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The myocyte enhancer factor-2 (MEF2) family of transcription factors regulates 

transcription of muscle-dependent genes in skeletal, smooth and cardiac muscle types. 

MEF2 is activated by calcium/calmodulin (CaM)-dependent protein kinases I and IV and 

silenced by CaM kinase IlbC. MEF2 is held inactive in the nucleus by class II histone 

deacetylases (HDAC4 & 5) until phosphorylated by either CaM kinase I or IV. This 

phosphorylation results in HDAC transport out of the nucleus via a 14-3-3-dependent 

mechanism, thereby freeing MEF2 to drive transcription. 14-3-3 proteins exist as 

homodimers, which are modulated by the phosphorylation of serines 60 and 65 in the 

dimerization region. In this study, a HIV TAT protein transduction domain (PTD) fused 

14-3-3 peptide inhibitor was generated that is designed to prevent the dimerization of 14-

3-3 proteins. The data presented demonstrates that the 14-3-3 inhibitor peptide freely 

enters cardiomyocytes and is not cytotoxic under culture conditions. The presence of this 

14-3-3 inhibitor promotes nuclear localization of class II HDACs in the presence of 

hypertrophic stimuli. Moreover, the 14-3-3 inhibitor prevented dimerization of wild type 

14-3-31) in ventricular cardiomyocytes. Finally, increased MEF2-dependent 

transcriptional activity, due to CaMKI, CaMKIV and PE, was effectively silenced by this 

14-3-3 inhibitor in cardiomyocytes. Atria.l natriuretic peptide (ANP) transcriptional 

activity was also repressed in the presence of the 14-3-3 inhibitor under these same 

conditions. Taken together, these data suggest that the 14-3-3 inhibitor peptide is able to 



affect dimerization of 14-3-3, revealing a key regulatory point in the signaling of cardiac 

hypertrophy. Information from these results may provide a promising point of 

therapeutic intervention in the progression of heart disease due to cardiomyocyte 

hypertrophy. 



THE EFFECTS OF A 14-3-3 INHIBITOR PEPTIDE ON CARDIOMYOCYTE 

HYPERTROPHIC GENE EXPRESSION 

Joel 1. Ellis, M.S. 

APPROVED: 

Major Pro sor 

~?.~ 
Committee Member 

?!vr 



THE EFFECTS OF A 14-3-3 INHIBITOR PEPTIDE ON CARDIOMYOCYTE 

HYPERTROPHIC GENE EXPRESSION 

DISSERTATION 

Presented to the Graduate Council of the 

Graduate School of Biomedical Sciences 

University of North Texas 
Health Science Center at Fort Worth 

For the Degree of 

DOCTOR OF PHILOSOPHY 

By 

Joel James Ellis, M.S. 

Fort Worth, Texas 

May 2006 



·. 

ACKNOWLEDGEMENTS 

I would first like to thank Dr. Steven F. Dowdy, of the Howard Hughes Medical 

Institute at the University of California in San Diego for providing the TAT transduction 

vectors, which were critical for this research. I sincerely thank each member of my 

doctoral advisory committee, Dr. Glenn Dillon, Dr. Robert MalJet, Dr. Allan Shepard and 

Dr. Meharvan Singh for their guidance and support through the completion of this work. 

Importantly, I express my genuine gratitude and appreciation to my mentor, Dr. Stephen 

Grant whose support and confidence in my abilities has been essential to my continued 

success. My gratitude is also extended to alJ of the members of Dr. Grant's laboratory 

including Don Selby, Dong Dong Zhou, Dr. Chang Su, Dr. Rebecca Deaton, Dr. Don 

Roberts and especially to Tom Valencia for all the insightful discussions about the 

possibilities of 14-3-3's role in 'anything'. I would like to thank alJ ofyou for everything 

that you have taught me. I would also like to thank my family and friends for their 

constant support, especially my mother and father, Pam and Ken Ellis. Lastly, I would 

like to say a very special thank you to my wife, Kendra Ellis. Without her support and 

encouragement, I would not have been able to achieve such great success. 

Ill 



TABLE OF CONTENTS 

Page 

ACKNOWLEDGEMENTS ....................................................................... .iii 

LIST OF TABLES ................................................................................... vi 

LIST OF ILLUSTRATIONS ...................................................................... vii 

CHAPTER 

I. INTRODUCTION ................... ..... ............ ... ........... .......... ....... ....... .. 1 

Cardiomyocyte Phenotype .......................................................................... 2 
Regulation of Hypertrophy Sensitive Gene Expression ............................. .4 

a) Myocyte Enhancer Factor 2 (MEF2) ....................................... .4 
b) Histone Deacetylases (HDAC) .................................................. 5 
c) Histone Acetyl transferase (HAT) .............................................. 7 

Calcium/Calmodulin-Dependent Protein Kinase Signaling ........................ 7 
a) Calcium/Calmodulin-Dependent Protein Kinases (CaMK) ....... 8 

14-3-3 Function ........................................................................................... 9 
14-3-3 Structure ............... .... ...................................................................... 11 
HIV TAT Peptide ....................................................................................... 11 
Project Hypothesis and Specific Aims ....................................................... 12 

II. MATERIALS AND METHODS .......................................................................... .35 

Cell Culture and Reagents ......................................................................... 35 
Plasmid and Oligonucleotide Design ........................................................ .36 
Expression and Purification ofthe TAT/14-3-3 
Inhibitor Peptide ......................................................................................... 37 
Dialysis Buffer Exchange .......................................................................... 38 · 
Western Blot Analysis ............................................................................... 38 
Silver Stain Assay ...................................................................................... 39 
Introduction of the TAT /inhibitor into Cardiomyocytes .......................... .40 
Fluorescent Microscopy ............................................................................. 40 
Protein-Protein Interaction (Mammalian Two-Hybrid System) ............... .40 
Transient Transfection and Luciferase Assay ........................................... .41 

··..:. iv 



Ill. RESULTS ............. ... ............................... ...................................... .... ... .. .... .. .......... 47 

Preface ... ..... .................................. .. ........ ... ......... .. ..... ............ .... .......... ... .... 47 
Generation ofthe 14-3-3 Inhibitory Peptide Fused to TAT PTD ..... ........ .48 
Expression ofT AT Fused 14-3-3 Inhibitor Peptide ... ........................... ... .49 
Buffer Exchange of the Purified 14-3-3 Inhibitor Peptide .. .......... ............. 50 
14-3-3 Inhibitor Peptide is Able to Transduce Cellular Membranes ......... 50 
14-3-3 Inhibitor Peptide is not Cytotoxic to Cardiomyocytes ................ ... 51 
14-3-3 Inhibitor Peptide Promotes Nuclear Localization ofHDAC4 ... .... 52 
14-3-3 Inhibitor Peptide Re-establishes Nuclear 
Localization ofHDAC5 .... ........ ... ..... ......................................................... 53 
14-3-3 Inhibitor Peptide Prevents 14-3-3 Dimerization ............................ 54 
14-3-3 Inhibitor Peptide Silences MEF2-dependent Transcription ........... 55 
14-3-3 Inhibitor Peptide Silences Hypertrophy-sensitive Gene 
Transcription ....................................................... .. ..................................... 57 

IV. DISCUSSION .............................................................................................. ..... ..... 96 

V. CONCLUSIONS AND FUTURE DIRECTIONS ............................ ................. .l04 

APPENDIX A ..................................... .......... ....... .......... ..... ........................ ... ............ ...... 1 08 

APPENDIX B ........... ........... ..... ............................................................. ..... ..... ...... ..... ..... 110 

APPENDIX C .................................................................................. .. ............................. . 145 

REFERENCES ....... ... ........................ .. .. ...................................................... ................. ... 14 7 

v 



LIST OF TABLES 

CHAPTER I 

Table I . Ligands of 14-3-3 and their defined interaction motifs ... ..... ......... ... ..... .... 29 

CHAPTER II 

Table 2. Amount of each plasmid DNA used for transient transfections .... ...... ..... .45 

vi 



.. 

CHAPTER I 

Figure 1. 
Figure 2. 
Figure 3. 
Figure 4. 
Figure 5. 
Figure 6. 

Figure 7. 

Figure 8. 
Figure 9. 

CHAPTER II 

Figure 10. 

CHAPTER III 

Figure 11. 
Figure 12. 
Figure 13. 

Figure 14. 
Figure 15. 
Figure 16. 
Figure 17. 

Figure 18. 

Figure 19. 
Figure 20. 

Figure 21. 
Figure 22. 

LIST OF ILLUSTRATIONS 

Model of histone control by acetylation and deacetylation ....................... 15 
Comparison of the structure of CaM kinase family members ................... 17 
CaMKII phosphorylates 14-3-3fl in vitro .................................................. l9 
Crystallographic structure of a 14-3-3fl homodimer. ................................ 21 
Protein sequence alignment ofthe seven human isoforms of 14-3-3 ........ 23 
14-3-3~ S60/65D mutant is unable to sequester HDAC4 in the 
cytoplasm of PAC-I cells .......................................................................... 25 
14-3-3~ S60/65D mutants silence MEF2-dependent gene 
expression in cardiomyocytes .................................................................... 27 
Model of a 14 amino acid 14-3-3 dimer inhibitory peptide ...................... .31 
Signaling model of 14-3-3/HDAC and 14-3-3 inhibitor 
peptide regulation of MEF2-dependent gene transcription ...................... .33 

Schematic of the Mammalian Two-Hybrid System ................................. .43 

14 amino acid sequence of 14-3-3 inhibitor peptide ................................ .58 
Diagram ofT AT-fused 14-3-3 inhibitor peptide ....................................... 60 
Confirmation of 14-3-3 inhibitor DNA sequence present in the 
pT AT2.1 protein expression vector ........................................................... 62 
14-3-3 inhibitor peptide purified by affinity column chromatography ...... 64 
Purified 14-3-3 inhibitor peptide is stable after dialysis and freezing ....... 66 
14-3-3 inhibitor peptide preparation is free of protein contamination ....... 68 
14-3-3 inhibitor peptide freely transduces through 
cardiomyocyte cell membranes .................................................................. 70 
Cardiomyocyte viability was not affected by the 
14-3-3 inhibitor peptide ............................................................................. 72 
14-3-3 inhibitor peptide promotes nuclear localization of HDAC4 .......... 74 
HDAC4-GFP localization is affected by the presence 
of the 14-3-3 inhibitor peptide ................................................................... 7 6 
14-3-3 inhibitor peptide re-establishes nuclear localization ofHDAC5 ... 78 
HDAC5 exhibits nuclear localization in the 
presence ofthe 14-3-3 inhibitor peptide .................................................... 80 

vn 



Figure 23. 14-3-3 dimerization is prevented in the presence ofthe 
14-3-3 inhibitor peptide ... .... .......... ..... .... ........ ..... .. ...... ... ... ... .. ..... ..... ......... 82 

Figure 24. 14-3-3 inhibitor peptide represses CaMKI activation of 
MEF2-dependent transcription ..... ... ... ... ...... ....... ..... .............. ........... ... ..... . 84 

Figure 25. 14-3-3 inhibitor peptide represses CaMKIV activation 
of MEF2-dependent transcription .......... ... .. ........... ..... ................. ......... ..... 86 

Figure 26. 14-3-3 inhibitor peptide represses phenylephrine activation of 
MEF2-dependent transcription ..... ....... ....... ......... ............... .... ....... .... ........ 88 

Figure 27. 14-3-3 inhibitor peptide represses CaMKI activation of 
ANP gene transcription .......... .... ..... ........ ...... .. .. ............ .. .......... .. ...... ..... .... 90 

Figure 28. 14-3-3 inhibitor peptide represses CaMKIV activation of 
ANP gene transcription ........ .. .. .... ...... ...... ..... .... ........... .... ........ ........ .... ...... 92 

Figure 29. 14-3-3 inhibitor peptide silences phenylephrine activation of 
ANP gene transcription ........ .... ....... .... ................. ............................... ....... 94 

-·. VIII 



CHAPTER I 

INTRODUCTION 

Heart disease remains the number one cause of death in western civilization. This 

trend is a direct result of increased sedentary lifestyles as well as food choices that are 

made. A large factor of the progression of heart disease is cardiomyocyte hypertrophy. 

The initial response of the heart to increased load and demand, as a result of a variety of 

forms of stress such as volume overload, chronic hypertension, coronary occlusion or 

myocardial infarction, is beneficial (52). Cardiomyocyte hypertrophy is an important 

compensatory response to maintaining cardiac function . Such an example would be that 

after a myocardial infarction has occurred, the remaining healthy cardiomyocytes must 

take over the workload from the cardiomyocytes that were lost as a result of the cell death 

that occurred due to this ischemic event. A major aspect of this response is increased 

cardiomyocytes size due to increased wall stress in the heart. This is accomplished by 

adding new sarcomeres and mitochondria to the cardiomyocytes. These additions help 

aid in improving contractility an~ heart function. However, the longer that the 

cardiomyocytes are exposed to this stress, the larger that these cells become, causing a 

degenerative decline in contractile ability. Along with this increased cell mass, there is 

also an increase in the amount of fibrous tissue and collagen in the extracellular matrix of 

the cardiac tissue. Chronic cardiac hypertrophy and stress events result in increased 



ventricular chamber size, known as dilated cardiomyopathy. Each ofthese 

cardiomyocyte responses, and the resulting pathologies, stem from a change in the 

cellular signaling and gene expression ofthese cells. 

Over the last decade there have been considerable strides towards understanding 

the molecular mechanisms that control genetic changes in cardiomyocytes as a result of 

sustained hemodynamic load. The prototypical phenotypic switch from an adult genetic 

program to an embryonic genetic program involves the activation of signaling cascades 

such as the calcium/calmodulin-dependent protein kinase (CaMK) and the mitogen 

activated protein kinase (MAPK) cascades. These cellular signals lead to inactivation of 

transcriptional repressive molecules. These repressive events prevent adverse gene 

expression in healthy cardiomyocytes and help to maintain adult gene expression. The 

focus of this dissertation is to identify and characterize the effectiveness of a novel 

inhibitory peptide to re-establish transcriptional repression of adverse gene expression in 

cardiomyocytes. The following section will provide a detailed description of 

transcriptional regulation in both normal and hypertrophic cardiomyocytes. 

Cardiomyocyte Phenotype 

Normal cardiomyocytes express a healthy adult genetic program resulting in the 

expression of contractile apparatus associated proteins. These cells are typically multi

nucleated and contain numerous mitochondria to keep up with the high energy demands 

of the heart. During the first couple of weeks of life the number of cardiomyocytes will 

double as a result of mitotic division. However, at the end of this period any further 
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growth that occurs is a result of hypertrophy of each individual cardiomyocyte. 

Cardiomyocyte hypertrophy can be seen as an increase in the size of the heart due to an 

increase in the size of the individual cardiomyocytes (25). 

The onset of hypertrophy in the myocardium is identified by the re-emergence of 

a fetal genetic phenotype in cardiomyocytes, normally only present in embryonic and 

early neonatal development. This phenotypic switch is characterized by the expression of 

B-myosin heavy chain CB-MHC), skeletal a-actin as well as increased expression of atrial 

and brain-type natriuretic peptides (ANP & BNP) (71, 89, 91, 93). These marker genes 

have been accepted as key indicators for hypertrophy induction (24). It has been 

demonstrated that even genetic abnormalities in these genes can result in inherited 

hypertrophic cardiomyopathy ( 4). It is important to note that these changes are 

advantageous in the early stages of pathological hypertrophy, but in the later stages when 

the myocardium becomes decompensated these phenotype changes eventually lead to 

cardiac failure and increased morbidity and mortality (25). 

There are several other changes that occur in the hypertrophy response, which 

include a shift in receptor channel proteins within the cardiomyocytes. In the heart, 

normal catecholamine response is controlled by B-adrenergic receptors of 

cardiomyocytes. As hypertrophy and heart disease develop, there is a switch to a)

adrenergic receptor dominance ( 48). Changes in calcium handling is another result of 

hypertrophy in cardiomyocytes, and this receptor shift coupled with an increased 

adrenergic tone results in elevated intracellular calcium concentration. Calcium 

management is further impaired by a decrease in the expression of the 
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sarco( endo )plasmic reticulum calcium-A TPase (SERCA) and phospholamban (SERCA 

regulatory protein) to further increase intracellular calcium (5). Increased calcium results 

in longer contraction and relaxation periods of the myocardium that is a key signal of 

cardiac hypertrophy and heart disease progression ( 40). 

Regulation of Hypertrophy Sensitive Gene Expression 

Hypertrophic stimulation in the myocardium results in activation of many 

signaling cascades such as mitogen activated protein kinases (MAPKs), protein kinase C 

(PKC), calcineurin and calcium/calmodulin-dependent protein kinases (CaMK) that can 

affect cardiac gene expression (34). As a result of the activation of these pathways, 

transcription factors such as NFAT, GATA, NF-KB and MEF2 are activated. Recent 

studies suggest that these pathways have maximal hypertrophy induction when working 

in conjunction with the CaM kinase cascade (83). 

a. Myocyte Enhancer Factor 2 (MEF2) 

While multiple transcription factors contribute to cardiac hypertrophy, the 

induction of the myocyte enhancer factor 2 (MEF2) family of transcription factors is a 

major cause for the myocardial phenotypic shift in gene expression. The MEF2 

transcription factors are specifically expressed in developing skeletal, cardiac and smooth 

muscle cells (12). There are four isoforms ofMEF2, MEF2A, B, C and D, that all bind 

to NT rich DNA sequences (MADS-Box) in order to regulate the expression of muscle

specific genes. Active during embryonic and neonatal development, MEF2 transcription 
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factors become inactive very shortly after birth, as well as being a critical mediator of the 

hypertrophy response in cardiomyocytes (78, 83). MEF2 proteins are regulated in a 

phosphorylation dependent manner as well as through partnering with other nuclear 

transcription factors like GAT A, NF AT and other basic helix-loop-helix (bHLH) proteins 

such as MyoD (12, 62, 73, 75). In cardiomyocytes, Calcium/calmodulin (CaM)

dependent protein kinase signaling also results in the activation ofMEF2 factors in the 

nucleus of cardiomyocytes. Specifically, activation of CaM kinases I and IV 

(cytoplasmic and nuclear, respectively) have been shown to stimulate MEF2, leading to 

higher levels ofMEF2-dependent hypertrophy-sensitive gene pools (68, 82, 83, 97, 102). 

Working in opposition to this activation is another CaM kinase family member, CaM 

kinase II, which has been shown to possess the ability to repress MEF2-dependent 

smooth muscle specific and hypertrophy-sensitive gene expression (37). It has been 

demonstrated that this repressive activity is due to association of MEF2 with class II 

histone deacetylases which bind and deacetylate the chromatin denying access to the 

transcriptional machinery (64, 68). 

b. Histone Deacetylases 

The nuclei of eukaryotic cells contain genomic DNA that is tightly compacted with both 

histone and non-histone proteins. DNA under these conditions is termed chromatin, 

which is made up of smaller units called nucleosomes that are comprised of 146 base 

pairs of DNA wrapped around a histone octamer (2, 58). When condensed, there is very 

limited access to the genomic DNA by transcription factors ultimately repressing gene 
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expression. Studies have shown that residues ofhistone tails can be modified post

translationally by phosphorylation, methylation and/or acetylation (53). Histones are 

deacetylated by a group of molecules called histone deacetylases (HDAC), which 

condense the chromatin resulting in gene repression. There are three classes of HDACs 

consisting of 18 known human isoforms and they are grouped based on their homology 

with three distinct yeast HDACs ( 1 08). While class I and III are expressed ubiquitously 

and can bind to DNA directly, class II HDACs are highly expressed in the brain, T cells 

and muscle and require the partnership of another DNA binding protein for its activity 

(7). Class II HDACs are able to interact with other transcriptional repressor and 

activators via aN-terminal interaction domain (9, 32, 65, 72, 108). 

Under normal conditions in the cardiomyocyte, hypertrophy sensitive gene 

expression is tightly regulated and repressed by class II histone deacetylases (HDAC). 

Class II HDACs include four proteins - HDAC4, HDAC5, HDAC7 and HDAC9, and 

while all are present in the heart, HDAC4 and HDAC5 have been shown to be critical 

regulators of hypertrophy-sensitive gene expression ( 19, 106, 116). These repression 

molecules possess the ability to condense the cell's chromatin, through the removal of 

acetyl groups, and prevent access to DNA ( 61, 65, 72, 110, 115) (Figure 1 ). Several 

studies have shown that phosphorylated HDAC4 and HDAC5 are bound by the shuttle 

protein 14-3-3 and transported to the cytoplasm in a CRM1-dependent manner (42, 57, 

68). The repressive activity of HDACs in cardiomyocytes has been demonstrated to be 

attenuated under hypertrophic conditions. The precise mechanism to re-establish a 

normal repressed state in these cardiomyocytes has yet to be delineated. 
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c. Histone Acetyltransferases 

Working in opposition to HDACs are histone acetyltransferases (HAT) that work 

by relaxing the chromatin, exposing DNA to transcription molecules and allow molecular 

events to take place (transcription, replication, etc.). HATs consist of 5 protein families 

but of most importance in the heart is p300 and a close relative CREB-binding protein 

(CBP) for their roles in cell growth of cardiomyocytes ( 45, 87). In addition to acetylation 

of histone tails, HATs also act an adaptor proteins for hypertrophy-sensitive transcription 

factors like serum response factor (SRF) GAT A4 and MEF2 and have been shown to be 

required for the full transcriptional activation (26, 56, 90, 95). 

While it is known that the predominant cardiomyocyte expression of HDAC4 and 

HDAC5 and their regulatory association with MEF2 transcription factors are major 

players in cardiac hypertrophy, it is their subsequent effects on hypertrophy-sensitive 

gene expression that is a focal point for this dissertation (38, 41, 107). 

Calcium/Calmodulin-Dependent Protein Kinase Signaling 

Hypertrophy development in the adult myocardium result in a chain of events that 

lead to the activation of hypertrophy-sensitive gene transcription. Calcium plays a 

critical role as an intracellular second messenger in the heart and its cytosolic 

concentration is precisely controlled by many mechanisms (10, 11, 15, 67, 70). A major 

transducer of the response to increased intracellular calcium is calmodulin (CaM). CaM 

has calcium binding domains at both the N-terminal and C-terminal regions of the protein 
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with the C-terminal domain having a 10-fold higher affinity for calcium than theN

terminal (50). One critical action of CaM in the heart is to activate kinases belonging to a 

serine/threonine protein kinase family known as the calcium/calmodulin-dependent 

protein kinases (CaMK). 

a. Calcium/calmodulin protein kinases (CaMK) 

There are several members of the CaM kinase family including phosphorylase 

kinase (PK), myosin-light chain kinase (MLCK) and CaM kinases I, II, Ill and IV (46, 

69). These serine/threonine kinases have been grouped according to whether they are a 

dedicated kinase having only one substrate, (PK, CaMKIII and MLCK) or kinases that 

have multiple substrates (CaMKI, II and IV). In the heart it has been shown to be the 

multifunctional kinases, CaMKI, II and IV, that play a predominant role in hypertrophy

sensitive gene induction (83, 112). These CaM kinases are composed of anN-terminal 

kinase domain, followed by an autoinhibitory domain and overlapping CaM-binding 

domain (13)(Figure 2). CaMKII also has a C-terminal association domain essential for 

multiple substrates (13, 92). There exist two CaMKII recognition domains in the 

dimerization region of 14-3-3 proteins. It has been demonstrated that CaMKII can 

directly phosphorylate 14-3-3 in vitro (Figure 3) leading to speculation that the 

transcriptional silencing effects ofCaMKII reported by Valencia, eta/., 2000, could be 

due to 14-3-3 dimer disassociation (103). 

Acting directly upstream from CaMKI and IV is CaM kinase kinase (CaMKK) 

that are themselves regulated by an autoinhibitory domain as well as calcium/calmodulin 
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binding (3, 47, 80, 94, 97, 98, 100). There are two isoforms ofCaMKK (a and~) and 

they not only recognize a specific sequence on CaMKI and IV but also depend on a 

specific tertiary conformation of the substrate proteins as well (8 1, 99). 

Extracellular signaling events activate the CaM kinase-signaling cascade resulting 

in activated CaM kinase I and IV. Activation of one or both of these kinases result in the 

phosphorylation of the HDACIMEF2 complex in the nucleus, liberating MEF2, allowing 

it to potentiate gene transcription. HDACs are then translocated to the cytoplasm via a 

14-3-3 chaperone mechanism and sequestered (42). It is this shuttling and sequestration 

of class II HDACs by 14-3-3 that presents a novel point of regulation for hypertrophy 

induction. 

14-3-3 Function 

The 14-3-3 protein family is highly conserved throughout most plant and 

mammalian species and has been found in almost all tissue types ( 17). Over 200 

signaling proteins have been identified as interacting with 14-3-3, underlying the vital 

importance of 14-3-3 as a key regulatory molecule involved in transduction pathways, 

cell cycle regulation, apoptosis and cellular growth (18, 66) (Table 1). Such an example 

is the binding of 14-3-3 with many of the anti-apoptotic substrates of AKT (aka Protein 

kinase B, PKB) such as BAD, the forkhead transcription factor FKHRL1 and Yes

associated protein (8, 14, 28, 30). Binding of 14-3-3 with other cellular proteins occurs 

in a phospho-serine/phospho-threonine-dependent manner (76). There are two 14-3-3 

binding motifs, which have been defined as: Mode 1: Arg-Ser-Xaa-pSer-Xaa-Pro; Mode 
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2: Arg-Xaa-Tyr/Phe-Xaa-pSer-Xaa-Pro (114). In addition to a single high-affinity 

binding site, 14-3-3 proteins also have additional low-affinity sites that contribute to 14-

3-3 binding (113). 

Homo- and/or hetero-dimers of 14-3-3 molecules are formed by a charge 

attraction forming a saddle or C-shaped dimer (20). It has been elucidated that by 

mutating serine amino acids in the dimerization region, 14-3-3 monomers are unable to 

form dimers (36) (Figure 4). The binding of 14-3-3 to other cellular proteins often results 

in the translocation of these partner proteins between subcellular compartments (39). 

While 14-3-3 itself can serve a multitude of functions, so do its binding partners which 

serve a broad range of functions such as phosphatases, kinases, transcription factors and 

oncoproteins (39). In eukaryotic cells, seven isoforms of 14-3-3 have been identified(~, 

E, y, fl, a, 't, ~) with beta, gamma and epsilon being predominant in the heart and beta 

having the highest level of expression (39) {Figure 5). While it is still relatively uncJear 

what part different isoforms play in specific cellular functions, specific 14-3-3 isoforms 

are involved in human diseases such as MiJJer-Dieker syndrome (MDS) (14-3-3t) and 

epithelial cancers (14-3-3a) (16, 33, 60, 101). 

The ability 14-3-3~ to chaperone proteins from the nucJeus to the cytoplasm in 

cardiomyocytes makes it a key regulatory protein in cardiac hypertrophy signaling ( 42, 

84, 109, 111). Studies have shown that 14-3-3~ is able to recognize and bind 

phosphorylated class II HDACs in the nucleus sequester and transport them to the 

cytoplasm, which allows MEF2 to mediate gene transcription ( 42, 57, 68). Mutant 14-3-

3 proteins unable to dimerize have shown an inability to transport HDAC4 out of the 
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nucleus (37) (Figure 6). Moreover, it has been demonstrated that in the presence of this 

dimer deficient 14-3-3, MEF2-mediated gene transcription was attenuated in the presence 

of hypertrophy inducers (36) (Figure 7). 

14-3-3 Structure 

14-3-3 is made up of nine helices ordered in an antiparellel fashion that form the 

C-shape mentioned earlier. The C-terminal has been identified as the site of ligand 

interaction and is highly conserved throughout all isoforms (63, 79). TheN-terminal 

region of 14-3-3 contains its dimerization site, thus regulating its ability to form hetero

and homo-dimers and consequently its ability to bind to many ligands ( 43, 55, 85). 

Current studies show there are two CaM kinase II phosphorylation motifs present in the 

14-3-3 region ofdimerization (37). Point mutations of 14-3-313 serines 60 and 65 to 

aspartic acid has been shown to prevent dimerization and restrict its ability as a 

chaperone protein (37). In vitro studies have shed some light into the regulatory 

signaling of MEF2-dependent gene expression of hypertrophy, and a possible point of 

regulation for cardiac hypertrophy progression. 

HIV TAT Peptide 

Inhibition peptides have been widely used to better understand and even treat 

diseases. Delivery of these pep tides has long been an issue, and the effectiveness of these 

peptides is usually dependent on their ability to enter the cell. Common modes of peptide 

delivery such as chemical treatments of cells resulting in a porous membrane as well as 
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lipid-mediated transfection have often been used. These methods, however, have a 

relatively low efficiency resulting in only a fraction of the cultured cells receiving the 

peptide. To increase peptide delivery, many studies have instituted the use of a protein 

from HIV, called TAT, which allows the viral proteins to invade and take over their host 

cells. The protein transduction domain (PTD) of TAT was identified and characterized 

by Steven Dowdy who showed that only 11 amino acids of the PTD ofT AT was required 

to transduce a wide variety of pep tides and full length proteins up to 110 kDa (31 ). These 

peptides and proteins have been used in a wide variety of applications including anti

cancer drug delivery, oxidative stress regulators, cardioprotective peptides and both 

vasoconstriction and vasodilator inhibitory peptides (22, 27, 51, 59, 74). For this 

dissertation we will use the TAT PTD for the delivery of a 14-amino acid 14-3-3 

inhibitory peptide. This peptide is designed to inhibit dimerization of 14-3-3 proteins in 

cardiomyocytes (Figure 8). 

Project Hypothesis and Specific Aims 

The goal ofthis project was to identify and characterize the effectiveness of a 14 

amino acid 14-3-3 inhibitory peptide (Figure 8) in cardiomyocytes under hypertrophic 

conditions. We hypothesize that the 14-3-3 inhibitory peptide will compete with wild 

type 14-3-3 proteins and prevent dimerization (Figure 9). The significance ofthis study 

is being able to re-establish a normal gene expression profile in cardiomyocytes even 

under hypertrophic stimuli. It is particularly important to identify the effects that this 
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inhibitor might have on the progression of cardiac hypertrophy and heart disease 

progression. To test the proposed effects of the 14-3-3 inhibitory peptide on hypertrophic 

events in cardiomyocytes, the following specific aims were addressed: 

a) Specific Aim 1: To generate a TAT/14-3-3 inhibitor peptide and test the 

hypothesis that this TAT /inhibitor peptide is able to freely enter cardiomyocytes. 

Traditionally the delivery of small inhibitory peptides past the cellular membranes 

of eukaryotic cells has resulted in a low percentage of trans-membrane transduction. For 

this study we utilized the HIV-TAT PTD to deliver our 14-3-3 inhibitory pep tides into 

neonate cardiomyocytes cultures. It was first necessary to characterize the peptide 

delivery by TAT in cardiomyocytes. A I4~amino acid 14-3-3 inhibitory peptide was 

designed and the corresponding oligonucleotide sequence was fused to the TAT PTD. 

The inhibitory peptide was affinity purified and transduction was tested in primary rat 

neonatal ventricular cardiomyocyte cultures by immunoblotting. 

b) Specific Aim 2: To test the hypothesis that the 14-3-3 inhibitor peptide will affect 

the cellular localization of class II HDACs. 

Our recent studies have shown that the regulation of HDAC cellular localization 

in cardiomyocytes is dependent on the ability of 14-3-3 to dimerize and shuttle and 

sequester HDACs out of the nucleus and into the cytoplasm. We have shown that mutant 

14-3-3 proteins will inhibit exportation of class II HDACs to the cytoplasm and maintain 

a nuclear localization. Primary ventricular cardiomyocytes were cultured in the presence 
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ofCaMKI or CaMKIV alone or along with the 14-3-3 inhibitor peptide. We monitored 

the cellular location of HDAC4 and HDAC5 using HDAC4 and HDAC5 fused to green 

fluorescent protein (GFP). Cardiomyocytes were counted and scored based on the 

cellular localization of HDAC4 and HDAC5. The ability of wild-type proteins to 

dimerize in the presence of the 14-3-3 inhibitor peptide was assessed using a mammaian 

two-hybrid system for protein-protein interaction. 

c) Specific Aim 3: To test the hypothesis that TAT/inhibitor peptides will silence 

hypertrophy-sensitive gene expression. 

Cardiomyocytes were cultured in the presence of the pro-hypertrophic CaMKI 

and CaMKIV as well as the 14-3-3 inhibitory peptide. In addition, Cardiomyocytes were 

cultured in the presence of phenylephrine (PE) alone as well as phenylephrine with the 

14-3-3 inhibitor peptide. We determined if the 14-3-3 inhibitor peptide was able to 

attenuate the induction of MEF2-dependent gene transcription as well as hypertrophy

sensitive ANP gene expression by the CaM kinases and/or phenylephrine. 
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Figure 1. Model of histone control by acetylation and deacetylation 

HDACs and HATs control the access that transcriptional machinery has to the DNA by 

promoting chromatin condensation or relaxation respectively. Active gene transcription 

will have a predominance of HAT activity, which acetylates the histones of the 

nucleosomes allowing access the DNA. Conversely, repression of gene transcription is 

due to HDAC activity resulting in deacetylation of the histones in the nucleosomes, 

limiting access to the DNA. Taken from Backs J, Olson EN. Control of Cardiac Growth 

by Histone Acetylation/Deacetylation. Circulation Research. 2006;98: 15-24. 
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Figure 2. Comparison of the structure of CaM kinase family members 

This diagram compares the domain structure ofCaMKI, CaMKII and CaMKIV. 

Highlighted are the homologous regions spanning the autoinhibitory and CaM-binding 

domains of these CaM kinases. The threonine residues in the catalytic domain of CaMKI 

and CaMKIV (shown in red) are phosphorylation sites for CaMKK. In the C-terminal of 

CaMKII is a nuclear localization signal (NLS) that when phosphorylated by CaMKI or 

CaMKIV excludes CaMKII from the nucleus by inhibiting its interaction with nuclear 

import receptors. Taken from Hook SS, Means AR. Ca2+/CaM-Dependent Kinases: 

From Activation to Function. Annu Rev Pharacol Toxicol. 2001;41 :471-505. 
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Figure 3. CaMKII phosphorylates 14-3-3~ in vitro 

Immunoprecipitated 14-3-3~ was incubated with purified CaMKJI, Ca2
+, calmodulin, 

e2P]-ATP, and PIPES for 15 min. at 37°C and electrophoresed on a 4-12% gradient 

polyacrylamide gel. The kinase reaction was run in the presence and absence of EGT A, a 

chelating agent. CaMKJI was able to directly phosphorylate 14-3-3 (lane 1) (33 kDa) and 

in the presence of EGT A, CaMKJI kinase activity was greatly reduced (lane 2), as 

CaMKII depends on available calcium for its kinase activity. 
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Figure 4. Crystallographic structure of a 14-3-3fl homodimer 

This model of 14-3-3~ shows serine 60 and 65 residues in yellow. These are critical 

residues in mediating dimer formation. Phosphorylation of these serine residues will 

create a charge repulsion with glutamates 16 and 19 on the opposing 14-3-3 protein. 

These serines have been mutated to aspartates, mimicking phosphorylation, creating a 

dimer null 14-3-3~ molecule. 
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Figure 5. Protein sequence alignment of the seven human isoforms of 14-3-3 

Although there is definite genetic diversity of the 14-3-3 family members, there are 

several highly conserved regions within the dimer interface or that line ligand-binding 

site of the dimeric 14-3-3 molecule. Residues that are conserved in at least six ofthe 

seven isoforms are shaded grey. a-helices composing the 14-3-3 structure are indicated 

above the sequence alignment. Taken from Yaffe MB, How do 14-3-3 proteins work?

Gatekeeper phosphorylation and the molecular anvil hypothesis. FEBS Letters. 

2002;513 :53-57. 
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Figure 6. 14-3-3~ S60/65D mutant is unable to sequester HDAC4 in the cytoplasm of 

PAC-t cells 

(A) CaM KII bC and 14-3-3~ double mutant promote nuclear localization ofHDAC4/ 

GFP (Green Fluorescent Protein). Localization ofHDAC4 was shown by fluorescence of 

GFP, within PAC-1 cells, and the nuclei were visualized using DAPI stain. Cells were 

transiently transfected with HDAC4/GFP, active CaM kinases, 14-3-3~ wild-type, 14-3-

3~ double mutant, or various combinations of these enzymes. Panel A- pSG5 (empty 

vector), panel B- 14-3-3~ wild-type, panel C- 14-3-3~ double mutant, panel D- CaM 

Kl, panel E- CaM KIV, panel F- 14-3-3~ wild-type+ CaM KllbC, panel G- 14-3-3~ 

double mutant+ CaM Kl, panel H- 14-3-3~ double mutant+ CaM KIV, panel I- 14-3-

3~ double mutant+ 14-3-3~ wild-type. Each panel in Fig. 6A is representative ofraw 

data presented in Fig. 6B. The data shown in Fig. 6B are the ratio of total cells with 

cytoplasmic HDAC4/GFP to the number of cells with nuclear HDAC4/GFP for all GFP 

expressing cells. N 2: 150 cells were counted for each treatment group. Taken from Ellis 

JJ. CaM kinase II6C phosphorylation of 14-3-3(3 in vascular smooth muscle cells: 

Activation of class II HDAC repression. Mol Cell Biochem. 2003;242:153-161. 
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Figure 7. 14-3-31J S60/65D mutants silence MEF2-dependent gene expression in 

cardiomyocytes 

Cardiomyocytes were transfected with the 3 x MEF2-luciferase enhancer-reporter 

plasmid (described in methods) along with empty vector control (Control), CaMK.I or 

CaMK.IV. The last transfected group was either CaMK.I or CaMK.IV along with the 14-

3-3 S60/65D mutant using LipofectAMINE TM transfection reagent. Cells were re-fed 

with media supplemented with 0.2% FBS following 16 hours oftransfection. For the PE 

treated cardiomyocytes, cells were treated with 1 OnM PE upon re-feeding after 

transfection. Luciferase activity was measured 24 hours after re-feeding. (* p < 0.01 

compared to control, t p < 0.01 compared to CaMK.I, CaMK.IV or PE respectively) 

27 



~ 
>-:-;::w 
~ui 
<D tl 
• c 
I!! Ill 

~ ~ 0.1 
u~ 
:I 
..J 

Empty Vector 

CaMKI 

14·3-3 mutant 2 

~ 
>-:-·-= w u . 
~(/J 

: -II ;: 
:t:::E u ...... 
:I 
..J 

Empty Vector 

CaMKIV 

14-3·3 mutant 2 

~ ,._ 
nw 
~(/J 

I i 
:!J u--
:I 

...1 

Empty Vector 

Pheny~hrine(10n~ 

14-3-3 mutant 2 

3 X MEF2 

* 

t 

+ 

+ + 

+ 

* 

+ 

+ + 

+ 

* 

+ 

+ + 

+ 

28 



Table 1. Ligands of 14-3-3 and their defined interaction motifs 

14-3-3 ligands are very diverse in their functional activities within a cell. 14-3-3 proteins 

may act as a cellular shuttle in some cases, be required for activity or render its ligand 

inactive. This list is by no means comprehensive, as the number of identified 14-3-3 

ligands is now well over 200 and keeps growing. Taken from Fu H, Subramanian RR 

and Masters SC. 14-3-3 Proteins: Structure, Function, and Regulation. Annu Rev 

Pharmacal Toxicol. 2000;40:617-47. 
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RSxpSxP and related 
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Figure 8. Model of a 14-amino acid 14-3-3 dimer inhibitory peptide 

A 14 amino acid inhibitory peptide (yellow) has been designed to mimic the opposing 

dimer region of a 14-3-3~ protein (green). Serines 60 and 65 within this peptide have 

been substituted with alanines to mimic a non-phosphorylated serine residue. 
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Figure 9. Signaling model of 14-3-3/HDAC and 14-3-3 inhibitor peptide regulation 

of MEF2-dependent gene transcription 

Activated CaMKI or CaMKIV will phosphorylate class II HDACs that then are bound by 

14-3-3 dimers and transported out of the nucleus. The 14-3-3 inhibitor peptide (IP) will 

prevent 14-3-3 dimerization thus allowing class II HDACs to interact with MEF2 in the 

nucleus and silence MEF2-dependent gene transcription. 
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CHAPTER II 

MATERIALS AND METHODS 

Cell Culture and Reagents 

Primary cardiomyocyte cultures were prepared from 2-4 day old Sprague-Dawley 

rats as described by Argentin, et a/. ( 6). Ventricular heart tissue was dissected and stored 

in ice-cold 199 media (Invitrogen, Carlsbad, CA) until all tissue was collected. The 

ventricular tissue was washed two times with new 199 media then minced with tissue 

scissors until the tissue was pureed. The minced tissue was then placed into 40 mL of 

pancreatic enzyme solution and stirred and incubated for 18 minutes at 3rC. The 

digested supernatant was then pipetted out and placed in a sterile pre chilled 50 mL tube 

and placed on ice. The digestion is performed a total of 4 times. The cell suspensions are 

centrifuged at 3,000 rpm for 15 minutes. The supernatant was discarded and the cells 

were re-suspended in 199 media supplemented with 10% fetal bovine serum (FBS, 

Atlanta Biologicals, Atlanta, GA) and Cellgro® gentamicin (Fisher, Hampton, NH). 

Cells were cultured at 37°C in 5% C02 using Falcon 12-well or 6-well tissue culture 

plates. Cultures were maintained in 199 media supplemented with 10% fetal bovine 

serum (FBS) until transfection or treatment. Phenylephrine (PE) was purchased from 

Sigma Aldrich (St. Louis, MO). 
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Plasmid and Oligonucleotide Design 

pT AT2.1 and pTA T2.2 vectors were obtained from S.F. Dowdy (University of 

California at San Diego) (77). The HDAC4 and HDAC5-GFP vectors were obtained 

from S. Schreiber (Harvard University)(42). The ANP promoter reporter was provided by 

M. Neerner (21) The 3 x MEF2-luciferase enhancer-reporter, Active CaMKI and Active 

CaMKIV were obtained from E. Olson (UT Southwestern Medical Center, Dallas, 

TX)(68). Oligonucleotides were designed for a 14-arnino acid inhibitory peptide. This 

oligonucleotide was cloned into the pTAT2.1 vector, creating a 14-3-3 TAT/inhibitor 

fusion protein. The pT AT2.1 vector contains a 6X-His tag N-terminal of the TAT PTD 

sequence. Oligonucleotides were designed with a 5' EcoR I restriction cut site and a 3' 

Not I cut site and was cloned into the MCS of the pT AT vectors. The oligonucleotide 

was synthesized at Integrated DNA Technologies and the sequences the 14-arnino acid 

peptide is as follows: 

Sense: 5 '-aattcggcccgccgctctgcctggcgtgtcatcgccagcattgagcagtaggc-3' 

Antisense: 5 '-ggccgcctactgctacatgctggcgatgacacgccaggcagagcggcgggccg-3' 

1~-tg of each sense and antisense oligonucleotide was dissolved in STE buffer and boiled 

at 95°C for 15 minutes then cooled to room temperature. Annealed double stranded 

oligonucleotides were ligated to the pTA T vectors per the Invitrogen T 4 DNA Ligase 

protocol (Carlsbad, CA). 
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Expression and Purification of the TAT/14-3-3 Inhibitor Peptide 

Expression of the fusion inhibitor peptide was performed as previously described 

(54, 82). TAT/14-3-3 inhibitorpeptides were expressed by transforming BL21 E. coli 

cells with the pTAT/14-3-3 inhibitor plasmids as described above. A 200 mL starter 

culture of Luria Broth (LB, Invitrogen, Carlsbad, CA) containing 100!-tg/mL (final 

concentration) kanamycin (Sigma Aldrich, St. Louis, MO) was inoculated with 1 00!!1 

BL21 E. coli as described above. This culture was incubated in an orbital shaker at 3rC 

for 16 hours at 250 rpm. The following morning a 1 L LB/kanamycin culture was 

inoculated with the 200 mL LB culture as described above. This larger culture was 

incubated at 37°C/250 rpm for 2 hours, then 0.5mM IPTG (Sigma Aldrich, St. Louis, 

MO) was added, inducing protein expression, and incubated an additional 4 hours. The 

BL21 cells were then centrifuged at 5,000 x g for 5 minutes and the resulting pellets were 

then washed with IX PBS (Invitrogen, Carlsbad, CA) and again centrifuged as just 

described. Pellets were then resuspended in 10 mL ofbuffer Z (8M urea, lOOmM Na/Cl, 

20mM HEPES, pH 8.0) and lysed by sonication on ice by 3-15 second pulses until turbid. 

The lysed cell suspension was then clarified by centrifugation at 12,000 x g for 10 

minutes at 4°C. The resulting supernatant was then brought to a finallOmM imidazole 

concentration then added to a pre-equilibrated Ni-NTA affinity column (Qiagen, 

Valencia, CA) and allowed to flow through by gravity. The his-tagged 14-3-3 inhibitor 

peptides were then eluted off the affinity column by stepwise addition of 1 0 mL 1 OOmM, 

250mM, 500mM and 1M imidazole in buffer Z. 
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Dialysis Buffer Exchange 

After confirmation of the correct elution fraction from the above purification, 

microdialysis was used to transfer the 14-3-3 inhibitor peptide from buffer Z to 0.5X PBS 

(pH 7.3). The 10 mL elution fraction was loaded into a Slide-A-Lyzer® (Pierce 

Biotechnology, Inc., Rockford, IL) cassette with a molecular weight cut-off of 3.5 kDa. 

The dialysis chamber was placed into 2 L dialysis buffer (137mM NaCl, 20mM HEPES, 

pH 7.4) and gently stirred for 2 hours. The buffer was replaced with 2 L fresh dialysis 

buffer and stirred for another 2 hours. Finally, the dialysis chamber was placed into 2 L 

0.5X PBS (pH 7.3) and stirred for 2 hours. The contents of the dialysis chamber were 

removed, 1 0% glycerol was added and the sample was aliquoted and flash frozen in 

liquid N2 and placed at -80°C for storage. 

Western Blot Analysis 

Proteins were boiled at 95°C for 5 minutes prior to loading on a Tris-glycine 

SDS-PAGE gel (20% acrylamide). Proteins were separated by electrophoresis and 

transferred to nitrocellulose membrane using an Xcell SureLock TM Mini-Cell (Invitrogen, 

Carlsbad, CA) per the manufacturer's settings. Following transfer of the protein, 

membranes were washed for 5 minutes in TBS containing 1% Tween-20 (TBS!f) then 

blocked in TBS!f containing 5% nonfat milk overnight at 4°C. After blocking, 

membranes were washed three times with TBS!f (10 minutes each) followed by 

incubation with a mouse monoclonal anti-6X his tag antibody (Abeam, ab 18184) for 3 

hours at room temperature. This primary antibody was diluted 1: 1000 in TBS/T plus I% 
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BSA based on manufacturer's recommendations. The primary antibody was then 

removed and the membranes washed three times with TBSff (I 0 minutes each). Proteins 

were visualized using HRP-linked secondary antibodies and LumiGLO reagent (Cell 

Signaling Technology, Beverly, MA) as described in the manufacturer's instructions. 

Silver Stain Assay 

Proteins were separated using SDS-PAGE (20% acrylamide gel) as described in 

the section above. Silver Staining was done using the SilverSnap® II kit from Pierce 

Biotechnology, Inc (Rockford, IL) per the manufacturer's specifications after protein 

separation. The gel was washed two times in ultrapure water (5 minutes each) then fixed 

in a 30% ethanol, 10% acetic acid solution twice for 15 minutes each. The gel was then 

washed in a 10% ethanol solution two times (5 minutes each) then washed an additional 

two times in ultrapure water (5 minutes each). The gel was then incubated in a sensitizer 

solution for 1 minute and then washed with two changes of ultrapure water for one 

minute each. The gel was next placed into a silver stain solution and incubated for 30 

minutes at room temperature. The gel was quickly washed with ultrapure water two 

times for 20 seconds each then placed in developer solution for approximately 2 minutes 

until the protein bands were visible. The gel was finally washed with a 5% acetic acid 

stop solution for 10 minutes and then washed with water. 
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Introduction of the TAT/inhibitor into Cardiomyocytes 

Primary rat neonate cardiomyocytes were harvested and cultured as previously 

described in 6-well plates. When the cardiomyocytes reached 70% confluency, the 

culture medium was replaced with fresh medium containing 10% FBS and various 

concentrations of the TAT /inhibitor protein (0.5, to 150!J.M). Cardiomyocytes were 

incubated and samples were collected at 30, 60 and 120 minutes after treatments. 

Fluorescent Microscopy 

Cover slips coated with 1.5% gelatin were placed in 12-well culture plates and 

primary cardiomyocytes were cultured and adhered to the coated cover slips. The 

covers1ips were washed three times in PBS (5 minutes each) then the cardiomyocytes 

were fixed using a 1:1 acetone:methanol solution maintained at -20°C. The cover slips 

were incubated at -20°C for 20 minutes and then washed 3 more times with PBS (5 

minutes each). The cover slips were then incubated in a 300 nM DAPI solution for 20 

minutes at 37°C and washed 3 times with PBS. Cover slips were then mounted to glass 

microscope slides using FluorSave mounting solution (CaiBio Chern). Fluorescence was 

viewed with an Olympus AX70 fluorescent microscope and Diagnostic Instruments 

Nikon CCD camera. 

Protein-Protein Interaction (Mammalian Two-Hybrid System) 

Cardiomyocytes were cultured and plated as described above. To identify if the 

14-3-3 inhibitor peptide could prevent wild-type 14-3-3f3 from forming a dimer, the 
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commercially available CheckMate 1 " Mammalian Two-Hybrid System was used 

(Promega, Madison, WI). This system has a Gal-4 driven luciferase-based reporter gene 

that results in luciferase transcription when the Gal-4 DNA binding domain is in close 

proximity to the VP-16 transactivating domain. Two constructs were created by cloning 

14-3-3(3 wild-type into the pACT (VP-16 activation domain) and the pBIND (Gal-4 

binding domain) cloning vectors. These clones resulted in a fusion protein with the 

respective activation or binding domains. The generated pACT/14-3-3 wild-type and 

pBIND/14-3-3 wild-type were then co-transfected with the Gal-4luciferase reporter 

(pGS-Luc ). Interacting proteins will elicit induction of luciferase gene production, and if 

the proteins of interest do not interact then there will be diminished luciferase activity 

(Figure I 0). Luciferase activity was measured as described in the following section. 

Transient Transfection and Luciferase Assay 

Cardiomyocytes were cultured in 12-well tissue culture plates in media 199 

supplemented with 10% FBS plus gentamicin. 48 hours post plating (approximately 70% 

confluent), cells were transfected with empty vector control (pSGS), HDAC4-GFP, 

HDACS-GFP, CaMK.I, CaMKIV, pACT, pBIND, pACT/14-3-3 wild-type, pBIND/14-3-

3 wild-type, pACT/MyoD or pBIND/Id plus one reporter (3xMEF2 luciferase enhancer-

reporter, ANP luciferase promoter-reporter or pGS-Luciferase reporter) using 

lipofectAMINE TN Plus reagent per the manufacturer's instructions (Invitrogen, Carlsbad, 

CA) Table 2lists the amount of each plasmid used per well for each experiment. Total 

plasmid DNA/well used was kept constant by addition of empty vector plasmid. 3 hours 
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post transfection, the cardiomyocytes were washed and re-fed with media 199 

supplemented with 0.2% FBS. 24 hours post re-feeding, the cells were lysed with 

Reporter Lysis Buffer (Promega, Madison, WI) and luciferase activity was determined by 

luminometry {Turner Designs Luminometer Model TD 20/20, Turner Designs, 

Sunnyvale, CA) using a commercially luciferase substrate kit (Promega, Madison, WI). 

Each data set was replicated in triplicate and repeated a minimum of two times. These 

results are expressed as the mean relative luciferase activity± SEM. These data were 

analyzed with GraphPad Prism software (version 4.0) using non-parametric one-way 

ANOVA with Bonferroni's post-hoc test for inter-group comparisons. 
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Figure 10. Schematic of th~ Mammalian Two-Hybrid System 

Using the CheckMate™ Mammalian Two-Hybrid System (see materials and methods), 

cardiomyocytes were co-transfected with varying DNA treatments to determine the 

protein-protein interaction between the 14-3-3(3 wild-type proteins in the presence of the 

14-3-3 inhibitor peptide. This system uses a Ga14 DNA binding domain and VP16 

transactivation domain along with a luciferase reporter to indicate protein interaction. 

Two proteins of interest are cloned into either the pBIND (Gal4) or pACT (VPI6) to 

generate Ga14 fusion proteins or VP16 fusion proteins respectively. Interacting proteins 

will drive transcription of the luciferase reporter that contains Ga14 binding domains on 

its enhancer region. Proteins that do not interact will not generate any reporter activity. 
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Table 2. Amount of each plasmid DNA used for transient transfections 

Transient transfections were performed using LipofectAMINE ™ Plus reagent (materials 

and methods). The amounts listed are per well for a 12-well culture plate. Cells were 

transfected for 3 hours then re-fed with culture media supplemented with 0.2% FBS. 
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Plasmid Amount used (nglwell) 

3 x MEF2-luc SOOng 

ANP-luc SOng 

pGS-luc IOOng 

HDAC4-GFP SOOng 

HDACS-GFP SOOng 

CaMKI lOng 

CaMKIV 20ng 

pACT 20ng 

pBIND 20ng 

pACT/14-3-3 WT 20ng 

pBIND/14-3-3 WT 20ng 

pACT/MyoD 20ng 

pBIND/ld 20ng 
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CHAPTER III 

RESULTS 

Preface 

The following studies were completed using neonate rat ventricular 

cardiomyocytes as previously described (6). Several different cell lines have been 

suggested to respond 'similarly' to cardiomyocytes under certain conditions (29, 49), but 

to date there is not a proven cell line for cardiomyocytes. Using neonate ventricular 

cardiomyocytes allows for the study of specific cardiac gene profiles not present in other 

cells. 

As previously discussed, activation of the CaM kinase signaling cascade results in 

up regulation of an embryonic genetic phenotype in cardiomyocytes. Our laboratory, as 

well as others, have shown that this gene activation is dependent upon MEF2 

transcription factors present in the nucleus of cardiomyocytes (64, 103, 112). The 

transcriptional activity ofMEF2 is tightly regulated by repressive class II HDAC 

molecules in healthy adult cardiomyocytes. It has been demonstrated that class II 

HDACs are phosphorylated by CaMKI or CaMKIV and subsequently bound by 14-3-3 

dimers and exported to the cytoplasm (42, 68). Our laboratory has shown that 14-3-3 

S60/65D mutant proteins are unable to form dimers thus rendering them incapable of 

exporting class II HDACs out of the nucleus into the cytoplasm (Figure 5). We have also 

shown that this 14-3-3 S60/65D mutant is able to re-establish repression ofMEF2-

47 



dependent gene transcription (36, 37), establishing the HDAC/14-3-3 association as a 

novel regulatory point for hypertrophy-sensitive gene silencing in cardiomyocytes. To 

further characterize the regulatory aspects of this interaction we first generated a 14-3-3 

inhibitory peptide that would compete for occupation of the dimerization region with 

wild-type 14-3-3 proteins. Once the 14-3-3 inhibitory peptide was generated and 

characterized, its effect on cellular localization of class II HDACs in cardiomyocytes was 

studied. We also assessed the inhibitory peptide's effects on hypertrophy-sensitive gene 

transcription and whether it could recapitulate gene repression in cardiomyocytes under 

hypertrophic conditions. 

Generation of the 14-3-3 inhibitory peptide fused to TAT PTD 

14-3-3 cellular shuttle activities are dependent upon interaction of two molecules 

along a critical dimerization region. Therefore, an inhibitory peptide was designed to 

mimic the dimerization region of 14-3-3 proteins. This peptide is 14 amino acids in size 

and contains the amino acid sequence surrounding serines 60 and 65 of 14-3-3ft To 

increase the stability of this inhibitory peptide binding to 14-3-3 monomers, serines 60 

and 65 were substituted with alanines to mimic constitutively unphosphorylated serines 

(Figure 11). The oligonucleotide encoding the 14-3-3 inhibitor peptide was subcloned 

into the pTAT2.1 protein expression vector. The oligonucleotide was designed so that 

translation of the inhibitory peptide was in the same reading frame as the 6X histidine tag 

and theTA T PTD, which is at the N-terminal end of the inhibitor peptide (Figure 12). 

Endonuclease digestion of purified plasmid DNA, from colonies with the subcloned 14-
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3-3 inhibitor peptide, revealed that DNA from colonies I ,2,3,5 and 6 contain a 205 base 

pair fragment (Figure 13). This fragment verifies that the 14-3-3 inhibitor peptide 

sequence is present. As evidenced by DNA from colony 4, absence of the inhibitor 

peptide sequence does not result in a 205 base pair DNA fragment. These results verify 

that the 14-3-3 inhibitor peptide was cloned into the pTAT2.1 vector. 

Expression ofT AT fused 14-3-3 inhibitor peptide 

Expression and purification ofT AT fused proteins has been designed in a very 

specific way for transduction of proteins with high efficiency into eukaryotic cells. TAT 

fused proteins have the ability to passively diffuse across all cell membranes. There is a 

very specific protocol that results in purified TAT -fused proteins capable of highly 

efficient transduction characterized as unstable, misfolded and aqueous soluble. Protein 

production was induced in a BL21 bacterial cell line in Iuria broth culture. Lysates from 

this culture were loaded on to a Ni-NTA column designed to affinity bind 6X his tagged 

proteins. As shown in figure 14, his tagged TAT/14-3-3 inhibitor peptide was detected 

by immunoblot for anti-6x his tag. The inhibitor peptide is present in several fractions of 

the purification process, of most importance in the 250mM imidazole elution fraction. 

Interestingly, a large amount of the 14-3-3 inhibitor peptide is still present in the affinity 

beads even after elution with a high concentration (1M) imidazole. These results 

demonstrate that purification of a TAT-fused 14-3-3 inhibitor peptide was achieved in the 

250mM imidazole elution fraction off the affinity column. 
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Buffer exchange of the purified 14-3-3 inhibitor peptide 

Purification of the 14-3-3 inhibitor peptide was a critical step in characterizing the 

possibility of regulating 14-3-3 dimerization and the resulting implications on 

hypertrophy-sensitive gene transcription. The buffer used to purify the 14-3-3 inhibitor 

peptide was a 8M urea buffer, that aids in linearizing the peptide and maintaining a 

denatured state. In order for this peptide to be used in biological conditions it needed to 

be re-suspended in a buffer that would not affect cardiomyocytes in cell culture. For this 

reason we used microdialysis to exchange the 8M urea buffer with a phosphate buffered 

saline solution. Once the buffer exchange was complete, samples were taken and 

analyzed by immunoblot for anti-6x his tag. As seen in figure 15, the 14-3-3 inhibitor 

was still present after the dialysis procedure. We also assessed how well the inhibitor 

would withstand the freeze thaw process. In figure 15-lane 3 a distinct 14-3-3 inhibitor 

peptide band from the frozen andre-thawed sample is evident. To further verify the 

purity of the 14-3-3 inhibitor peptide, a silver stained polyacrylamide gel showed that 

only the 14-3-3 inhibitor peptide is present in the purified sample (Figure 16). These data 

verify that a pure preparation of the 14-3-3 inhibitor was achieved and successfully 

exchanged to a phosphate buffer suitable for use in cell culture. 

14-3-3 inhibitor peptide is able to traverse cellular membranes 

The TAT PTD has been used to successfully deliver proteins into cells under a 

wide variety of experimental conditions. Although TAT has been shown as a very 

powerful transduction tool, it was still necessary to verify that the 14-3-3 inhibitor 
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peptide was able to transduce into cardiomyocytes. To test this, primary cardiomyocytes 

were plated at an equal starting density and then cultured in media containing 10% FBS 

for 48 hour. At this point these cardiomyocytes were washed andre-fed media with 

media containing 14-3-3 inhibitor peptide in a range from 1 OOnM to 150~-tM 

concentrations. The cultures were incubated for 30 min, 60 min and 120 minutes and 

then total celllysates were collected. As seen in Figure 17, the 14-3-3 inhibitor peptide 

entry into the cardiomyocytes was visible in cells treated with 50~-tM and 150~-tM of 

inhibitor peptide at the 30, 60 and 120 minute time points. These data agree with 

previously published data that TAT mediated transduction can be seen as early as 60 

minutes after treatment (88). 

14-3-3 inhibitor peptide is not cytotoxic to cardiomyocytes 

When treating cells with a new agent of any kind it is prudent to determine if the 

agent, in this case the 14-3-3 inhibitor peptide, is safe for use in cell culture and not 

cytotoxic. Accordingly, we tested the cytotoxicity of the 14-3-3 inhibitor peptide under 

the same cell culture conditions used throughout this dissertation. For this purpose we 

used the commercially available LIVE/DEAD® Viability/Cytotoxicity kit from Molecular 

Probes. This assay differentiates permeability of live versus dead cells within a culture. 

Live cells have an intact cell membrane while dead or dying cells possess a membrane 

that very porous or in some cases virtually non-existent. This assay uses two fluorescent 

stains: STYO® 10, a green fluorescent stain that is highly membrane permanent and 

labels cells with intact plasma membranes; DEAD Red Til, a red fluorescent nucleic acid 
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stain that labels only cell nuclei with compromised membranes. Cardiomyocytes were 

cultured for 48 hours in media containing 10% FBS, then treated with 1 Of.!M 

phenylephrine (PE) either alone or with increasing concentrations of the 14-3-3 inhibitor 

peptide ranging from 500nM to 150f,.lM. Control cells and PE treated cells were 

exclusively stained green revealing healthy live cardiomyocytes (Figure 18). 

Cardiomyocytes treated with 1 Of.!M PE plus 0.5 to 150f,.lM doses of 14-3-3 inhibitor 

peptide also contained cardiomyocytes stained almost entirely green, just as the control 

and PE groups were (Figure ·18). In toxic control cells, where cardiomyocytes were 

incubated at 56°C for 20 minutes, the cardiomyocytes were almost completely stained 

red, indicating the cardiomyocytes were either dead or dying. These data demonstrate 

that the 14-3-3 inhibitor peptide is not cytotoxic to cardiomyocytes under normal culture 

conditions. 

14-3-3 inhibitor peptide promotes nuclear localization of HDAC4 

Data from figure 17 shows that the 14-3-3 inhibitor peptide is capable of 

transducing through the cell membranes of cardiomyocytes in culture. We then 

determined if the 14-3-3 inhibitor peptide could prevent 14-3-3 dimerization, resulting in 

HDAC4 nuclear localization in cardiomyocytes treated with the inhibitor. It has been 

shown that under hypertrophic conditions, 14-3-3 wild-type proteins are capable of 

shuttling class II HDACs out ofthe nucleus to the cytoplasm (42, 68). Under normal 

control conditions, we show that HDAC4 was predominantly cytoplasmic with a 

cytoplasmic vs. nuclear (CvN) ratio of slightly greater than 4 (Figure 19). When 
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cardiomyocytes were treated with 50f.A.M 14-3-3 inhibitor peptide for 24 hours, HDAC4 

exhibits a largely nuclear localization equaling a CvN ratio of 0.351 . Cardiomyocytes 

cultured under hypertrophic conditions, with CaMKI or CaMKIV, also express a high 

abundance of cytoplasmic localization with CvN ratios of 3.782 and 4.207 respectively 

(Figure 19). Cardiomyocytes that are transfected with the hypertrophic enzymes CaMKI 

and CaMKIV and treated with the 14-3-3 inhibitor peptide, reveal that the inhibitor 

establishes a more nuclear localization ofHDAC4 indicated by CvN ratios of0.932 and 

0.462 respectively (Figure 19). In order to be able to visualize the nuclear localization of 

HDAC4 a HDAC4-GFP protein was transfected and the fluorescence detected under 

excitation conditions using fluorescent microscopy. The CvN ratios are represented by 

images of HDAC4-GFP fluorescence and DAPI stained nuclei (Figure 20). The data 

presented in Figures 19 and 20 reveal that HDAC4 localization becomes more nuclear in 

the presence ofthe 14-3-3 inhibitor, even when cardiomyocytes were also treated with 

CaMKI and CaMKIV. 

14-3-3 inhibitor peptide re-establishes nuclear localization of HDAC5 

Data from Figures 19 and 20 demonstrate that the.14-3-3 inhibitor peptide was 

able to greatly prevent the cytoplasmic shuttling ofHDAC4 under hypertrophic 

conditions. We next wanted to examine ifthe 14-3-3 inhibitor peptide was also able to 

prevent cytoplasmic distribution of HDAC5 under these same hypertrophic conditions. 

In cardiomyocytes cultured under normal control conditions, HDAC5 was predominantly 

localized in the nucleus with a CvN ratio of0.051 (Figure 21). When cardiomyocytes are 
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treated with 50f..lM 14-3-3 inhibitor peptide for 24 hours, HDAC5 maintains a largely 

nuclear localization as articulated by a CvN ratio of 0.11 0. Cardiomyocytes cultured 

under hypertrophic conditions, with either CaMKI or CaMKIV, express a high 

abundance of cytoplasmic HDAC5localization with CvN ratios of3.121 and 2.636 

respectively (Figure 21 ). Similar to control cells, cardiomyocytes that are transfected 

with the hypertrophic enzymes CaMKI and CaMKIV and treated with the 14-3-3 

inhibitor peptide reveal that the 14-3-3 inhibitor peptide is able to re-establish a nuclear 

localization ofHDAC5 as depicted by CvN ratios of0.932 and 0.462 respectively (Figure 

21 ). As in the previous section, in order to be able to visualize the nuclear localization of 

HDAC5, we used a HDAC5-GFP protein that was transfected into cardiomyocytes. The 

fluorescence was detected under excitation conditions using fluorescent microscopy. The 

CvN ratios are represented by images of HDAC5-GFP fluorescence and DAPI stained 

nuclei in Figure 22. The data presented show that the 14-3-3 inhibitor peptide is able to 

greatly reduce the cytoplasmic export of HDAC5 in the presence of the hypertrophic 

enzymes CaMKI and CaM KJV. Increased nuclear localization of class II HDACs 

increases the probability that hypertrophy-sensitive gene expression will be repressed. 

14-3-3 inhibitor peptide prevents 14-3-3 dimerization 

We designed the 14-3-3 inhibitor peptide to compete with wild-type 14-3-3 

proteins and prevent dimerization. This in turn will greatly reduce 14-3-3 functional 

abilities to bind class II HDACs to promote hypertrophy sensitive gene transcription. In 

order to test 14-3-3 dimerization in the presence ofthe 14-3-3 inhibitor peptide, a 
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mammalian two-hybrid system was used to detect interacting proteins fused to either a 

Gal4 DNA binding domain or a VP16 activation domain as described in methods (Figure 

1 0). Cardiomyocytes were transfected then re-fed with media containing 0.2% FBS, and 

relative luciferase activity was detected 24 hours after transfection. As shown in Figure 

23, cardiomyocytes transfected with wild-type 14-3-3 fused to the Gal4 domain as well as 

the VP 16 activation domain show a 45 fold increase in relative luciferase activity over 

control cells. Conversely, when cardiomyocytes are transfected as just described, and 

also in the presence of 50~M 14-3-3 inhibitor peptide, there is a significant reduction in 

the reporter activity (Figure 23). We also demonstrate that this attenuation was specific 

for 14-3-3 proteins, as the inhibitor had no effect on, MyoD and Id interaction (two 

control proteins known to associate) under the same culture conditions. The results 

above imply that 14-3-3 protein dimerization is disrupted in the presence of the 14-3-3 

inhibitor peptide. This gives specific insight on the mechanism by which class II 

localization is predominantly nuclear in the presence of the 14-3-3 inhibitor peptide. 

14-3-3 inhibitor peptide silences MEF2-dependent transcription 

MEF2 is a critical transcription factor that has been characterized to induce the 

expression of embryonic genes in hypertrophied cardiomyocytes. To date, a major 

portion of studies have focused on the signaling events that lead to the activation of 

MEF2-dependent transcription. It has been well established that class II HDACs repress 

MEF2 transcriptional activity under normal conditions but are transported to the 

cytoplasm under hypertrophic conditions. Data presented thus far suggests that the 14-3-
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3 inhibitor peptide is able to increase the presence of class II HDACs in the nucleus 

thereby increasing the probability that MEF2 transcriptional activity will be repressed. 

We next wanted to demonstrate that MEF2-dependent transcription could be attenuated 

by the 14-3-3 inhibitor peptide in the presence of hypertrophic stimulation. 

Cardiomyocytes were co-transfected with the MEF2 enhancer-reporter plasmids 

(containing 3 tandem MEF2 consensus binding sites) along with either constitutively 

active CaMKI or CaMKIV. After transfection, cardiomyocytes were then treated with 

media containing 50~M 14-3-3 inhibitor peptide or without the inhibitor. Figures 24 and 

25 show that the activity of the MEF2 enhancer-reporter was significantly increased in 

the presence of CaMKI and CaMKIV compared to empty vector control. However, 

addition of the 14-3-3 inhibitor peptide in the presence of CaMKI or CaMKIV silenced 

MEF2 enhancer activity to basal expression levels (Figure 24 and 25). In addition, we 

show in Figure 26 that phenylephrine, an a1- agonist, is able to activate the MEF2 

enhancer-reporter approximately 4.5-fold over empty vector control. In contrast, when 

cardiomyocytes were treated with both phenylephrine and the 14-3-3 inhibitor peptide, 

MEF2-dependent gene expression was attenuated (Figure 26). When taken together, 

these results show that the 14-3-3 inhibitor peptide is capable of silencing MEF2-

dependent gene transcription by CaMKI, CaMKIV and phenylephrine. 

14-3-3 inhibitor peptide silences hypertrophy-sensitive gene transcription 

The expression of atrial natriuretic peptide (ANP) in ventricular cardiomyocytes 

has been identified as a key indicator of hypertrophic growth. In Figures 24, 25 and 26 it 
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was demonstrated that the 14-3-3 inhibitor peptide is capable of repressing MEF2-

dependent transcription in the presence of hypertrophic stimuli. We next wanted to 

demonstrate that the 14-3-3 inhibitor peptide could inhibit ANP gene expression under 

the same hypertrophic conditions mentioned in the previous section. Cardiomyocytes 

were co-transfected with ANP promoter-reporter plasmids (containing a critical promoter 

region of ANP) along with either constitutively active CaMK.l or CaM KJV. After 

transfection, cardiomyocytes were then treated with media containing 50~M 14-3-3 

inhibitor peptide or without the inhibitor. Figures 27 and 28 show that the activity of the 

ANP promoter-reporter was significantly increased in the presence of CaMK.l and 

CaMK.lV compared to empty vector control. However, addition of the 14-3-3 inhibitor 

peptide in the presence of CaMK.l or CaMK.lV silenced ANP reporter activity to basal 

expression levels (Figure 27 and 28). In parallel to the changes in MEF2 activity, we 

show in Figure 29 that phenylephrine is able to activate the ANP promoter-reporter 

significantly when compared to empty vector control. In contrast, when cardiomyocytes 

were treated with both phenylephrine and the 14-3-3 inhibitor peptide, ANP 

transcriptional activity was significantly attenuated (Figure 29). These results 

demonstrate that the 14-3-3 inhibitor peptide is capable of repressing ANP gene 

transcription by CaMK.l, CaMK.lV and phenylephrine. 
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Figure 11. 14 amino acid sequence of 14-3-3 inhibitor peptide 

This diagram illustrates the amino acid sequence of the designed 14-3-3 inhibitor peptide. 

This peptide was designed to mimic the 14-3-313 sequence surrounding serines 60 and 65. 

For this peptide the serine residues were exchanged for alanine residues. 
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gcc-cgc-cgc-tct.gcc-tgg-cgt-gtc-atc-gcc-agc-att-gag-c~~g 

A R R s0w R V I 0 S I E Q 

Alanines exchanged for serines from the ortginai14-3-3P sequence 
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Figure 12. Diagram ofTAT.-fused 14-3-3 inhibitor peptide 

The 14-3-3 inhibitor peptide oligonucleotide was designed with EcoRI and Notl 

overhangs and subcloned into the pT AT2.1 vector. This generates a 50 amino acid 

peptide that when expressed by BL21 E. coli is composed of an N-terminal 6 x his tag 

and the TAT PTD fused to the 14-3-3 inhibitor peptide. 
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Figure 13. Confirmation of 14-3-3 inhibitor DNA sequence present in the pTAT2.1 

protein expression vector 

DNA from 6 bacterial colonies transformed with pTAT2.1114-3-3 inhibitor ligated DNA 

was digested with Xbal and Xhol endonucleases. The presence of a 200 base pair DNA 

fragment confirms the presence of 14-3-3 inhibitor sequence. The digested 200 base pair 

fragment is indicated in the yellow box. Colony 4 was the only DNA sample to not have 

14-3-3 inhibitor sequence present. 

62 



63 



Figure 14. 14-3-3 inhibitor peptide purified by affinity column chromatography 

BL21 E. coli cells were transformed with the pT AT2.1 plasmid containing the in-frame 

sequence for the 14-3-3 inhibitor peptide. The BL21 cells were induced to express the 

TAT/14-3-3 inhibitor peptide. The bacterial cells were lysed and the cleared cell lysate 

passed through an nickel-affinity column and eluted with increased concentrations of 

imidazole. Samples from the eluted fractions were run on a 20% polyacrylamide gel and 

proteins separated by electrophoresis. TAT/14-3-3 inhibitor proteins were analyzed by 

western blot using an antibody specific for 6x-his tag to detect the fraction(s) that the 

inhibitor is present in. 

64 



TATnnhlbltor 

65 



·-

Figure 15. Purified 14-3-3 inhi!Jitor peptide is stable after dialysis and freezing 

The TAT/14-3-3 inhibitor peptide was transferred from an 8M urea buffer to a phosphate 

buffered saline solution by microdialysis. Using a molecular weight cut-off of 3.5 kDa 

membrane the 14-3-3 inhibitor peptide was dialyzed and then combined with a 10% 

(final concentration) glycerol solution for storage. The integrity ofthe 14-3-3 inhibitor 

peptide was analyzed by western blot using an antibody specific for 6x-his tag. 
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Figure 16. 14-3-3 inhibitor peptide preparation is free of protein contamination 

After microdialysis, post dialysisl4-3-3 inhibitor peptide, 10% glycerol inhibitor and 

250mM elution samples were loaded on a 20% polyacrylamide gel and proteins were 

separated by electrophoresis. The 14-3-3 inhibitor peptide was detected by silver staining 

of the polyacrylamide gel. Proteins are visible as amber stained bands. 
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Figure 17. 14-3-3 inhibitor peptide freely transduces through cardiomyocyte cell 

membranes 

Cardiomyocytes were cultured in the presence of increasing concentrations of I4-3-3 

inhibitor peptide (I OOnM, 500nM, I J.lM, I OJ.lM, 50J.lM, and I50J.lM) for 30, 60 and I20 

minutes. Following treatments, cells were lysed and samples were examined for the 

presence of 14-3-3 inhibitor by western blot using an antibody specific for 6x-his tag. 

Proteins bands boxed in red represent 14-3-3 inhibitor peptide present in the cell lysate. 
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Figure 18. Cardiomyocyte ~ability was not affected by the 14-3-3 inhibitor peptide 

Cardiomyocytes were untreated or treated with phenylephrine ( 1 Of..lM) alone as well as 

increasing 14-3-3 inhibitor peptide (500nM- 150f.!M) for 24 hours. Cells for the negative 

control were incubated at 56°C for 20 minutes. All cells were stained with fluorescent 

green SYTO® 10 and fluorescent red DEAD Red TM according to the LIVE/DEAD 

protocol from Molecular Probes®. Cells were fixed, and cell viability was assessed by 

fluorescent microscopy. Cells stained green are alive and cells stained red are dead. 
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Figure 19. 14-3-3 inhibitor peptide promotes nuclear localization of HDAC4 

Cardiomyocytes were cultured on gelatin coated coverslips in media supplemented with 

10% FBS. 48 hours post plating, cells were transfected with HDAC4-GFP plasmid DNA 

alone or co-transfected with CaMKl or CaMKlV. After transfection, experimental 

groups were treated with media containing 50J1M 14-3-3 inhibitor peptide for 24 hours. 

Cells were then fixed and examined under fluorescent microscopy to detect GFP fused 

HDAC4. Cells expressing HDAC4-GFP were scored as being localized in the nucleus or 

cytoplasm. A minimum of 150 cells were counted for each treatment group. The ratio of 

cytoplasmic versus nuclear localization is used to represent HDAC4 localization. 
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Figure 20. HDAC4-GFP lo~alization is affected by the presence of the 14-3-3 

inhibitor peptide 

Cardiomyocytes were cultured on gelatin coated coverslips in media sYpplemented with 

10% FBS. 48 hours post plating, cells were transfected with HDAC4-GFP plasmid DNA 

alone or co-transfected with CaMKl or CaMKlV. After transfection, experimental 

groups were treated with media containing 50~-tM 14-3-3 inhibitor peptide. Images in this 

figure are representative pictures of the data presented in Figure 19. HDAC4-GFP was 

visualized using fluorescent microscopy. 
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Figure 21. 14-3-3 inhibitor p~ptide re-establishes nuclear localization of HDACS 

Cardiomyocytes were cultured on gelatin coated coverslips in media supplemented with 

1 0% FBS. 48 hours post plating, cells were transfected with HDAC5-GFP plasmid DNA 

alone or co-transfected with CaMKI or CaMKIV. After transfection, experimental 

groups were treated with media containing 50J.1M 14-3-3 inhibitor peptide for 24 hours. 

Cells were examined under fluorescent microscopy to detect GFP fused HDAC5. Cells 

expressing HDAC5-GFP were scored as being localized in the nucleus or cytoplasm. A 

minimum of 150 cells were counted for each treatment group. The ratio of cytoplasmic 

versus nuclear localization is used to represent HDAC5 localization. 
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Figure 22. HDACS exhibits ,nuclear localization in the presence of the 14-3-3 

inhibitor peptide 

Cardiomyocytes were cultured on gelatin coated coverslips in media supplemented with 

10% FBS. 48 hours post plating, cells were transfected with HDAC5-GFP plasmid DNA 

alone or co-transfected with CaMKI or CaMKIV. After transfection, experimental 

groups were treated with media containing 50~M 14-3-3 inhibitor peptide. Images in this 

figure are representative pictures of the data presented in Figure 21. HDAC5-GFP was 

visualized using fluorescent microscopy. 
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Figure 23. 14-3-3 dimerization is prevented in the presence of the 14-3-3 inhibitor 

peptide 

Using DNA constructs generated specifically for identifYing interaction of 14-3-3 

proteins in mammalian cells, primary cardiomyocytes were co-transfected with the pG5-

Luc luciferase enhancer-reporter plasmid DNA along with the DNA as follows: (1) 

Empty vector (control) DNA, (2) pACT and pBIND, (3) pACT and pBIND/14-3-3 wild

type, (4) pACT/14-3-3 wild-type and pBIND, (5) pACT/MyoD and pBIND/ld, (6) 

pACT/14-3-3 wild-type and pBIND/14-3-3 wild-type, (7) pACT/14-3-3 wild-type, 

pBIND/14-3-3 wild-type and 50~M 14-3-3 inhibitor peptide, (8) pACT/MyoD, 

pBIND/Id and 50~M 14-3-3 inhibitor peptide. 24 hours after transfection, luciferase 

activity was determined by luminometry. Each group was replicated in triplicate(* p < 

0.001 compared to control, t p < 0.001 compared to pACT/14-3-3 and pBIND/14-3-3) . 
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Figure 24. 14-3-3 inhibitor peptide represses CaMKI activation of MEF2-

dependent transcription 

Cardiomyocytes were transiently transfected with 500 ng of the MEF2 enhancer-reporter 

plasmid alone or co-transfected with CaMKI plasmid DNA using lipofectAMINE TM Plus 

reagent. Three hours post transfection, cells were re-fed with media containing 0.2% 

FBS, and the experimental group was also treated with 50J..1.M 14-3-3 inhibitor peptide. 

24 hours following treatment, luciferase activity was detected by luminometry. Each 

treatment was replicated in triplicate(* p < 0.001 compared to control, t p < 0.001 

compared to CaMKI) 
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Figure 25. 14-3-3 inhibitor ~ptide represses CaMKIV activation of MEF2-

dependent transcription 

Cardiomyocytes were transiently transfected with 500 ng of the MEF2 enhancer-reporter 

plasmid alone or co-transfected with CaMKIV plasmid DNA using lipofectAMINE rM 

Plus reagent. Three hours post transfection, cells were re-fed with media containing 

0.2% FBS, and the experimental group was also treated with 50~-tM 14-3-3 inhibitor 

peptide. 24 hours following treatment, luciferase activity was detected by luminometry. 

Each treatment was replicated in triplicate(* p < 0.001 compared to control, t p < 0.001 

compared to CaMKIV) 
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Figure 26. 14-3-3 inhibitor peptide represses phenylephrine activation of MEF2-

dependent transcription 

Cardiomyocytes were transiently transfected with 500 ng of the MEF2 enhancer-reporter 

plasmid DNA using lipofectAMINE TM Plus reagent. Three hours post transfection, cells 

were re-fed with media containing 0.2% FBS, and the experimental groups were also 

treated with 1 Of.lM phenylephrine and/or 50f.lM 14-3-3 inhibitor peptide. 24 hours 

following treatment, luciferase activity was detected by luminometry. Each treatment 

was replicated in triplicate(* p < 0.01 compared to control, t p < 0.01 compared toPE). 
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Figure 27. 14-3-3 inhibitor peptide represses CaMKI activation of ANP gene 

transcription 

Cardiomyocytes were transiently transfected with 50 ng of the ANP promoter-reporter 

plasmid alone or co-transfected with CaMKI plasmid DNA using lipofectAMINE TM Plus 

reagent. Three hours post transfection, cells were re-fed with media containing 0.2% 

FBS, and the experimental group was also treated with 50J.1M 14-3-3 inhibitor peptide. 

24 hours following treatment, luciferase activity was detected by luminometry. Each 

treatment was replicated in triplicate(* p < 0.001 compared to control, t p < 0.001 

compared to CaMKI). 
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Figure 28. 14-3-3 inhibitor peptide represses CaMKIV activation of ANP gene 

transcription 

Cardiomyocytes were transiently transfected with 50 ng of the ANP promoter-reporter 

plasmid alone or co-transfected with CaMKIV plasmid DNA using lipofectAMINE TN 

Plus reagent. Three hours post transfection, cells were re-fed with media containing 

0.2% FBS, and the experimental group was also treated with 50J!M 14-3-3 inhibitor 

peptide. 24 hours following treatment, luciferase activity was detected by luminometry. 

Each treatment was replicated in triplicate(* p < 0.001 compared to control, t p < 0.001 

compared to CaMKIV). 

92 



-"'..:. 

:! ·-&:: 
::l..-. 
CD • 25 cnll.! 
l! en 20 
J! +I 
·c::; c 15 
::J ca 

...JCD 
.... :E 10 
CD ........ 

E 
~ 

empty vector 

CaMKIV 

14-3-3 Inhibitor 

ANP 

* 

+ ... 

+ 

93 

t 

+ 

+ 



Figure 29. 14-3-3 inhibitor peptide silences phenylephrine activation of ANP gene 

transcription 

Cardiomyocytes were transiently transfected with 50 ng of the ANP promoter-reporter 

plasmid DNA using lipofectAMINE ™ Plus reagent. Three hours post transfection, cells 

were re-fed with media containing 0.2% FBS, and the experimental groups were also 

treated with lOJlM phenylephrine and/or 50J!M 14-3-3 inhibitor peptide. 24 hours 

following treatment, luciferase activity was detected by luminometry. Each treatment was 

replicated in triplicate(* p < 0.001 compared to control, t p < 0.001 compared toPE). 
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CHAPTER IV 

DISCUSSION 

14-3-3 proteins play critical roles in cellular signaling by associating with and 

regulating the activities of very diverse signaling proteins. These proteins include 

regulators of G protein signal~ng proteins, protein kinases (such as PKC, PBK, Raf-1, 

MEKKI), protein phosphatases (PTPHI and IP5P) and transcription factors (FKHRLI) 

(104). 14-3-3's ability to regulate cellular functions such as apoptosis, cytoskeletal 

organization, cell proliferation and gene expression depend on its ability to recognize and 

bind specific phospho-peptide motifs. It has also been demonstrated that phosphorylation 

of 14-3-3 molecules can regulate protein interactions as well. It has been demonstrated 

that phosphorylation of 14-3-3 itself in critical ligand association regions can both 

increase protein interaction as well as interfere with protein association (I, 35). 

The role of 14-3-3 in the activation ofhypertrophy events in the heart has been 

demonstrated but the mechanism by which 14-3-3 disassociates from class II HDAC has 

yet to be elucidated. Of interest, it has been recently demonstrated that the 14-3-3~ 

isoform can be phosphorylated by PKA on serine 58 in the dimerization region reducing 

its regulatory activity on the transcription factor p53 ( 44 ). Moreover, recent data 

suggests that phosphorylation of 14-3-3~ at serine 60 and 65 by CaMKII will silence 

MEF2-dependent gene transcription in cardiomyocytes (37). When taken together; these 

data support the hypothesis that a 14-3-3 inhibitory peptide will compete with wild type 
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14-3-3 proteins and prevent 14-3-3 homodimerization. The goals of the present study 

were to i.) generate a 14-3-3 inhibitor peptide designed to mimic the dimerization region 

of 14-3-3~, ii.) determine the effect of the 14-3-3 inhibitor peptide on class II HDAC 

localization in cardiomyocytes and iii.) determine the specific effects of the 14-3-3 

inhibitor peptide on hypertrophy-sensitive gene expression. 

Data from the present study demonstrate that a 6x-his tag T A T/14-3-3 inhibitor 

peptide was generated and affinity purified. The 14-3-3 inhibitor peptide was dialyzed to 

exchange an 8M urea buffer with a culture complimentary phosphate buffered saline 

solution. The inhibitor maintained its purity through the dialysis process and was not 

degraded, as seen in the 6x-his tag immunoblot. Concentration of the inhibitor was 

reduced throughout the dialysis process due to precipitation out of solution. Initial 

dialysis protocols called for an overnight dialysis at 4° C. This resulted in the 

precipitation of most of the purified inhibitor. To counteract this, a 6-hour dialysis 

protocol was adapted with three changes of fresh dialysis buffer. A major concern for the 

purification ofthe 14-3-3 inhibitor peptide was that initial attempts only purified an 

unknown 25 k.Da protein. By lowering the concentration of imidazole in the column 

equilibration steps, the 14-3-3 inhibitor peptide was purified as seen in Figures 15 and 16. 

While the 14-3-3 inhibitor was able to transduce into cardiomyocytes after 120 minutes, 

this experiment was limited to the concentration of the purified inhibitor stock. The 

largest concentration that could be used was 150~ of the inhibitor peptide. In addition, 

it was determined that culture of primary ventricular cardiomyocytes in the presence of 

the 14-3-3 inhibitor peptide was not cytotoxic. Due to the multi-functional roles that 14-
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3-3 plays in cell signaling, it was of some concern that the introduction ofthe 14-3-3 

inhibitor into cardiomyocytes might affect the health of the cells in culture. In the present 

study this was shown not to be the case by a cell viability assay. In addition, it was noted 

that ventricular cardiomyocytes treated with phenylephrine exhibited a rapid intrinsic 

beat rate in cell culture, while a distinctly slower beat rate was seen in non-treated 

cardiomyocytes as well as cells treated with phenylephrine and the 14-3-3 inhibitor 

peptide (not shown). This agrees with data collected by Ross eta/. who demonstrated 

that phenylephrine would increase the heart rate of normal mice (86). While intriguing, 

the exact reason for beat rate reduction by the 14-3-3 inhibitor peptide was not tested in 

this study. 

Through the use of GFP fluorescent assays, the localization of the class II 

HDAC4 and HDAC5 repressive molecules was followed. Under normal non-treated 

conditions, HDAC4localization was largely cytoplasmic and HDAC5 localization was 

almost completely nuclear just as it has been previously established ( 68, 72). In the 

presence of hypertrophic stimulators, the 14-3-3 inhibitor peptide increased the nuclear 

localization of both HDAC4 and HDAC5 in ventricular cardiomyocytes. This study also 

demonstrates that in the presence of the 14-3-3 inhibitor peptide, 14-3-313 proteins were 

not able to dimerize. Taken together, these results demonstrate that the 14-3-3 inhibitor 

peptide is able to out-compete wild-type 14-3-3 proteins at their dimerization site, 

preventing shuttling and sequestration of class II HDACs. By using the TAT PTD to 

administer the 14-3-3 inhibitor peptide into cardiomyocytes, the inhibitor is transduced 

into both the cytoplasm and the nucleus. The two-hybrid assay demonstrates that 14-3-
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3~ proteins are not able to dimerize in the presence of the 14-3-3 inhibitor peptide, 

however, it is unclear which cell compartment dimerization is prevented. It has been 

demonstrated that 14-3-3 recoginizes phosphorylated HDAC in the nucleus and then 

translocates into the cytoplasm ( 42, 57). Recent studies suggest that phosphorylation of 

14-3-3 by CaMKII can disrupt the 14-3-3 dimer leading to HDAC localization in the 

nucleus but it has not been definitively identified that this takes place in the cytosol (37). 

Since CaMKIIbC has been identified as a cyoptlasmic protein (92, 117), inferences can 

be made that 14-3-3 phosporylation by CaMKII would take place in the cytosol. If 

CaMKII gene silencing events are due to 14-3-3 phosphorylation in the cytosol, how then 

does the phosphorylated HDAC become dephosphorylated and relocated to the nucleus? 

There have been no indications to date that suggest the precise mechanism of this HDAC 

relocation to the nucleus, but a reasonable suggestion would be phosphatase activity 

removing the phosphate from HDACs. It is also very reasonable to surmise that the free 

HDACs in the cytosol may be proteolyticly degraded, and gene repression is then due to 

newly synthesized HDAC proteins in the nucleus. 

Corresponding with the increased nuclear localization of class II HDACs in 

cardiomyocytes under hypertrophic conditions, the 14-3-3 inhibitor peptide was capable 

of repressing hypertrophy-sensitive gene expression. Because unsequestered class II 

HDACs are capable of binding and deacetylating the chromatin around the specific 

transcription factor binding sites, this argues that 14-3-3 inhibitor peptide silencing 

activity is elicited through increased MEF2/HDAC interaction in the nucleus. 

Hypertrophic activation of CaM kinase signaling results in activated CaMKI and 
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CaMKIV, which can in turn activate MEF2-dependent gene transcription. Data 

presented in this study demonstrate that the 14-3-3 inhibitor is able to repress activation 

of the MEF2 enhancer-reporter in cardiomyocytes. Correlating MEF2 transcriptional 

activity to specific gene transcription was done by using a ANP promoter-reporter to 

establish the effectiveness of the 14-3-3 inhibitor peptide to silence ANP transcription. 

Indeed, it was demonstrated here that the inhibitor peptide was able to significantly 

reduce ANP transcriptional activity in the presence of CaMKI, CaMKIV and 

phenylephrine. 

To further demonstrate the effectiveness of the 14-3-3 inhibitor peptide to repress 

gene expression, several attempts were made to quantitate hypertrophy-sensitive marker 

gene expression by real time PCR. In all attempts there was no significant change in the 

endogenous pool of gene transcripts. This may be attributed to several factors: i.) 

primary ventricular cardiomyocytes are cultured with FBS at either high (10%) or low 

(0.2%) concentrations. FBS in media has been suggested to be hypertrophic in cell 

culture, ii.) the process of isolating primary ventricular cardiomyocytes is also considered 

a stress event that may be turning on the expression of hypertrophic genes. There was no 

visible activation in endogenous gene expression of BNP, ANP or ~-MHC when 

cardiomyocytes were stimulated with phenylephrine. This non-responsiveness could be 

due to cells already adapting to stress events caused by the above conditions, which 

would explain why genes that are normally not expressed under normal conditions are 

present. In data not shown here, protein expression of the embryonic ~-MHC was 

already up regulated in untreated primary ventricular cardiomyocytes and treatment with 
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phenylephrine showed no change in protein expression. As mentioned earlier, there is no 

accepted cell line for ventricular cardiomyocytes so the options are limited for future 

studies. Three possibilities are: i.) systemic administration of both phenylephrine and the 

14-3-3 inhibitor peptide into adult rats and then extract RNA from the hearts, ii.) 

administer phenylephrine and/or the 14-3-3 inhibitor peptide to finely minced neonate 

ventricular heart tissue under highly buffered and oxygenated conditions, then extract 

RNA from this treated tissue or iii.) Show that under the same conditions a cell line will 

present the same genetic regulation in reporter assays as cardiomyocytes, then proceed 

with quantitation of gene expression. Moreover, these studies would benefit from being 

re-examined using in vivo models, like a transgenic model that over expresses mutant 14-

3-3f3 S60/65D proteins such as the one designed in appendix C. Due to the wide range of 

regulatory functions that 14-3-3 has in the developing fetus, expression in this transgenic 

model has a regulatory function whereby expression of 14-3-3f3 S60/65D is controlled 

both spatially (a-MHC promoter) and temporally (Tetracycline inducible). The resulting 

phenotypes generated when crossing this 14-3-3f3 S60/65D mutant model with known 

hypertrophy models will be of particular interest in future studies. It may also be possible 

to generate an inducible transgenic model targeting the 14-3-3 inhibitor peptide 

expression to the heart. 

The purpose of this dissertation was to establish 14-3-3 interaction with class II 

HDACs in the cytoplasm as a novel point of regulation for the repression of hypertrophic 

gene expression. Several peptides have been designed to inhibit various kinases involved 

in ischemic damage and cardiomyocyte apoptosis as a result of myocardial infarctions 
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(22, 23, 51). These previous peptides have focused on improving recovery from an 

ischemic event or limiting the severity of damage. The 14-3-3 inhibitor peptide was 

designed with the idea of slowing or possibly preventing debilitative hypertrophic 

progression in heart disease. These preliminary data suggest that the 14-3-3 inhibitor 

peptide is capable of reducing hypertrophic gene expression in cell culture, further in 

vivo testing is required to further assess the inhibitor effects in whole organisms. As 

mentioned above, 14-3-3 is a regulator of diverse cellular functions, there is a good 

possibility that systemic administration of this peptide will have adverse unwanted 

activites in other tissue. It may be possible to design a compound similar to the 14-3-3 

inhibitor peptide that is specific for the (3 isoform, not able to interact with other 14-3-3 

isoforms present in tissues. Recent research, however, suggests that in vivo knockout of 

14-3-3y showed no change in development in the progression of Creutzfeldt-Jakob 

disease in the nervous system (96). These authors report that there was no significant 

changes in the other 14-3-3 isofonns protein expression, and suggest that the endogenous 

14-3-3 isofonns are able to compensate for the absence of they proteins. In this study, 

the 14-3-3 inhibitor peptide was able to prevent 14-3-3(3 dimerization and repress 

hypertrophy-sensitive gene expression, but we can not rule out the possibility that this 

inhibitor prevented all 14-3-3 isofonn dimerization. 

Data described in this dissertation clearly demonstrate that 14-3-3 dimerization is 

an important point of regulation for class II HDAC gene repression in ventricular 

cardiomyocytes. A 14-3-3 inhibitor peptide was generated using affinity purification and 

was shown to diffuse across cell membranes of cardiomyocytes. The inhibitor peptide 
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(22, 23, 51). These previous peptides have focused on improving recovery from an 

ischemic event or limiting the severity of damage. The 14-3-3 inhibitor peptide was 

designed with the idea of slowing or possibly preventing debilitative hypertrophic 

progression in heart disease. These preliminary data suggest that the 14-3-3 inhibitor 

peptide is capable of reducing hypertrophic gene expression in cell culture, further in 

vivo testing is required to further assess the inhibitor effects in whole organisms. As 

mentioned above, 14-3-3 is a regulator of diverse cellular functions, there is a good 

possibility that systemic administration of this peptide will have adverse unwanted 

activites in other tissue. It may be possible to design a compound similar to the 14-3-3 

inhibitor peptide that is specific for the (3 isoform, not able to interact with other 14-3-3 

isoforms present in tissues. Recent research, however, suggests that in vivo knockout of 

14-3-3y showed no change in development in the progression ofCreutzfeldt-Jakob 

disease in the nervous system (96). These authors report that there was no significant 

changes in the other 14-3-3 isoforms protein expression, and suggest that the endogenous 

14-3-3 isoforms are able to compensate for the absence of they proteins. In this study, 

the 14-3-3 inhibitor peptide was able to prevent 14-3-3(3 dimerization and repress 

hypertrophy-sensitive gene expression, but we can not rule out the possibility that this 

inhibitor prevented all 14-3-3 isoform dimerization. 

Data described in this dissertation clearly demonstrate that 14-3-3 dimerization is 

an important point of regulation for class II HDAC gene repression in ventricular 

cardiomyocytes. A 14-3-3 inhibitor peptide was generated using affinity purification and 

was shown to diffuse across cell membranes of cardiomyocytes. The inhibitor peptide 
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was not cytotoxic in cultures of primary rat neonate ventricular cardiomyocytes. Class ll 

HDAC localization was largely nuclear when cardiomyocytes were treated with the 14-3-

3 inhibitor peptide, even in the presence of strong hypertrophic stimuli. 14-3-3 

dimerization was demonstrated to be greatly reduced in the presence of the inhibitor 

peptide. CaMKI, CaMKIV and phenylephrine mediated up regulation of hypertrophy

sensitive gene expression was silenced by the 14-3-3 inhibitor peptide, presumably 

through repression of MEF2 transcriptional activity by HDACs. This data demonstrates 

for the first time that disa~sociation of 14-3-3 dimerization by a novel inhibitor is able to 

repress hypertrophic gene induction in ventricular cardiomyocytes. 
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CHAPTER V 

CONCLUSIONS AND FUTURE DIRECTIONS 

Data presented in this dissertation clearly demonstrates the viability of 14-3-3 

dimerizaiton as a novel point of regulation for hypertrophy gene induction in ventricular 

cardiomyocytes. A 14-3-3 inhibitory peptide was designed based on the 14-amino acid 

region around serines 60 and 65 of the original 14-3-3 protein sequence. This inhibitory 

peptide was fused to a HIV TAT protein transduction domain for delivery to 

cardiomyocytes in cell culture. The quality and purity of the 14-3-3 inhibitor was 

verified before and after buffer exchange by micro-dialysis. The inhibitor was able to 

transduce through cell membranes and was not cytotoxic to cardiomyocytes in culture. 

Based on these studies, the 14-3-3 inhibitor peptide can be used to identify possible 

changes in gene expression in cardiomyocytes under hypertrophic conditions. Studies in 

this dissertation focused on a 14-amino acid inhibitory peptide designed form the original 

14-3-3f3 amino acid sequence. It has been suggested that 14-3-3 isoform expression may 

be specific for different compartments in cells as well a differential expression in 

different tissue types (105). These studies may benefit from being re-examined with both 

larger (25 amino acids) or smaller (10 amino acids) inhibitor peptides. To establish 14-3-

3 interaction with class II HDACs in cardiomyocytes as a point of regulation for 

hypertrophy sensitive gene expression, further development and compound testing will 

be required. 
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The data presented in a two-hybrid protein interaction assay show that the 

presence of the 14-3-3 inhibitor peptide in cardiomyocytes prevented the dimerization of 

14-3-313 proteins. While previous work has demonstrated that a serine to aspartate 14-3-

313 mutant was also not able to dimerize with wild-type 14-3-313, this is the first time that 

an inhibitor peptide specifically designed to prevent dimerization has shown the ability to 

do so. It has been demonstrated that the phosphorylation status of the serines within the 

14-3-3 region of dimerization in theN-terminus is crucial for their dimerization (39, 44). 

This 14-3-3 dimerization Has been implicated by our laboratory, as well as others, as 

being critical for the nuclear to cytoplasmic shuttling of class II HDACs (3 7, 42, 68). 

Data presented here show that class II HDAC localization in cardiomyocytes becomes 

largely nuclear in the presence of the 14-3-3 inhibitor peptide. While HDAC5 

localization showed no change between control and inhibitor treated cells, HDAC4 

localization was predominantly cytoplasmic in control cells but nuclear in the presence of 

the 14-3-3 inhibitor peptide. Cardiomyocytes exhibited cytoplasmic localization of class 

II HDACs in the presence ofCaMKI and CaMKIV, while cardiomyocytes treated with 

CaMKI or CaMKIV and 14-3-3 inhibitor revealed more nuclear localization ofHDAC4 

and HDAC5. Taken together these data provide definitive proof that the 14-3-3 inhibitor 

peptide was able to prevent 14-3-3 dimerization and re-establish nuclear localization in 

cardiomyocytes. Future experiments may involve taking a closer look at the 14-3-

3/HDAC interaction in the presence of the 14-3-3 inhibitor peptide. Whether the 14-3-3 

inhibitor peptide causes disassociation of 14-3-3/HDAC complexes in the cytoplasm or 
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prevents 14-3-3 from binding HDACs in the nucleus is not clear. It is also a very good 

possibility that the 14-3-3 inhibitor peptide acts both the nucleus and cytoplasm. 

In addition to preventing 14-3-3 dimerization and increasing HDAC localization 

to the nucleus, the 14-3-3 inhibitor peptide may also decrease MEF2-dependent gene 

transcription in cardiomyocytes. Data presented in this dissertation show that treatment 

of cardiomyocytes with the 14-3-3 inhibitor was able to attenuate the induction of MEF2-

dependent transcription by CaMKI, CaMKIV and PE. These enzymes have been shown 

to be significantly upregulated under hypertrophic conditions (83). Much emphasis has 

been placed on better understanding the activation of hypertrophy transcriptional activity 

but the work in this dissertation focuses on the re-establishment of HDAC repression by 

the 14-3-3 inhibitor peptide. 

Data in this dissertation also aimed to correlate MEF2-dependent gene 

transctiption and embryonic gene transctiption. Data presented here reveals that the 

transctiptional activity of ANP was significantly upregulated by CaMKI, CaMKIV and 

PE in cardiomyocytes. Just as with MEF2-dependent transcription, ANP transcription 

was silenced in the presence of the 14-3-3 inhibitor peptide. The production of ANP by 

ventricular cardiomyocytes is a key indicator of hypertrophy, so repression of ANP by 

the 14-3-3 inhibitor is a direct indicator ofhypertrophic gene repression. Future research 

in this area should examine endogenous gene levels of embryonic gene isoforms 

quantitatively in the presence of the 14-3-3 inhibitor protein under hypertrophic 

conditions. Protein expression levels of these same genes under these same conditions 

would also be of interest. 
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In summary, data presented in this dissertation demonstrate the important role of 

14-3-3 dimerization in hypertrophy gene induction and proves the effectiveness of a 14-

3-3 inhibitory peptide to repress this same gene induction. Data generated and presented 

here provide strong evidence that prevention of 14-3-3 dimerization in ventricular 

cardiomyocytes is a novel point if regulation in the progression of heart disease due to 

hypertrophy. The 14-3-3 inhibitor caused increased nuclear localization of class II 

HDACs in cardiomyocytes under hypertrophic conditions. Lastly, the 14-3-3 inhibitor 

peptide was able to significantly repress induction of both MEF2-dependent and ANP 

gene transcription. Receptor mediated hypertrophic gene induction by PE was also 

silenced in cardiomyocytes treated with the 14-3-3 inhibitor peptide. This data 

demonstrates, for the first time, that a novel 14-3-3 inhibitor peptide is able to exploit 14-

3-3 dimerization as a critical hypertrophic regulatory point and re-establish embryonic 

gene repressiOn. 
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APPENDIX A 

LIST OF ABBREVIATIONS USED 

ANP - Atrial natriuretic peptide 
aMHC- a-Myosin heavy chain 
Arg - Arginine 
BNP - Brain-type natriuretic peptide 
bHLH - Basic helix-loop-helix 
bMHC - beta-myosin heayY chain 
CaMK- Calcium/calmodulin-dependent protein kinase 
CaMKK- Calcium/calmodulin-dependent protein kinase kinase 
CREB - cAMP response element binding 
CRMl - Chromosome region maintenance I 
CvN - Cytoplasmic versus Nuclear 
DAPI - 4',6-Diamidino-2-phenylindole 
FBS - Fetal bovine serum 
FKHRLl- Forkhead transcription factor 
Gal4 - Yeast galactose regulator transcription factor 4 
GFP - Green fluorescent protein 
HAT - Histone acetyltransferase 
HDAC- Histone deacetylases 
HEPES - 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid 
His - Histadine 
HIV - Human immunodeficiency virus 
HRP - Horseradish peroxidase 
IP5P - Phosphatase 
IPTG- isopropyl-beta-D-thiogalactopyranoside 
kDa - Kilo dalton 
LB - Luria Broth 
MADS - MCM 1, Agamous, Deficiens, SRF 
MAPK - Mitogen activated protein kinase 
MCS - Multiple cloning site 
MDS - Miller-Dieker syndrome 
MEF2 - Myocyte enhancer factor 2 
MLCK - Myosin light chain kinase 
NFkB - Nuclear factor kappa B 
Ni-NT A - Nickel affinity liquid chromatography column 
NLS -Nuclear localization sequence 
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PBS - Phosphate buffered saline 
PE - Phenylephrine 
PI3K- Phosphoinositide-3-kinase 
Phe - Phenylalanine 
PKB- Protein kinase B, a.k.a. AKT 
PKC- Protein kinase C 
Pro - Proline 
PTD - Protein transduction domain 
PTPHl - protein tyrosine phosphatase, non-receptor type 
Raf- murine leukemia viral oncogene homolog 1 
SDS- Sodium dodecyl sulphate 
Ser- Serine 
SERCA - Sarco/Endoplasmic reticulum calcium A TPase 
STE - Salt Tris-EDT A 
TAT- HIV transduction protein 
TBS - Tris buffered saline 
Thr - Threonine 
VP16 - Viral protein 16 
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Abstract 

The Myocyte Enhancer Factor-2 (MEF2) family of transcription factors regulates 

transcription of muscle-dependent genes in cardiac, skeletal and smooth muscle. They 

are activated by calcium/calmodulin (CaM)-dependent protein kinases 1 and IV and 

silenced by CaM KIIbC. MEF2 is held in an inactive form by the class II histone 

deacetylases (HDAC) until phosphorylated by either CaM kinase 1 or IV. Upon 

phosphorylation, HDAC is transported out of the nucleus via a 14-3-3 dependent 

mechanism freeing MEF2 to drive transcription. The 14-3-3 chaperone protein exists as 

a homodimer. In the region of homodimerization, there are two canonical CaM kinase II 

phosphorylation sites (ser60 and ser65). In vitro phosphorylation assay results indicate 

that 14-3-3~ is indeed a substrate for CaM kinase 11. We hypothesize that CaM kinase 

IlbC phosphorylation of 14-3-3~ will disrupt homodimer formation resulting in the return 

of HDAC to the nucleus and their reassociation with MEF2. To test this, we mutated 

serines 60 and 65 of 14-3-3~ to aspartates to mimic the phosphorylated state. In MEF2 

enhancer-reporter assays in smooth muscle cells, expression of the 14-3-3~ double 

mutant attenuated MEF2-enhancer activity driven by CaM kinase I or IV. The 

intracellular fate of HDAC4 was followed by transfection of smooth muscle cells with an 

HDAC4-Green Fluorescent Protein fusion hybrid. The 14-3-3~ double mutant prevented 

HDAC4 cytoplasmic localization in the presence of active CaM kinase I or IV. These 

data suggest that the mechanism of CaM kinase llbC silencing of MEF-2-dependent 

genes is by phosphorylation of 14-3-3~, which allows HDAC to return to the nucleus to 
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reform a complex with MEF2, thereby silencing MADS box-dependent gene induction in 

smooth muscle. 

Key Words: CaM kinase II, 14-3-3, HDAC, Transcriptional Silencing, Vascular Smooth 

Muscle, MEF2 
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Introduction 

The Myocyte Enhancer Factor-2 (MEF2) family of transcription factors is known 

to be involved in the transcriptional regulation of skeletal, cardiac and vascular smooth 

muscle-specific gene expression. The MADS box domain, CT A(Aif)4 TAG, is found in 

the proximal promoter regions of the majority of muscle-specific genes. In vascular 

smooth muscle, MEF2 has been demonstrated to regulate expression of Smooth Muscle 

Myosin Heavy Chain (SM-MHC) (1) and is required for differentiation of smooth muscle 

cells in vivo (2). 

MEF2 transcription factors have been demonstrated to be regulated by Class 11 

Histone Deacetylases (HDACs) (3-5). HDAC4, HDAC5 and HDAC7 bind to MEF2 

transcription factors within the nucleus thereby repressing MEF2-dependent gene 

transcription. In addition, activation of the CaM kinase kinase cascade (specifically CaM 

K1 and CaM KJV), which is known to activate MEF2-dependent transcription, results in 

the destabilization of the transcriptionally inactive MEF2/HDAC complex ( 6). Release 

ofMEF2 from this complex, through a CaM kinase dependent phosphorylation, activates 

MEF2 as a transcription factor, thereby allowing MEF2-dependent transcription to occur. 

Unbound HDAC is sequestered by the chaperone protein 14-3-3, which actively exports 

the HDAC out of the nucleus and into the cytoplasm {7, 8). The cytoplasmic 

sequestering of class II HDACs by 14-3-3 attenuates class II repression ofMEF2-driven 

muscle-specific gene expression. 

Our laboratory has recently demonstrated that another member of the CaM kinase 

family, CaM kinase II, silences the activation of MEF2-dependent transcription mediated 
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by CaM Kl or CaM KIV. Interestingly, there are two CaM KII consensus 

phosphorylation motifs (Arg-X-X-Ser!Thr) within the amino acid sequence of 14-3-3fl 

(serines 60 and 65). These consensus phosphorylation motifs lie within the dimerization 

region of 14-3-313 monomers immediately adjacent to glutamate residues in the 

partnering dimer. In order to function as an efficient nucleocytoplasmic chaperone, 14-3-

313 must exist as a dimer whereby one monomer serves to bind a protein to be transported 

and the other binds an anchored ligand such as CRM 1, which would dictate 

compartmentalization (8-12). We have hypothesized that the phosphorylation ofthese 

serine residues by CaM KII()C in the cytoplasm will result in i) the destabilization of 

the 14-3-313 dimer, ii) a block in cytoplasmic sequestration of class II HDACs by 14-3-313, 

and iii) re-entry of class II HDACs into the nucleus. Re-entry of the HDACs will 

promote sequestration of MEF2 transcription factors, and thus silence MEF2-dependent 

transcription. In the present study, we examined the existence of the CaM kinase-MEF2 

signaling pathway in a vascular smooth muscle cell line, PAC-1. We provide evidence 

that CaM Kl and IV activate expression of a prototypical smooth muscle specific gene, 

Smooth Muscle Myosin Heavy Chain (SM-MHC). In addition, we demonstrate that CaM 

KII can silence the activation of this promoter. In addition, we provide data 

demonstrating that CaM KII directly phosphorylates 14-3-3fl. Finally, we investigated 

the affects of a conservative amino acid substitution of serine 60 and 65 (two putative 

CaM KII phosphorylation motifs of 14-3-313) for aspartate residues. We anticipated that 

this substitution would mimic the negative charge of phosphorylation of these residues by 

CaM KII. Indeed, the 14-3-3fl double mutant blocks CaM KI, CaM KIV and PE-
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mediated activation ofMEF2-dependent transcription. In addition, we demonstrate that 

the 14-3-3f3 double mutant alters the subcellular localization of HDAC4 allowing it tore

enter the nucleus where it would silence MEF2-dependent transcription. 

Materials and Methods 

Cell culture and reagents 

Rat pulmonary arterial smooth muscle (P AC-1) cells ( 13) were cultured in 

mono layers using medium 199 supplemented with 10% fetal bovine serum (FBS). Fetal 

bovine serum, LipofectAMINE TM transfection solution, and medium 199 were purchased 

from Life Technologies, Inc. (Rockville, MD); Medium 199 consists of Earle's salts, L

glutamine, and 2.2 grams of sodium bicarbonate per liter; Luciferase substrate was 

purchased from Promega (Madison, WI); Phenylephrine was purchased from Sigma (St. 

Louis, MO); y[P32
] ATP was obtained from Perkin Elmer Life Sciences (Boston, MA). 

In vitro CaM kinase II Phosphorylation of the chaperone protein 14-3-3{3 

Confluent mono layers of P AC-1 cells were cultured in a 1 00 mm culture dish and 

incubated at 37°C in a humidified atmosphere of 5% C02 until 70% confluency. The 

cells were then transfected with CMV driven 14-3-3f3 plasmid DNA using the 

LipofectAMINE TN commercial protocol. The cells were lysed 24 hours post transfection 

and 14-3-3f3 was immunoprecipitated using a c-myc antibody (Upstate Biotechnology). 

Purified CaM KJI, 14-3-3f3, y[p32
] ATP, Ca2

+ and Calmodulin were co-incubated in a 5 

mL tube at 3rC for 30 minutes in the presence and absence of EGT A, a Ca2
+ chelating 

agent. The in vitro kinase reactions were run on a 4-12% gradient NuPage SDS 
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polyacrylamide gel (Invitrogen) along with a molecular weight standard. The results 

were visualized by autoradiography. 

PAC-1 transfection assays 

PAC-I cells were seeded in 12-well plates at a density of 2.8 X 105 cells per plate 

and cultured until 60-70% confluent. The cells were then transfected for 16 hours with 

varying treatments of DNA using the LipofectAMINE TN commercial protocol. The cells 

were washed with serum free 199 media andre-fed with 0.2% FBS in 199 media. After 

24 hours of incubation at 3?C, the cells were washed with IX PBS (Life Technologies, 

Inc.) and lysed with IX lysis buffer (Promega). The lysed cells were scraped from the 

well bottom and placed into a luminometer cuvette. Luciferase substrate was added and 

relative luciferase activity was analyzed using a Turner TD20e luminometer. 

HDA C4 subcellular localization 

PAC-I cells were cultured as previously described. Cells were transfected (using 

LipofectAMINE ™) with GFP alone, GFP-HDAC4 alone or GFP-HDAC4 in the absence 

or presence of active CaM KI, CaM KJV, CaM KII, I4-3-3~ wild type, I4-3-3~ mutant 

or combinations of these enzymes. 24 hours post transfection, cells were washed twice 

with IX PBS and treated with 3.5% formaldehyde for 30 minutes at room temperature. 

Cells were again washed twice with I X PBS and incubated with 300 nM DAPI stain for 

I 0 minutes. Cells were rinsed with I X PBS three times and mounted onto glass slides 

using Prolong antifade reagent (Molecular Probes). Fluorescence was visualized using a 

Nikon Microphot FXA microscope. 
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DNA constructs 

The plasmids containing GFP-HDAC4 and c-myc tagged 14-3-3(3 were gifts from 

Stuart L. Schreiber (Harvard University, MA) and were described previously ( 11 ). The 

constitutively active constructs for CaM Kl (pSRa/CaM KI (l-294)) and CaM KIV 

(pSG5/CaM KIV ( 1-313)) were provided by Thomas Soderling (Vollum Institute, 

Oregon Health Science Center, OR) and were described previously (14, 15). CaM KII 

constructs were provided by Howard Schulman (Stanford School ofMedicine, CA) and 

were described previously ('16). A 1.2 Kb Smooth Muscle Myosin Heavy Chain 

promoter-reporter construct was provided by Gary Owens (University of Virginia School 

of Medicine, VA) and was described previously ( 17). In order to quantify MEF2 

mediated gene transcription, a luciferase-based MEF2 enhancer-reporter plasmid 

construct, containing three MADS box repeats upstream from a minimal promoter and 

structuralluciferase gene, was provided by Eric Olson (University ofTexas Southwestern 

Medical Center, TX) and was previously described (18). 14-3-3(3 was conservatively 

point mutated at serine 60 and serine 65 to aspartate using a commercial mutagenesis kit 

(QuickChange TN, Stratagene). 

Results 

CaM Kl and CaM KJV activate the 1.2 Kb SM-MHC promoter-reporter in PAC-I cells 

Recent studies by us ( 19, 20) and others ( 6, 7) have shown that activation of the 

CaM kinase kinase signaling cascade in myocytes leads to the induction of MEF2-

dependent transcription of muscle-specific genes. Activation of MEF2 was shoWn to be 
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the direct result of phosphorylation of the transcriptionally inactive HDAC/MEF2 

complex resulting in the sequestration of HDAC in the cytoplasm by the chaperone 

protein, 14-3-3 (7, 11). In other studies from our laboratory using both constitutive and 

inducible expression vectors harboring an active form of the cytoplasmic enzyme CaM 

KII, results have demonstrated that promoter-reporter activity for MEF2-dependent 

transcription can be completely silenced in rat neonate primary cardiomyocyte cultures. 

While this cascade has been characterized in cardiac and skeletal muscle, it has yet to be 

established in vascular smot>th muscle. 

In this study, we set out to investigate if MEF2-dependent gene expression in the smooth 

muscle cell line, P AC-1, could be controlled in a positive manner by CaM kinase kinase 

signaling and silenced by CaM KII6C activity. SM-MHC promoter-reporter activity was 

measured in transiently transfected P AC-1 cell cultures. Results of this experiment are 

shown in Figure 1. In the absence of either active CaM Kinase I or CaM Kinase IV, 

SM-MHC reporter activity was quite low (empty vector control). When active CaM Kl 

or active CaM KIV was over-expressed, reporter activity was increased 8-fold (CaM Kl) 

and 4-fold (CaM KIV) over baseline values. Exogenous expression of active CaM KII6C 

silenced reporter activity well below control values. When active CaM Kl or CaM KIV 

was co-expressed with active CaM KII6C, reporter activity was decreased 4-fold below 

CaM KI induced values and decreased approximately 2.5-fold below CaM KIV values. 

These results verify that the expression of active forms of either CaM KI or CaM KIV in 

smooth muscle cell cultures strongly up-regulated SM-MHC promoter-reporter activity. 

The data support the argument that CaM Kl and IV will induce transcription of this 
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predominant smooth muscle contractile protein. Importantly, these results also 

demonstrate that the expression of active CaM KII()C silenced CaM KI- or CaM KIV

mediated induction of SM-MHC promoter-reporter activity in PAC-I cultures. 

CaM kinase II phosphorylation of 14-3-3 f3 

It has been well documented that MEF2-dependent transcription is tightly 

regulated through the phosphorylation of the MEF2/HDAC complex by CaM kinase 

kinase signaling. Phosphorylation disrupts the complex, resulting in the export of HDAC 

mediated by chaperone protein, 14-3-3. However, it is unknown how HDACs are 

released from 14-3-3 in the cytoplasm to re-establish class II HDAC repression ofMEF2-

dependent transcription. 

Interestingly, there are three CaM KII phosphorylation consensus motifs (Arg-x-x 

-Thr/Ser) in the primary amino acid sequence of the nuclear chaperone protein, 14-3-3~. 

Two of these phosphorylation motifs lie within the dimerization region of 14-4-313 and 

when phosphorylated, should disrupt its dimerization. In order to determine whether 14-

3-313 is a substrate for CaM KII, it was immunoprecipitated from PAC-I cells and 

subjected to an in vitro phosphorylation assay using purified wild-type CaM KII under 

conditions optimal for CaM KII activity. The chaperone protein was analyzed for 

incorporation ofradiolabeled phosphate. The results of the phosphorylation of 14-3-313 

by active CaM KII is shown in Figure 2. A distinct radioactive band of phosphorylated 

14-3-313 protein was observed at approximately 30 kDa. In the presence ofEGTA (a 

Ca2+ chelating agent and thus an inhibitor of CaM KII activity) the incorporation of 

phosphate on 14-3-313 protein was dramatically decreased, demonstrating that the 
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phosphorylation of 14-3-3f3 was indeed dependent upon a calcium-dependent kinase. 

These results provide the first evidence that endogenous 14-3-3f3 may be a natural 

substrate for CaM KII activity in the smooth muscle ceJl. 

14-3-3/J double mutant silences CaM kinase 1 and IV induction of MEF2- mediated 

transcription in PA C-1 cells. 

CaM kinase I and IV have been shown to activate MEF2-dependent transcription 

and CaM Kli silences this activity in myocytes (6). Activation ofMEF2 as a 

transcription factor requires 14-3-3 export and sequestration of class II HDACs in the 

cytoplasm. Since 14-3-3f3 is a substrate for CaM Kll (as shown in Figure 2) and these 

proteins reside in the same subcellular compartment, we were interested to determine if 

CaM Kli phosphorylation of 14-3-3f3 would result in re-establishing class II HDAC 

repression. Each of the two serine residues (serine 60 and 65) in the putative CaM KII 

phosphorylation motifs within the dimerization region of 14-3-3f3 were changed to 

aspartate through conservative amino acid substitution by site-directed mutagenesis. To 

assess activity ofthese 14-3-3f3 mutants, a MEF2-luciferase based enhancer-reporter 

(containing three MEF2 consensus binding sites upstream of a minimal promoter) was 

employed. P AC-1 cell cultures were co-transfected with active CaM Kl or CaM KlV in 

the absence or presence of the 14-3-3f3 double mutant and relative luciferase activity was 

measured. Transient transfection of P AC-1 cells with active CaM kinase I showed 

induction of MEF2 enhancer-reporter activity well above baseline values (Figure 3A). 

However, when PAC-I cells were co-transfected with active CaM Kl and the 14-3-3f3 

double mutant, MEF2 enhancer-reporter activity was reduced to baseline values (Figure 
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3A). Similarly, transient transfection of PAC-I cells with active CaM KIV also showed 

an induction ofMEF2 reporter (Figure 38). Again, when the 14-3-3~ double mutant was 

co-transfected with active CaM KIV, MEF2 reporter activity was returned to baseline 

values (Figure 38). These in situ experiments suggest the 14-3-3~ double mutant protein 

may no longer sequester HDAC in the cytoplasm, resulting in the silencing ofMEF2-

dependent gene transcription. These data also argue that phosphorylation of 14-3-30 by 

CaM Klldestabilizes the 14-3-3/HDAC complex and may provide a mechanism for re

establishing class II HDAC repression. 

14-3-3{3 blocks phenylephrine stimulation in PAC-I cells 

Phenylephrine (PE) is an a1-agonist that activates CaM kinase kinase signaling, 

leading to the induction ofMEF2-mediated transcription (21, 22). To verify that the 14-

3-3~ double mutant may re-establish class II HDAC repression, we have assessed the 

activity ofthese mutants on PE-stimulated MEF2-enhancer activity. PAC-I cells were 

co-transfected with either the 14-3-3~ single mutant (serine 60 only) or double mutant 

along with the MEF2-luciferase enhancer-reporter. Following transfection, cells were 

stimulated with I 0 r-tM PE for 24 hours and assayed for luciferase activity. The results 

show PE induction of reporter activity was reduced to baseline values by co-transfection 

of lOng/well of 14-3-313 double mutant. Furthermore, co-transfection of20ng/well of 14-

3-3~ double mutant reduced PE-stimulated reporter activity well below baseline values 

(Figure 4). In contrast, cells transfected with 14-3-3~ single mutant did not alter PE 

induced reporter activity (Figure 4). These results are consistent with those from our 

previous reporter assays demonstrating that the 14-3-3~ double mutant was able to 
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silence MEF2-mediated gene transcription. Taken together, the results argue that 

mutation of 14-3-3~ on the CaM Kll consensus phosphorylation motifs may disrupt its 

ability to retain class II HDACs in the cytoplasm, thereby re-establishing HDAC 

repression of MEF2-dependent transcription. 

14-3-3/J double mutant is unable to sequester HDAC4 in the cytoplasm of PAC-I cells 

The results from Figures 3 and 4 argue that CaM Kll phosphorylation of 14-3-3~ 

may re-establish class II repression. We next evaluated whether over-expression of the 

14-3-3~ double mutant woultl prevent class II HDAC sequestration in the cytoplasm by 

endogenous 14-3-3 and promote their relocation to the nucleus. To assess this, we 

followed the subcellular localization a HDAC4/GFP chimeric fusion protein (a generous 

gift ofS. Schreiber, Cambridge, MA). HDAC4/GFP was transiently co-transfected with 

active CaM kinase and/or 14-3-3~ wild type or double mutant, into PAC-I cells and its 

subcellular distribution was established. Under control conditions where only HDAC4/ 

GFP was transfected, HDAC4 was localized predominantly within the nucleus (Panel A, 

Figure 5A). When wild-type 14-3-3~ was co-transfected with HDAC4/GFP, HDAC4 

shifted to a predominantly cytoplasmic localization (Panel B, Figure 5A). When 

HDAC4/GFP was co-transfected with the 14-3-3~ double mutant, HDAC4 accumulated 

in the nucleus (Panel C, Figure 5A). Co-transfection of active CaM Kl or CaM KJV 

resulted in significant cytoplasmic localization ofHDAC4 (Panel D & E, Figure 5A, 

respectively). However, when active CaM Kl or IV was co-transfected with 14-3-3~ 

double mutant, there was a significant shift toward nuclear localization of HDAC4 

(Panels G and H, Figure 5A, respectively) compared to CaM Kl or CaM K.IV alone. 
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Interestingly, increased nuclear localization ofHDAC4 was seen when 14-3-3~ wild type 

and CaM KII were co-expressed (Panel F compared to Panel B, Figure 5A). When the 

14-3-3~ double mutant was co-expressed with 14-3-3~ wild-type, the mutant prevented 

wild-type sequestration of HDAC4 in the cytoplasm, and re-established significant 

nuclear localization (Panel I, Figure 5A). 

Quantification of HDAC4/GFP subcellular localization, observed in Figure 5A, 

were compiled from four independent experiments and are represented in Figure 58. 

Total fluorescent cells were counted for each treatment and quantified as the ratio of the 

percent cytoplasmic versus nuclear HDAC4/GFP. Clearly, results from Figure 5 

establish that wild-type 14-3-3~ sequesters HDAC4 in the cytoplasm and that active CaM 

KII or 14-3-3~ double mutant disrupts this endogenous interaction. As expected, CaM 

KI and IV promote sequestration ofHDAC4 in the cytoplasm. This process requires 14-

3-3~ dimerization. When 14-3-3~ double mutant was co-expressed in the presence of 

active CaM K.I or IV, cytoplasmic sequestering was diminished and nuclear entry was re

established. Surprisingly, 14-3-3~ wild-type sequestering of HDAC4 into the cytoplasm 

was completely blocked by co-expression of 14-3-3~ double mutant. This data is 

consistent with our model of CaM KII mediated activation of class II HDAC repression. 

Discussion 

The 14-3-3 family of proteins is ubiquitous and plays a key regulatory role in 

signal transduction pathways, cell cycle regulation and apoptosis (23, 24). 14-3-3~ has 

been shown to be intimately involved in regulation of the activity of the MEF2 family of 
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transcription factors through CaM kinase signaling (6, 7). In this work, we have explored 

the role of 14-3-3f3 in MEF2 signaling in PAC-I smooth muscle cells with respect to 

cytoplasmic CaM kinase II~C activity. The sequestration of class II HDACs by 14-3-3 C 

upon CaM kinase I and IV signaling is paramount to the ability ofMEF2 to function as a 

viable transcription factor. CaM kinase II~C. when co-expressed with either CaM kinase 

I or IV, completely silenced MEF2-driven transcriptional events (data not shown). 

Inspection of the primary amino acid sequence of 14-3-3[i revealed two CaM kinase II 

phosphorylation sites (Ser60 and Ser65) in the homodimerization domain. Here, we use a 

mutant form of 14-3-3B whereby Ser60 and Ser65 were conservatively substituted with 

aspartate, which presumably rendered 14-3-3f3 monomers unable to homodimerize and 

would therefore be unable to function effectively as a chaperone protein. Previous work 

has focused on rendering 14-3-3 ligands unable to bind 14-3-3 (25, 26). Here, we render 

14-3-3 unable to dimerize and function as a class II HDAC chaperone, an event that we 

show accounts for CaM kinase II~C's ability to silence MEF2-driven transcriptional 

events. 

Expression of Smooth Muscle Myosin Heavy Chain was previously shown to be 

dependent on MEF2 activation (1). In the present study, transfection of PAC-I cell 

cultures with active CaM kinase I or IV resulted in the up-regulation of the Smooth 

Muscle Myosin Heavy Chain (SM-MHC) promoter-reporter (Figure I). Similarly, 

transfection of PAC-I cells with active CaM kinase I and IV up-regulated the MEF2 

enhancer-reporter (Figure 3A and 3B). When CaM Kli~C was co-transfected with either 

CaM kinase I or IV, SM-MHC promoter-reporter activity was completely silenced 
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(Figure 1). These data serve to validate the ability of the CaM kinases to function in the 

same manner in smooth muscle myocytes as was previously observed in other myocyte 

cell types with respect to MEF2-dependent transcription. 

The intriguing issue of the ability of cytoplasmic CaM kinase HoC to silence the 

induction of muscle cell specific genes led us to search for a target protein that could 

explain this activity. Recent work revealed that MEF2 is complexed with class II 

HDACs in the nucleus and is transcriptionally inactive in cardiac and skeletal myocyte 

(7). Upon CaM kinase I and IV activation, the HDAC component of the complex is 

phosphorylated and shuttled to the cytoplasm via 14-3-3, resulting in the activation of 

MEF2 (3). When we examined the amino acid sequence of 14-3-3~, we discovered two 

tandem CaM kinase II phosphorylation sites (Ser60 and Ser65) in the region critical for 

14-3-3~ homodimerization. We hypothesized that phosphorylation of 14-3-3~ at these 

serine residues would result in electrostatic repulsion too great to allow dimer formation 

due to adjacent glutamic acid residues on the partnering monomer. We first set out to 

determine whether or not 14-3-3~ was a substrate for CaM kinase II. Here we show that 

indeed, 14-3-3~ can be phosphorylated by CaM kinase II in vitro (Figure 2). 

In order to determine the effect of CaM kinase II-phosphorylated 14-3-3~ on 

MEF2 signaling in situ, we conservatively substituted Ser60 and Ser65 with aspartate 

residues. This substitution is commonly used to mimic the steric and charge 

characteristics of a phosphorylated serine residue (27-31). When we co-transfected the 

aspartate substituted 14-3-3~ double mutant with either CaM KI or IV, MEF2 enhancer

reporter activity was silenced (Figure 3A and 3B). Phenylephrine (PE) is an a1-
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adrenergic agonist that is known to activate CaM kinase I and IV (21 , 22). We show that 

PE is able to stimulate MEF2 enhancer activity in PAC-I cells and more importantly, the 

double mutant 14-3-313 can completely silence PE induction ofthe MEF2 enhancer

reporter (Figure 4). 

With this, we hypothesized that the MEF2 enhancer-reporter was silenced due to 

the inability of the 14-3-313 double mutant to sequester class II HDACs in the cytoplasm 

even in the presence of active CaM KI or IV. To test this, we used HDAC4/GFP (Green 

fluorescent frotein) fusion hybrids to follow the cellular fate of the class II HDACs 

during CaM kinase signaling (Figure 5). In the absence of signal, HDAC4 is 

predominantly nuclear. Addition of CaM KI or IV causes cytoplasmic localization of 

HDAC4 as was observed previously in other muscle cell types. However, the 14-3-313 

double mutant diminishes cytoplasmic sequestration in the presence of active CaM KI or 

IV and attempts to re-establish HDAC4 in the nucleus. HDAC4 is predominantly 

cytoplasmic when co-expressed with wild-type 14-3-313 alone, however, when co

expressed with both 14-3-313 wild-type and active CaM KII6C, HDAC4 nuclear 

localization was increased. When both 14-3-313 wild-type and double mutant were co

expressed, we were surprised to find that the 14-3-313 double mutant completely 

prevented 14-3-313 wild-type sequestration ofHDAC4 in the cytoplasm and shifted its 

localization to the nucleus. 

The data presented here allowed us to construct a model that we believe accounts 

for the ability of CaM kinase 116C to silence SM-MHC reporter activity and MEF2 

enhancer activity in PAC-1 cells (Figure 6). As previously reported, MEF2 is bound by 
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class II HDACs in a transcriptionally inactive complex. Upon phosphorylation by active 

CaM KI or IV, the HDAC is shuttled to the cytoplasm by 14-3-3. Our model provides 

the reverse mechanism in which CaM kinase IIOC phosphorylates 14-3-3~ monomers, 

prevents dimerization, re-localizes class II HDACs to the nucleus and re-activates class II 

HDAC repression of MEF2-dependent transcription. To the best of our knowledge, this 

is the first evidence delineating the mechanism for myocyte activation of class II HDAC 

repression. 
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Figure 1. Activation of the SM-MHC promoter by CaM KI and IV in PAC-I cells. Cells 

were transiently transfected with active CaM KI, CaM KIV, and CaM KII and assayed as 

previously described under Materials and Methods. The results are reported as relative 

luciferase activity ofthe 1.2 Kb SM-MHC promoter-reporter. (Means± S.E. of six 

separate treatment groups). *indicates a significant increase from control (p < 0.0001). 

**indicates a significant decrease from CaM KI or IV (p < 0.0001) respectively. + 

indicates a significant decrease from control (p < 0.01). 
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Figure 2. Phosphorylation of 14-3-3f3 by CaM kinase II. 14-3-3f3 was phosphorylated in

vitro by co-incubation with wild-type CaM KII in the presence of[y32P]-ATP, calcium 

and calmodulin. A chelating agent, EGT A, was used to nullify the activation of CaM 

kinase II by Ca2
. The phosphorylated bands detected were verified by a molecular 

weight standard to be 14-3-3 at 30 kDa. Radioactivity of the phosphorylated bands was 

detected by autoradiography. 
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Figure 3. Silencing of CaM Kl and IV induced MEF-2 mediated luciferase activity by 

14-3-3f.\ double mutant. Luciferase activity was determined as described under Materials 

and Methods. A, CaM Kl was transiently transfected either alone or co-transfected with 

14-3-3f.\ double mutant. B, CaM KIV was transfected alone or with 14-3-3f.\ double 

mutant. The results are presented as MEF-2 enhancer-reporter activity (means± S.E. of 

three separate treatment groups). *indicates a significant increase from control (p < 

0.01) in both A and B. 
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Figure 4. I 4-3-313 double mutant blocks the stimulation of PAC- I cells by 

phenylephrine. Cells were cultured as previously described and transfected with either 

empty vector, I4-3-313 single mutant or 14-3-313 double mutant. After 16 hours of 

transfection the P AC-1 cells were stimulated with phenylephrine at a 10 ~ for 24 hours 

in there-feeding 199 media supplemented with 0.2% FBS. The results are presented as 

MEF-2 enhancer-reporter activity (means± S.E. of three separate treatment groups). * 

indicates a significant increase from control (p < 0.01). 
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Figure 5. A, CaM Kll bC and 14-3-3~ double mutant promote nuclear localization of 

HDAC4/ GFP. Localization ofHDAC4 was shown by fluorescence ofGFP, within 

PAC-I cells, and the nuclei were visualized using DAPI stain. Cells were transiently 

transfected with HDAC4/GFP, active CaM kinases, 14-3-3~ wild-type, 14-3-3f3 double 

mutant, or various combinations of these enzymes. Panel A--pSG5 (empty vector), Panel 

8--14-3-3~ wild-type, Panel C-14-3-3f3 double mutant, Panel D--CaM Kl, Panel E

CaM KJV, Panel F-14-3-3~ wild-type+ CaM KllbC, Panel G-14-3-3f3 double mutant 

+CaM Kl, Panel H-14-3-3f3 double mutant+ CaM KlV, Panel I-14-3-3fl double 

mutant+ 14-3-3flwild-type. Each panel in Figure 5A is representative of raw data 

presented in Figure 58. The data shown in Figure 58 are the ratio ofthe percentage of 

total cells with cytoplasmic HDAC4/GFP to the percentage of cells with nuclear 

HDAC4/GFP for all GFP expressing cells. N :2: 150 cells were counted for each 

treatment group. 
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Figure 6. Proposed model of CaM kinase II transcriptional silencing of MEF2-dependent 

transcription through the destabilization of the 14-3-3/HDAC complex in the cytoplasm. 
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APPENDIXC 

TETRACYCLINE INDUCIBLE EXPRESSION OF 14-3-3f3 S60/65D 

IN CARDIOMYOCYTES 

Tetracycline dependent expression of 14-3-3~ S60/65D in cardiomyocytes 

Myc-tagged human 14-3-3f3 S60/65D mutant was cloned into the tet-responsive 

pBI-L expression vector (Clontech, Mountain View, CA) (Panel A). The tel-responsive 

construct was then amplified, purified and then transiently transfected into ventricular 

cardiomyocytes. Cardiomyocytes were cultured in the presence and absence of 

doxycycline (DOX) (tetracycline derivative, Sigma Aldrich, St. Louis, MO). Expression 

of 14-3-3f3 S60/65D was confirmed by Western blot analysis of total protein from 

cardiomyocyte cell extracts. It was demonstrated that in the presence of 30ng/ml DOX 

expression of the myc-tagged 14-3-3f3 S60/65D was completely shut off 

Cardiomyocytes not treated with DOX showed a dose dependent expression of 14-3-3f3 

S60/65D (Panel B). This construct is ready for injection into fertilized murine eggs to 

generate transgenic mice. By crossing this transgenic 14-3-3f3 S60/65D mouse line with 

an a-MHC/tet transactivator transgenic mouse we can generate a transgenic mouse 

whose 14-3-3f3 S60/65D expression is: 1.) targeted to the heart (a-MHC/tet 

transactivator) and 2.) temporally controlled by DOX. 
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