PERK, which is a sensor of the ER environment, 

dimerizes and phosphorylates eIF2α at serine 51.  Since synoviolin does not increase 

other aspects of the ER stress response, we postulate that the phosphorylation of eIF2α 

could take place as a result of the selective activation of the PERK branch of ER stress 

signaling.  Moreover, since both synoviolin and PERK reside in the ER membrane, 

overexpression of synoviolin may promote the dimerization of PERK and in so doing, it 

may increase the subsequent phosphorylation of eIF2α.  Interestingly, eIF2α is 

phosphorylated as a result of other cellular stresses, including amino acid deprivation, 

infection with double-stranded RNA viruses, heme deficiency and oxidative stress 40.  

These stresses all activate specific eIF-2 kinases that also inhibit translation, suggesting 

that in addition to PERK, other kinases can phosphorylate eIF2α phosphorylation to 

decrease protein synthesis, even in the absence of a PERK-mediated response that 

would be initiated in the ER.  Furthermore, in addition to regulating protein synthesis 

rates, mammalian eIF2α kinases also regulate stress-induced gene expression at the 

transcriptional level 41.  Given that synoviolin also decreases the activity of mTORC1, 
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which would be expected to decrease protein synthesis, and global transcription, the 

increase in phosphorylation of eIF2α could be a combinatorial and secondary effect.   

Serum/glucocorticoid regulated kinase 1, SGK1, is one of the proteins shown by 

affinity-capture and subsequent immunoblotting, to interact with synoviolin.  SGK1, 

regulates diverse effects of extracellular agonists by phosphorylating regulatory proteins 

that control cellular processes, such as ion transport and growth.  For example, SGK1 

has been shown to increase the growth of cultured cardiac myocytes 42.  SGK1 is a 

cytosolic, short-lived protein that contains a hydrophobic stretch, which targets it to the 

ER-associated degradation machinery, where it is ubiquitinated by synoviolin and 

subsequently degraded 43.  While we did not see a change in total SGK1 levels upon 

overexpression of synoviolin in neonatal cardiac myocytes, phosphorylaion of SGK1 on 

serine 422, which is required for its activation, was decreased.  Additional data 

suggesting that synoviolin modulated cardiac myocyte growth by inhibiting SGK1 

involves NDRG1, which is a substrate of SKG1.  We observed a decrease in 

phosphorylated NDRG1 upon synoviolin overexpression.  Recent work indicates that 

SGK1 is phosphorylated and activated by mTORC2; therefore, SGK1-mediated 

phosphorylation of NDRG1 serves as a marker of mTORC2 activation, thus, implicating 

the inhibition of mTORC2 in the growth-modulating effects of synoviolin 44.  We also 

found another downstream target of mTORC2, phosphorylated AKT (serine 473) 45 is 

also decreased upon synoviolin overexpression in cardiac myocytes, further implicating 

synoviolin-mediated mTORC2 inhibition as a possible mechanism by which synoviolin 

could modulate myocardial growth.  Activation of mTORC2 by insulin, growth factors, 

serum, and nutrient levels, is a regulator of cytoskeletal rearrangement and AKT 

phosphorylation.  Activated AKT induces protein synthesis pathways, and is therefore a 
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key signaling protein in the cellular pathways that lead to cellular hypertrophy, and 

general tissue growth.   

 Furthermore, and also consistent with a decrease in leucine incorporation and 

cellular size, was our finding that synoviolin decreased the activation of several 

prototypical mTORC1 targets, which are involved in ribosomal assembly and protein 

synthesis.  Moreover, in a recent study aimed at identifying substrates of synoviolin 

through quantitative proteomics, 60S ribosomal protein L10 (RPL10) and 60S ribosomal 

protein L18 (RPL18) were identified as potential substrates of synoviolin 46. This 

suggests that synoviolin may be involved in regulation of these important components of 

the protein synthesis machinery, underscoring the involvement of synoviolin in 

modulating protein synthesis.   

 Of the 25 proteins that have been confirmed to associate with synoviolin, the first 

is perhaps the most famous one.  Originally named HMG CoA reductase degradation 1 

(HRD1), synoviolin was found to be the ubiquitin ligase responsible for the degradation 

of this rate-limiting enzyme of the mevalonate pathway, the metabolic pathway that 

produces cholesterol and other isoprenoids.  In 1980, evidence gathered by Brown and 

Goldstein suggested that the regulation of HMG CoA reductase may be essential for the 

growth of mammalian cells in culture 47. The evidence supported that the pathway of 

mevalonate metabolism assures a constant supply of cholesterol and nonsterol 

products, providing important implications for the understanding of isoprenoid 

metabolism and its relation to cell growth.  In 1989, Schafer et al. demonstrated that the 

membrane association and biological activation of the yeast Ras2 protein require 

mevalonate, a precursor of sterols and other isoprenes such as farnesyl pyrophosphate 

48.  Furthermore, drugs that inhibit mevalonate biosynthesis blocked the in vivo action of 

oncogenic derivatives of human Ras protein in the Xenopus oocyte assay, and 
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prevented the posttranslational processing and secretion of yeast -factor, a peptide that 

is farnesylated.  Schafer et al. proposed that the mevalonate requirement for Ras 

activation may indicate that attachment of a mevalonate-derived (isoprenoid) moiety to 

Ras proteins is necessary for membrane association and biological function. We now 

know that the intermediates of the cholesterol synthesis pathway are important in the 

modifications of many proteins that are associated with, and involved in, mediating 

signals from cellular membranes.  Accordingly, it is formally possible that the modulation 

of this pathway by synoviolin is involved in attenuating myocyte size.  We found that 

adding mevalonate to cultured cardiac myocytes overexpressing synoviolin increased 

cardiac myocyte hypertrophy, indicating the involvement of the mevalonate synthesis 

pathway in the modulation of myocyte size by synoviolin.   

 Furthermore, we found that synoviolin is important for calcium handling in cardiac 

myocytes; a novel function never before explored with regards to synoviolin in any cell 

type.  Cellular size and proliferation have been closely tied to management of cellular 

calcium.  Alterations in calcium handling have long been known to be closely associated 

with the onset of cardiac hypertrophy and failure. Recent evidence supports the notion 

that changes in calcium might underlie pathways that contribute to the progression of 

cardiac hypertrophy and failure. While sarcoplasmic reticulum calcium is necessary for 

cardiac myocyte calcium-induced calcium release and the resulting myocyte contraction 

37, calcium is also known to be important for activation of signaling pathways that result 

in cellular reprogramming, increasing myocyte size 49.  The illustration of the relationship 

between calcium stores in the sarcoplasmic reticulum and calcium necessary for 

signaling is still in development.  In 1992, McDonough and Glembotski investigated the 

relationship between myocyte contraction frequency, gene expression, and myocyte 

growth by developing a model system in which cultures of neonatal rat ventricular 



  166     

    

myocytes were subjected to long term pacing of contractions with pulsatile electrical 

stimulation. Myocytes submitted to electrical stimulation for 3 days displayed dramatic 

increases in cellular size and myofibrillar organization, and increase in the expression of 

the cardiac genes atrial natriuretic factor and myosin light chain-2. These findings 

showed that the cellular events associated with contraction, such as changes in 

cytoplasmic free calcium levels and/or cellular stretch, are important determinants of 

myocyte growth and cardiac gene expression 50. While localized calcium signals are now 

believed to induce hypertrophic gene expression changes 51, 52, increases in mean free 

calcium are still believed to be consistent with induction of hypertrophic pathways.  

When endogenous synoviolin was knocked down in cardiac myocytes in vivo, we found 

increased calcium transient amplitude accompanied by a decrease in the rate of calcium 

removal by SERCA, suggesting that synoviolin is involved in physiological calcium 

handling in the heart, and that synoviolin knockdown mediates changes in calcium 

homeostasis which may be the precursor to myocyte hypertrophy.   

 In conclusion, we found that synoviolin protects cardiac myocytes against cell 

death during ER stress, is a major regulator of cardiac myocyte size, and is important in 

calcium handling.  Future studies aimed at elucidating the details of the manifold 

mechanisms by which synoviolin exerts these important functions in the heart will help to 

illuminate the unique roles played by this fascinating ER-transmembrane E3 ubiquitin 

ligase. 
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