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ABSTRACT

Calreticulin is a Ca®*-binding protein essential for heart development. At present,
there is an incomplete understanding of: 1) genes of the fetal cardiac program; 2)
transcription factors involved in activation of these genes; and, 3) Ca**-dependent
signaling pathways involved in activation of these transcription factors. It is believed that
a better understanding of Ca**-dependent signaling pathways will permit identification of
novel drug targets to prevent, treat, and perhaps even cure many forms of
cardiomyopathy. In this study, I investigated what cardiac transcription factors regulate
cardiac expression of the calreticulin gene and identified myocyte enhancer factor 2C
(MEF2C) as a strong activator. Examination of MEF2C cellular localization in
calreticulin-deficient cells enabled identification of a novel signaling pathway in
cardiomyocytes linking Ca™ released by calreticulin to calcineurin activation and
dephosphorylation of MEF2C. Calcineurin dephosphorylation of MEF2C carboxyl-
terminus was necessary for MEF2C to translocate to the nucleus to impact target genes.
The finding that MEF2C activates the calreticulin gene suggests the existence of a novel
positive feedback mechanism in cells. In this feedback, MEF2C targets the gene of a
Ca*"-binding protein thereby ensuring an adequate supply of releasable Ca® be
maintained within the cell for calcineurin activation and MEF2C nuclear translocation.
Results of this investigation emphasize the importance of calreticulin in early stages of
cardiac development and suggest a possible molecular explanation for embryonic
lethality observed in calreticulin-deficient mice as well as insight as to how expression of

activated-calcineurin in the heart rescues calreticulin-deficient phenotype.
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LIST OF OLIGONUCLEOTIDES
UTILIZED IN THIS STUDY

OLIGOS FOR CALRETICULIN PROMOTER DELETION MUTANTS:

5’ primer for CPS8:

5’- ATTGAGCTCGTGTTAAAGCAGTG -3’

5’ primer for CP7:

5’- ATTGAGCTCTTGACCTCAAGTG -3’

5’ primer for CP6:

5’- ATTGAGCTCCTGCTTATCTCCC -3’

5’ primer for CP5:

5’- ATTGAGCTCTAGAACTATCACC -3’

5’ primer for CP4:

5’- AATGAGCTCTGTGGGAGACCACAAG -3’

3’ primer for calreticulin promoter deletion mutants:

5’- CCTGAAGATCGTTTTAAAAAGCTTAAT -3’
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FORWARD OLIGOS FOR EMSA EXPERIMENTS:

- Complementary reverse primers not shown.
- Potential MEF2C binding sites underlined.

Desmin-ME2C site (positive control; Naya et al., 1999) forward primer

5’ - TTCTCCTCTATAAATACCAGCTCTG - 3’

Predicted calreticulin promoter MEF2C site #1 forward primer

5"~ CATAGTGCGACCAATAGAAATCAGCCATCTGGG - 3°

Predicted calreticulin promoter MEF2C site #2 forward primer

5’ - GAGAAAGAGAAAAAAAAAAAATCAAAAAACCCC -3

Predicted calreticulin promoter MEF2C site #3 forward primer

5" - GGAAGCACGCCATTTTTGTAAGGATTCCTTCTG - 3’

Predicted calreticulin promoter MEF2C site #4 forward primer

5’ — AGCTTTTAATTTTTATTTTATTTGTATAGATGT - 3°

Positive control for MEF2C site #2 forward primer

5’ - GAGAAAGAGAAAACTAAAAATAAAAAAAACCCC -3

GL28-pXP1 (single-stranded oligo for EMSA reaction mixture)

5’- CACTGCATTCTAGTTG -3’
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OLIGOS FOR ChIP EXPERIMENTS:

5’ primer for MEF2C cDNA cloning into pcDNA3.1/myc-His(-)A

5’- CCGCTCGAGCGGATGGGGAGAAAAAAGATTCAG -3’

3’ primer for MEF2C c¢DNA cloning into pcDNA3.1/myc-His(-)A

5’- CGCGGATCCTGTTGCCCATCCTTCAGAG -3’

5° primer for GATA6 cDNA cloning into pcDNA3.1/myc-His(-)A

5
CCGCTCGAGCGGATGTACCAGACGCTCGCCGCTCTGTCCAGCCAGGGGCCCG
CCGCTTACGACGGCGC -3’

3’ primer for GATAG6 cDNA cloning into pcDNA3.1/myc-His(-)A

5°-
CGCGGATCCGGCCAGGGCCAGAGCACACCAAGAATCCTGTCGCACCGAGGA
TGTAACTTCGGC -3’

MEF2C ChIP forward primer

5’- CCCTTGCCTTCTGCCGTTTATTG -3’

MEF2C ChIP reverse primer

5’- CCCGTAGTTCCCTGCAGCCTGT -3’

GATAG6/Evi-1 ChIP forward primer

5’- CAGGTACTGTTCTTCCTCCTCC -3’

GATAG/Evi-1 ChIP reverse primer

5’- GCTGTCCACGGTTCAAGAGC -3
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OLIGOS FOR CREATION OF GFP PLASMIDS:

5’ primer for GFP-MEF2C

5’- CCGCTCGAGCAATGGGGAGAAAAAAGA -3°

3’ primer GFP-MEF2C

5’- CCCAAGCTTTGATGTTGCCCATCC -3’

5’ primer for GFP-MEF2C-NRS-NLS

5’- CCGCTCGAGCGCATATGGGCTCTGTAACTGGCTGGCAGCAG -3’

3’ primer for GFP-MEF2C-NRS-NLS

5’- CGCGGATCCTCATGTTGCCCATCCTTCAGAG -3’

5’ primer for GFP-MEF2C-NLS
5’-
CCGCTCGAGCGCATATGCACTCCCCCATTGGACTCACCAGACCTTCGCCGGA

CGAAAGGGAAAGTCCTTCAGTCAAGCGCATGCGACTCTCTGAAGGATGGGCA
ACATGAGGATCCGCG -3’

3’ primer for GFP-MEF2C-NLS
5
CGCGGATCCTCATGTTGCCCATCCTTCAGAGAGTCGCATGCGCTTGACTGAAG

GACTTTCCCTTTCGTCCGGCGAAGGTCTGGTGAGTCCAATGGGGGAGTGCAT
ATGCGCTCGAGCGG -3’

5° primer for GFP-MEF2A

5’- CCGCTCGAGCGATGGGGCGGAAGAAAATACAAATCAC -3’
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3’ primer for GFP-MEF2A

5’- CCGGAATTCTTAGGTCACCCACGCGTCCATCCTCATTCGC -3

5° primer for GFP-MyoD

5’- CCGAATTCGATGGAGCTTCTATCGCCGCC -3’

3’ primer for GFP-MyoD

5’- CTAGTCTAGATCAAAGCACCTGATAAATCGC -3’
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OLIGOS FOR EMBRYO GENOTYPING:

TO DETECT CALRETICULIN GENE:
Calreticulin gene forward primer (T8)

5’- CTCCAGGTCCCCGTAAAATTTGCC -3°
Calreticulin gene reverse primer (T19)

5’- AGGTCTAAACCAGTCAAAAGGACC-3’

TO DETECT NEOMYCIN CASSETTE DISRUPTION OF CALRETICULIN GENE:
Neomycin forward primer (Neo3’for)

5’- TCGTGCTTTACGGTATCGCCGCTCCCGATT -3’

Neomycin reverse primer (GL31)

5’- CGCGGATCCACCTCCCATGACAGCCATTTA -3’
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LIST OF PRIMARY ANTIBODIES
UTILIZED IN THIS STUDY

Anti-GFP:  Goat polyclonal anti-green gluorscent protein antibody. Generous gift
from Dr. Luc Berthiaume, University of Alberta.

Anti-HA: Anti-HA tag antibody. Mouse monoclonal anti-HA antibody. Roche
Diagnostics, Cat. 1 867 423.

Anti-His: Anti-Histidine tag antibody. Mouse monoclonal anti-His antibody. Santa
Cruz; Cat. SC-8036.

Anti-MEF2C: Polyclonal rabbit anti-MEF2C antibody. Cell Signaling Technology; Cat.
9792.
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Chapter One

Ca*-DEPENDENT SIGNALING
IN CARDIAC DEVELOPMENT AND PATHOLOGY

Versions of portions of this chapter have been published or submitted for publication:
1. Lynch, J., and Michalak, M. 2002. Ca?"-dependent signaling pathways in the heart:

potential drug targets for cardiac disease. Curr. Drug Targets Cardiovasc.
Haematol. Disord. 2:1-11.

2. Lynch, J and Michalak, M. 2003. Calreticulin is an upstream regulator of calcineurin.
Biochem. Biophys. Res. Commun. 311:1173-9.

3. Lynch, J., Guo, L., Gelebart, P., Chilibeck, K., Xu, J., Molkentin, J.D., Agellon, L.B.,
and Michalak, M. 2004. Calreticulin signals upstream of calcineurin and MEF2C

in a critical Ca’*-dependent signaling pathway of early cardiac development.
Status: Submitted.
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Heart development

Formation of the heart in an embryo involves a precisely orchestrated series of
molecular events. During heart development, even the most subtle of changes can have
catastrophic consequences in the form of congenital heart disease (CHD). The
physiological steps involved in heart development have been known for decades;
however, little is really known about molecular aspects governing the development of
this organ and genes controlling its developmental program. Because of its integrated
structures and cell types, formation of an organ as complex as the heart involves highly
regulated expression of numerous genes. Interestingly, it has been postulated that most of
these genes are not cardiac specific (Srivastava and Olson, 2000).

After gastrulation, bone morphogenetic proteins (BMPs) are secreted from the
endoderm (Schultheiss et al., 1995) and these factors permit cardiomyocytes to originate
in the anterior lateral mesoderm. BMPs activate expression of Nkx2.5 gene, the earliest
molecular marker of the cardiac lineage (Harvey, 1996). Nkx2.5 is a transcription factor
that activates transcription of several genes, one of which is Mef2 gene. Mef2 gene
encodes a transcription factor controlling myocyte differentiation (Gajewski et al., 1998).
In addition, Nkx2.5 interacts with zinc-finger transcription factors of the GATA family to
activate cardiac gene expression (Durocher ef al., 1997). Nkx2.5 and GATA transcription
factors regulate expression of one another through mutually reinforcing positive feedback
loops (Schwartz and Olson, 1999). Although only a few transcription factors have been
briefly described here as participating in heart development, the process is very complex
and requires participation of many known (Frey and Olson, 2003; Srivastava and Olson,

2000) and likely several yet-to-be-identified transcription factors. Soon after their

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



specification, cardiac muscle cells converge along the ventral midline of the embryo to
form a beating linear heart tube (Figure 1-1, 4) composed of distinct myocardial and
endocardial layers separated by an extracellular matrix (Srivastava and Olson, 2000). The
linear heart tube is positioned along the anterior-posterior axis and the various regions
and chambers of the looped and mature heart (Figure 1-1, B) are predestined (Srivastava
and Olson, 2000). The molecular mechanisms governing cardiac looping (Figure 1-1, C)
remain unknown, but identification of genes differentially expressed along the outer and
inner curvatures of the looped heart tube suggest that intrinsic properties of the two
surfaces permit this critical morphogenetic event. The direction of cardiac looping is
influenced by an asymmetric axial signaling system that affects the position of other
organs such as lungs, liver, and gut (Capdevila et al., 2000). Interpretation of left-right
signals is mediated in part by the transcription factor Ptx2, which is expressed along the
left side of the early heart tube (Srivastava and Olson, 2000). Following cardiac looping,
individual cardiac chambers become morphologically distinguishable (Figure 1-1, C).
Interestingly each cardiac chamber differs in its morphological and contractile properties
as well as patterns of gene expression (Srivastava and Olson, 2000). How the identity of
each chamber is established remains a mystery, but it is believed to involve a
combination of transcription factors (Figure 1-2). From the looped heart tube each
cardiac chamber expands outward and neural crest cells populate the aortic arch arteries
and aortic sac which together form segments of the mature aortic arch. Mesenchymal
cells form cardiac valves from the conotruncal and atrioventricular valve segments
(Srivastava and Olson, 2000). After separation of the aorta and pulmonary artery,

the arteries rotate to achieve their final connections with the left and right ventricles,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



FIGURE 1-1
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Figure 1-1. Diagrams depicting stages of cardiac development. Morphologically
related regions are colour coded. Cardiac precursor cells form a crescent (A) that has
regions predestined to form segments of the linear heart tube (B). The heart tube
undergoes looping (C) and each cardiac chamber balloons out to form the mature heart
(D). Mesenchymal cells form the cardiac valves from the conotruncal (CT) and
atrioventricular valve (AVV) segments. Abbreviations: A, atrium; Ao, aorta; AS, aortic
sac; LA, left atrium; LV, left ventricle; PA, pulmonary artery; RA, right atrium; RV, right
ventricle; V, ventricle. Figure is modified from Srivastava and Olson (2000) and was

graciously drawn by Kaari Chilibeck.
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Figure 1-2. Diagram outlining steps of heart development. Early stages of heart
development up to the linear heart tube stage are highly conserved among organisms.
Distinct regulatory proteins and transcription factors (Nkx2.5, MEF2C, GATA, NFATc,
COUP-TF1) known to serve particular roles during different stages of heart development
are indicated. dHAND and eHAND transcription factors play an important role in right
and left ventricle formation, respectively, while T-box 5 (TBXS) transcription factor
plays a role in ventricular separation. Abbreviations: bone morphogenetic proteins
(BMP); myocyte enhancer factor 2C (MEF2C); and, nuclear factor in activated T-cells ¢

(NFATc). Figure is modified from Srivastava and Olson (2000) and was graciously

drawn by Kaari Chilibeck.
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respectively. The final result is a mature, four-chambered heart (Figure 1-1, D).

Cardiac pathology

At present, the major cause of fatality in North America is heart disease (Hunter
and Chien, 1999). As such, much research has been conducted so as to better understand
this ailment. Heart-related mortality occurs due to CHD as well as a result of the two
most common cardiac pathologies, cardiac hypertrophy and dilated cardiomyopathy
(Figure 1-3). The condition of cardiac hypertrophy (Frey and Olson, 2003) arises when
the body’s need for oxygenated blood exceeds that supplied by the heart. The heart
responds to this demand by increasing the size of the left ventricle thereby enhancing
cardiac output. Cardiac hypertrophy is initially beneficial as it permits the heart to satisfy
the demand of the body; however, prolonged stress eventually results in excessive
hypertrophy. Well-documented characteristics of cardiac hypertrophy (Frey and Olson,
2003; Molkentin et al., 1998) include: (1) an increase in cardiomyocyte size without cell
division, (2) an overall enlargement and thickening of the heart muscle, (3) an increase in
muscle mass, (4) an up-regulation of fetal cardiac genes, and (5) disorganization of
sacromeres. Interestingly, excessive hypertrophy eventually causes the contractile ability
of the heart to become weakened which results in heart failure and death.

A second very common type of cardiomyopathy is dilated cardiomyopathy. In
dilated cardiomyopathy, the change experienced by the heart can be likened to a balloon
being expanded (Figure 1-3). Dilated cardiomyopathy is characterized by: (1)
enlargement of the heart with thinning of ventricular chamber walls, (2) a decrease in

contractile elements, (3) microfilament disarray, and (4) interstitial fibrosis
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Figure 1-3. Figure depicting twe common cardiomyopathies. At the top is the picture
depicting the relative size and ventricular wall thickness of a normal heart. The condition
of cardiac hypertrophy is shown on the left while on the right is dilated cardiomyopathy.
An arrow indicates that a hypertrophic heart can eventually worsen and become a dilated
heart. The condition of dilated cardiomyopathy is severe and rapidly progresses to death.
Abbreviations: A, atrium; Ao, aorta; LV, left ventricle. Figure was graciously drawn by

Kaari Chilibeck.
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(Chien, 1999). A condition of dilated cardiomyopathy rapidly progresses to death.

Acquired cardiovascular diseases such as cardiac hypertrophy or dilated
cardiomyopathy can arise due to environmental factors (e.g., athlete’s heart) and/or
genetic susceptibility. It is likely that several intracellular signaling pathways are
involved in initiation and progression of heart disease (Frey and Olson, 2003; Molkentin
and Dorn, 2001; Srivastava and Olson, 2000) making studies on heart diseases equate to
solving a very complex jigsaw puzzle (Chien, 1999). In this puzzle there are few obvious
connecting pieces and many uncertain connections. The significance of these complicated
webs of signaling pathways is only recently emerging with the help of molecular biology
at the animal level. Findings from numerous laboratories over the past decade suggest
that proteins involved in Ca®* signaling cascades play a significant role in heart disease
(Frey and Olson, 2003; Molkentin and Dorn, 2001; Molkentin et al., 1998). Results
within the past decade suggest that cardiomyopathies may arise as a result of: (1)
disordered Ca®* cycling (Frey et al., 2000), (2) activation of fetal cardiac genes (Frey et
al., 2000; Frey and Olson, 2003; Molkentin et al., 1998), and (3) compromised
contractibility (Minamisawa et al., 1999).

Research has shown that cardiac development and cardiac disease are very similar
processes as both require transcriptional activation of many of the same genes (Frey and
Olson, 2003; Srivastava and Olson, 2000). As such, a better understanding of cardiac
development will provide valuable information which could potentially be utilized and
applied in the design of novel drugs to treat and perhaps even cure some heart ailments.
To better understand cardiac development, aspects of the fetal cardiac program and Ca™"-

dependent signaling pathways must be further deduced.
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Ca’"asa cytoplasmic signaling molecule

Ca® is a very important signal transduction element in cells (Berridge et al.,
1998; Berridge et al., 2000; Clapham, 1995). Ca%* regulates a variety of diverse cellular
functions including contraction-relaxation, cell mobility, metabolism, protein synthesis
and folding, gene expression, cell cycle progression, and activation of apoptosis
(Berridge et al., 2000; Ghosh and Greenberg, 1995; MacLennan, 2000; Putney, 2001).
Thus, any alteration to intracellular Ca** signaling pathways or components of these
pathways can have a profound physiological effect on cardiomyocytes (Chien, 1999;
Chien, 2000; Kiriazis and Kranias, 2000). In cardiomyocytes, Ca®* functions as an
important secondary messenger for diverse chemical and physical signals including: (1)
angiotensin II (Angll); (2) endothelin-1 (ET-1); (3) p-adrenergic agents, and (4)
mechanical stretch. All of these signals can contribute to cardiac hypertrophy (Frey et al.,
2000). Thus, an understanding of the targets of Ca®", the functions of Ca*"-binding
proteins, and solving molecular aspects of Ca** signaling pathways will provide insight
into the fetal cardiac program and help identify molecular differerces between normal
and diseased hearts.

External cellular concentration of Ca®* is usually in the 1 to 2mM range (Berridge
et al., 2000; Clapham, 1995) and most membranes are impermeable to this ion. For most
mammalian cells, the resting cytoplasmic Ca®* concentration is low, approximately
100nM (Clapham, 1995). In order for cells to utilize Ca>* as a universal signal, Ca®*
gradients must be maintained across the plasma membrane and within intracellular
organelles. This is achieved by many membrane associated Ca** pumps and Ca®*

transport proteins. This includes plasma membrane Ca**-transporting ATPases (PMCA)
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(Santiago-Garcia et al., 1996; Shull, 2000), Na*/Ca>* exchanger (Philipson and Nicoll,
2000; Shigekawa and Iwamoto, 2001), sarcoplasmic/endoplasmic reticulum Ca’" ATPase
(SERCA) (Kimura et al., 1998) and the mitochondrial uniporter (Bers, 2000). Of these
membrane proteins, SERCA and the Na*/Ca®* exchanger transport the greatest amount of
Ca®" (Bers, 2000).

Heart contraction is necessary so that oxygenated blood can be delivered to
various regions of the body. Heart contraction is mediated by a sequence of actions,
beginning with a depolarization event in cardiomyocytes that induces conformation
changes in long-lasting (L-type) Ca** channels (e.g., dihydropyridine receptor, DHPR)
that permits these channels to open and Ca®* to enter the cell. Ca®" influx into the
cytoplasm through L-type channels triggers ryanodine receptor (RyR) to release Ca**
from the sarcoplasmic reticulum (SR) store in a mechanism known as “Ca*" induced Ca*
release” (CICR) (Berridge, 2002; Fabiato, 1985). RyR is negatively regulated by a high
cytoplasmic Ca®* concentration, so the frequency of opening is affected (Kiriazis and
Kranias, 2000). Ca>* released from the SR binds to the thin-filament protein troponin C
(Katz, 1997) leading to muscle contraction (Bers, 2000). Following muscle contraction,
some of the free Ca*" (~30% depending on species) is extruded from the cardiomyocyte
by the Na*/Ca®" exchanger while the majority of the remaining free Ca®" is quickly
pumped into the SR Jumen by SERCA (Shigekawa and Iwamoto, 2001). Ca** pumped
into the SR by SERCA is stored bound to Ca®” buffers such as calsequestrin and the Ca*
is readily available for release to participate in another contraction.

How Ca®* impacts cellular function depends on the route of entry into the cell and

pattern of modulation (Bading et al., 1993; Chin and Means, 2000). The membrane
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channels or intracellular receptors responsible for Ca®* entry into the cytoplasm can have
an effect on the Ca** signal (Ghosh and Greenberg, 1995). It is hard to image that an
ubiquitous ion is capable of differential signaling, but duration, amplitude, and spatio-
temporal patterning are all factors that determine what downstream targets will be
activated by Ca’" influx into the cytoplasm (Berridge e al., 2000). Therefore, Ca®" is
capable of activating various signaling pathways due to versatility in its signaling and this

is an area requiring further investigation.

SR/ER and Ca** signaling

The majority of Ca®* stored within the cell is in the lumen of the SR and/or ER.
Both the SR and ER store Ca’* and relinquish their intracellular Ca®* stores via Ca?*
release channels, RyR and inositol-1,4,5-triphosphate receptor (InsP3R). The ER is an
extensive membrane network throughout the cytoplasm (Clapham, 1995; Papp et al.,
2003) and the common paradigm is that SR is essentially specialized ER for muscle;
however, it has been hypothesized that SR and ER are distinct functional organelles
(Mesaeli et al., 2001). Support for this hypothesis comes from studies on formation of SR
during skeletal and cardiac muscle development which found that SR is not a
continuation of existing ER membranes (Flucher and Franzini-Armstrong, 1996;
Franzini-Armstrong and Jorgensen, 1994). Additional support for this hypothesis has
come from investigations which found that cardiomyocytes contain an InsP;-sensitive
ER-like compartment functionally distinct from the SR (Jaconi et al., 2000; Lipp et al.,
2000). Thus, it can be concluded that the majority of Ca®* stored within the cell is in the

lumen of the SR and/or ER.

The ER is an organelle capable of storing a substantial amount of Ca®*. The total
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concentration of Ca?" in the ER is very high and estimated to be 1 to 3mM (Corbett and
Michalak, 2000; Michalak et al., 2002). Most of the ER Ca’* is bound to chaperone
proteins (Meldolesi and Pozzan, 1998), but a significant amount is unbound. The free

Ca®" concentration in the ER ranges from 60 to 400uM when stores are full, and from 1

to 504M when ER stores are empty (Corbett and Michalak, 2000; Meldolesi and Pozzan,
1998). Hence, during agonist stimulation, free Ca>* concentration in the ER can fluctuate
substantially, from 400uM to 1xM. Ca**-binding chaperones that reside in the ER sense
these changes in free Ca®* and react by modulating Ca** homeostasis (Michalak ef al.,
2002). Subsequently, changes in free Ca®* concentration can impact ER functions
including: 1) protein synthesis (Michalak et al., 1999); 2) protein folding (Lodish et al.,
1992); 3) interaction of chaperones with substrates (Baksh et al., 1995; Corbett ef al.,
1999; Lodish et al., 1992; Ware et al., 1995); 4) cell adhesion (Johnson et al., 2001;
Michalak ez al., 1999); and 5) transcriptional activation/suppression of genes associated
with stress or metabolic processes (Mesaeli et al., 1999).

Our current understanding of components of Ca®* signaling pathways indicate that
downstream Ca”*-dependent proteins cannot be activated without significant Ca?" release
from intracellular Ca®* stores, the SR/ER compartments. Hence, Ca2+-binding proteins of
the SR/ER represent important components of intracellular Ca®* signaling cascades.
Although a very complex model depicting cardiac Ca**-depending signaling cascades is
beginning to emerge (Frey and Olson, 2003), our understanding of all the proteins
involved in these events is far from complete. At present, there is a limited understanding
of: 1) genes of the fetal cardiac program; 2) transcription factors involved with activation

of these genes; and, 3) Ca**-dependent signaling pathways that participate in activation of
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these transcription factors. A better understanding of Ca**-dependent signaling pathways
will permit identification of novel drug targets to prevent, treat, and perhaps even cure
some forms of cardiomyopathy. The purpose of this study was to investigate Ca®'-
dependent signaling cascades essential for embryonic heart development with a major

emphasis on the role played by an ER Ca®*-binding protein, calreticulin.

Calreticulin

Calreticulin is an ER luminal Ca® binding chaperone highly conserved in
mammals (Burns et al., 1994; Eggleton and Michalak, 2003; Michalak et al., 1992). In
humans, the mature protein (46 kDa) consists of a 17-residue ER signal sequence and 400
amino acids (Johnson et al., 2001; Michalak et al., 1999). The protein possesses three
distinctive regions, N-domain (amino acid residues 1 to 180), P-domain, (amino acid
residues 181 to 280), and C-domain (amino acid residues 281 to 400). The three-
dimensional structure of the calreticulin P-domain (amino acid residues 189 to 288) has
been deduced by NMR (Ellgaard et al., 2001a; Ellgaard et al., 2001b) and appears to be a
single hairpin fold. The N-domain is the most conserved region (Krause and Michalak,
1997) and is hypothesized to possess ATP and zinc-binding sites (Corbett ez al., 2000). In
comparison, the P-domain, so named because it is proline-rich, has lectin-binding sites
and the P-domain is important for the chaperone function of calreticulin. The P-domain
contains three two amino acid sequence repeats of 17 (PXXIXDPDAXKPEDWDE; type
1 repeat) and 14 (GXWXPPXIXNPXYX; type 2 repeat) amino acids, respectively, in an
“111222” arrangement (Krause and Michalak, 1997; Michalak et al., 1999). The P-
domain binds Ca** with low-capacity and high-affinity whereas the C-domain serves to

bind Ca*" with high-capacity, but low-affinity (Baksh and Michalak, 1991). The C-
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domain of calreticulin is highly negatively-charged, binding 25mol of Ca®* per mol of
protein (Baksh and Michalak, 1991; Ellgaard et al., 2001a). At its amino-terminus,
calreticulin has a signal sequence and at the carboxyl-terminus it possess an ER KDEL
retrieval sequence (Fliegel et al., 1989a; Fliegel et al., 1989b), so the cellular targeting of
calreticulin is restricted to the ER lumen (Opas et al., 1996). The unique domains of
calreticulin and its near mM concentrations in the ER lumen (Tatu and Helenius, 1997)
permit it to serve several cellular functions including: (1) maintaining Ca®* homeostasis
(Baksh and Michalak, 1991; Michalak er a/., 1998), and (2) as a molecular chaperone
(Helenius et al., 1997; Leach, 2002).

Elevated cytoplasmic Ca®* concentration was achieved by emptying ER Ca®*
stores and resulted in enhanced expression of calreticulin (Waser et al., 1997). This
finding suggests that the cell may adapt to a decrease in ER Ca® or an elevation in
cytoplasmic Ca®* by increasing its concentration of Ca**-buffer proteins in the ER lumen.
This likely occurs by having the enhanced Ca®* concentration activate a component of the
Ca®* signaling pathway that terminates with activation of specific transcription factor(s).
Hence, it is probable that feedback mechanisms exist in cells, so that transcription factors
activated by Ca®" target a variety of genes including genes which encode for Ca®* buffer
protein(s) or perhaps even proteins which influence nuclear import/export.

Mice with the calreticulin gene disrupted have been created (Mesaeli er al., 1999)
and the defect is embryonic lethal. Calreticulin null-mutant embryos die at embryonic
day 14.5 (E14.5), where term is approximately 21 days. The calreticulin-deficient animal
dies as a result of severe underdevelopment of the ventricular region of the heart (Mesaeli

et al., 1999). To understand expression of the calreticulin gene, transgenic mice with
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green fluorescent protein (GFP) under control of 1722bp of calreticulin promoter were
created (Mesaeli et al., 1999). Calreticulin promoter driven GFP expression in the heart
of these transgenic mice was observed from E9.0, reaching maximal expression at E14.5
(Figure 1-4). After E15.5, expression of GFP steadily declined and was not detectable in
hearts of three week-old mice (Mesaeli et al., 1999). Similar findings of calreticulin
expression were observed through immunocytochemical analyses of fetal and neonatal rat
hearts (Imanaka-Yoshida et al., 1996). Therefore, calreticulin is highly expressed in the
developing heart; however, expression of calreticulin gene is tightly regulated following
birth and calreticulin protein is weakly expressed in the healthy, mature heart.

To determine what happens when calreticulin gene is not down-regulated
following heart development, mice with cardiac over-expression of calreticulin were
created. Interestingly, these animals died approximately 21-days after birth as a result of
complete heart block, bradyarrhythima, and sudden cardiac death (Nakamura et al.,
2001a). L-type Ca** channels, which are activated and inactivated by a Ca®* (Imredy and
Yue, 1994), were observed at a decreased density in calreticulin over-expressor mice
(Nakamura et al., 2001a). Most importantly, these transgenic animals demonstrated how
disruption of components of Ca”" signaling pathways can lead to cardiac disease as well
as confirmed that decreased expression of calreticulin after birth is essential to maintain

normal cardiac function.
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Figure 1-4. Calreticulin is highly expressed in the developing heart. This figure is a
sagittal section though an E14.5 heart of transgenic mouse expressing GFP under control
of calreticulin promoter. GFP expression can be seen to be very high throughout the atria
and ventricular regions. Reproduced from The Journal of Cell Biology, 1999, 144: 857-

868 by copyright permission of The Rockefeller University Press.
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Mesaeli et al., 1999
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It can be concluded that calreticulin is one protein essential for heart
development. In the developing heart, calreticulin gene is highly expressed, but this
protein is virtually absent from the healthy, mature heart. When calreticulin is over-
expressed in the developed heart dilated cardiomyopathy arises and death occurs. Thus,
expression of calreticulin gene must be tightly regulated. Therefore, the starting-point of
this study was to determine which transcription factors of the fetal cardiac program

regulated expression of calreticulin gene.
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Potential transcriptional regulators of the calreticulin promoter

Previously, 1722bp of calreticulin promoter (Figure 1-5; GenBank Accession
number: U38249) was isolated from a mouse liver genomic library and subcloned into a
promoterless luciferase expression vector, pXP1 (de Wet et al, 1987), producing
plasmid pLCl, respectively (Waser et al., 1997). This plasmid has since been renamed
to CPF (Calreticulin Promoter Full-length). Examination of the sequence of CPF revealed
several tentative binding sites (Figure 1-5) for several well documented transcription
factors, many of which are expressed in the developing heart. Preliminary experiments
with the CPF luciferase reporter gene plasmid were conducted to determine exactly
which transcription factors regulated calreticulin promoter. Described below are the

transcription factors investigated as potential regulators of calreticulin gene expression.

Nkx2.5

Nkx2.5 is the vertebrate homologue of the Drosophila gene tinman and is a
homeobox transcription factor. The homeodomain consists of 60 amino acids folded into
a stable helix-turn-helix motif. Nkx2.5 binds with high-affinity to the NKE2 (Nkx-2.5
response element-2) site, CTCAAGTGT (Durocher et al., 1996). Nkx2.5 is a nuclear
protein (Kasahara and Izumo, 1999) whose expression has been reported in developing
pharyngeal arches, spleen, thyroid, tongue and heart (Komuro and Izumo, 1993;
Buchberger et al., 1996). In the heart, Nkx2.5 physically interacts with other transcription
factors such as GATA4 (Durocher et al.,, 1997; Lee et al., 1998) to synergistically
enhance gene expression (Molkentin, 2000b). The calreticulin promoter has three
tentative Nkx2.5 binding sites (Figure 1-5), of which one site has been confirmed to bind

this transcription factor (Guo et a/., 2001).
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Figure 1-5. There are several tentative transcription factor binding sites within
calreticulin promoter. The nucleotide sequence of the mouse calreticulin promoter
(GenBank Accession: U38249). The nucleotides are numbered with the putative
transcriptional initiation site of the mouse calreticulin gene at +1 (Smith and Koch, 1989)
and nucleotides after ATG have been omitted. All tentative binding sites for all

transcription factors studied in this investigation are indicated. TATA box is underlined.
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-742
-672
-602

-532
-462

-392
-322

=252
-182

-112
-42

N2 5 MEF2C
AGCTTTTAAT TTTTATTTTA TTTGTATAGA TGTTTTGCCT GCACGTATGT CTCTGTACTA TTTACACATC
TGGTGCCCAC AGAATAGGGC TTCAGACCCT CTGABRACTCA AATTACCTGG TTTTGATCCT TCATGTGTHT
GTGCTGGGAR TAGGACTGGG GTCATTCAGA AGAGCAGCCA GTGCTCCARAR CCRATCTCTC CTGTCCITTA
TTTCATTGTG TTAARRGCAGT GTATCATTTA RCCCAGGCTG GCCTCAAACT CRCTATGCAG CTGAGARCTG
RACTTTTGAC CCCTGCTITCA CTCACCGTCT TGGGTACTAG GACAAAGCAG AAGGCATCAA GCATATGTGT
CAGTGGCACA GGACTGGAGG GAGGGICAGE TCAGTCACAG GTCIGICAAG ATCATGTITGA ACTIGEGIGCT
CCTCCAGTGE GACCTTCACC AGCARTGCTG AGTTCTGTAC ACTGCCTG66 GGACAGGGTG GAGACCCAGC
Nix2 5 MEF2C
TTCTTGRACCT CAAGTGTCAT TGCTTGACTG AGTTCCTCTC ACTGCARAGG ARGCACGCCA TTTTTGTARG
NFATe
GRTTCCTICT GGGCAGTTCA TAGTCITGTT TCAGGGTTCC CRATTCCTCA GTT CTCCCATC
CCCCATCCCC TACAGGTACT GTTCTICCTC CTCCAGGCAG CAGGCAGABT CACATGATTT GAGTCAGAGG
GATA GATA NFATe
ACTCCAGATC CAAGGGTCCT GCTTATCTCC CTAGRRCTAT CACCATAGCC ATCTGTGIC 4+
Nix25
TCARRCGGCA CCCCTTGCCT TCTGCCGTTT ATTGCAMARG CCARGTCGTT TGTGGGAGAC CACARGARGT
MEF2C
GACTCCTTTC ATTCTCCAGC TTAAGAGAARA GAGRAAAAAR ARARAATCAAA AAACCCCTAC TTCTCACCCA
NFAT: CarG box
AGAAARCACG CTTACRCTCA CACCCGRAGAC CTCT GCTCTTG AACCGTGGAC AGCCCTARRA
GATA
GGTTTAAAAG CATTTCTGTC RAGATAGCTC AGGGTCACCC CTGTTGGCTT CTGACATTTC AGGGAGGCGA
AATGACTTGT ATCATGTCAC ACAGGCTGCA GGGAACTACG GGACGAGAGG AGAAAGCTGG TACGTTCTCT
ATGGCCTGAR CAACTGTGGA ACCAGAATGC AGCGRAACCT CAGGATCCTG GCTBGCCCTT GACCTITATCC
NFATe

TGRAT TCGCCA TCGSTGG6C6 TTCCCTAGGT GCAGGACAGA CGGAACGTGA AAGTTGCAAR
TARTCCTTAC TTCTTCCCTC TGACCAGAGA GGATGGGARR GGGCCGARGC TAABGACCCG TCICGGTCCC
MyoD (Ebox}

GCACCGCACG GTTAACACCT GGTACCGCTC GCGCGGATTC TTTARACGAC TCCTAGCGAG CCAGAGACIC

TCAGCAGCAR GGGCGGGGTT GGGCTGAGGT TCAGTCACGT GACCGTGCCT GAGTGEGCTA GCGECCCCCA
MEF2C

CCCCACCAGG GGGCGTCCCC CACAACGCGT GGTCGACCCT CATTGGCCCA TAGTGCGACC ARTAGRAATC

AGCCRTCTGE GATCCCAGCG TTCCGRGCCA CAGCCTRACT TGCTGAGCCE ACTGGGAAGC BATGGRAAGG
CAcG box
GACAGCTGTR GGT:HAAACC AGTCARARGG ACCGAGEEGC GGGCTCAGCE GCCGTGTCAG GITCGGGIGA

GAGGTAGGTG AATATARAIT GARGCGGCGE TGGCCGCGTC CBT
0
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Nkx2.5 is currently regarded as one of the earliest embryonic markers for cells
that have acquired cardiogenic potential (Black and Olson, 1998), appearing in mice
during embryonic day 7 (Searcy et al., 1998). Nkx2.5 is essential for cardiac
development and disruption of the Nkx2.5 gene in mice is embryonic lethal before E9 as a
result of severe heart defects (Lyons et al., 1995). In these null-mutant embryos, cardiac
development is arrested at the linear heart tube stage and the heart tube does not undergo
looping (Lyons et al., 1995; Schott et al., 1998). At present, only five gene promoters
[ANF (atrial natriuretic factor), MEF2C, GATA6, myocardin, calreticulin] have been
identified as targets of Nkx2.5 (Durocher et al., 1997; Guo et al., 2001; Molkentin et al.,
2000a; Skerjanc et al., 1998; Small and Krieg, 2003; Ueyama et al., 2003). Research has
also found that positive feedback mechanisms exist between Nkx2.5 and GATA (Searcy
et al., 1998) factors as well as exists between Nkx2.5 and myocardin (Ueyama et al.,
2003). It is probable that feedback mechanisms serve to enhance expression of the
transcription factors. Expression of Nkx2.5 in hearts of mice continues throughout
development into adult life, but the function associated with continued expression

remains unknown (Komuro and Izumo, 1993; Searcy et al., 1998).

Myocardin

Promoters for many muscle genes have a nucleotide sequence known as a CArG
box (CC(A/T)sGG) and it serves as the binding site for serum response factor (SRF)
(Shore and Sharrocks, 1995). CArG boxes have been identified in promoters of genes
expressed in skeletal, smooth, and cardiac muscle and this includes normal and diseased
hearts (Parlakian er al., 2004). However, because SRF is required for mesoderm

formation (Arsenian, 1998), researchers were unable to determine the role of SRF in
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heart formation. Recently, development of Cre-loxP technology has permitted an embryo
to be created that lacks SRF only in the heart. Disruption of SRF gene was found to be
lethal at E10.5 due to cardiac defects such as abnormally thin myocardium, dilated
cardiac chambers, poor trabeculation, and a disorganized interventricular septum
(Parlakian ef al., 2004). Examination of E9.5 SRF-deficient hearts showed that there was
a marked reduction in expression of essential regulators of heart development, including
Nkx2.5, GATA4, myocardin, and c-fos (Parlakian et al., 2004). Thus, SRF is a global
regulator of multiple developmental genes and is essential for cardiac differentiation and
maturation.

SRF belongs to the MADS box family of transcription factors (Miano, 2003). The
name MADS is derived from the first four member identified MCM1 (a yeast factor
involved in mating selection), Agamous, Deficiens (homeotic factors that control leaf
identity in plants), and serum response factor) to possess this conserved deoxyribonucleic
acid (DNA)-binding domain (Black and Olson, 1998). The MADS box has conserved
residues for DNA-binding (Black and Olson, 1998) and is important as it mediates
homodimerization as well as recruits a variety of transcriptional cofactors that influence
DNA binding affinity, transcriptional activity, and target gene specificity (Treisman,
1994). An attribute of MADS domain proteins is their ability to activate different sets of
genes through association with other transcription factors. For example, SRF has been
shown to cooperate with GATA4 (Belaguli et al., 2000; Morin et al., 2001) as well as
Nkx2.5 (Chen and Schwartz, 1996), but SRF does not form a stable ternary complex with
either of these factors on DNA (Wang et al., 2001). However, SRF forms associations

with accessory factors and these factors permit SRF to regulate transcription of numerous
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muscle and growth factor-inducible genes. As SRF is not muscle specific, it has been
postulated to activate muscle genes by recruiting accessory factors such as myocardin
(Wang et al., 2001).

Myocardin consists of 807 amino acids and belongs to the SAP (SAF-A/B,
Acinus, PIAS) domain family of nuclear proteins. The SAP domain is a 35 amino acid
putative DNA-binding motif with two predicted orhelices separated by a region of
glycines (Wang ef al., 2001). The SAP domain of myocardin is common in a variety of
proteins that influence transcription (Aravind and Koonin, 2000). Other notable features
of myocardin include a basic region, an extended a-helix that resembles a leucine zipper,
and a stretch of glutamine residues (Wang et al., 2001).

Myocardin is localized in nuclei of smooth and cardiac muscle cells (Wang ez al.,
2001). Although present in cardiac tissue at all times, cardiac expression of myocardin is
higher in the neonatal heart than the adult heart (Torrado et al., 2003). As development
progresses, myocardin is found throughout the developing atrial and ventricular chambers
of the heart until birth (Wang et al., 2001). Northern blot analysis of adult mouse tissues
revealed multiple myocardin transcripts specifically in heart (Wang et al., 2001).
Immunohistochemical analysis of mouse embryos indicated that myocardin was present
in the cardiac crescent during embryonic day 7 (Wang et al., 2001), very soon after
expression of Nkx2.5, the earliest known marker for cardiogenic specification (Lints et
al., 1993) To determine if Nkx2.5 appeared in the developing heart before myocardin,
subtractive hybridization using RNA isolated from wild-type and E8.5 Nkx2.5-null hearts
was completed and mouse complementary DNA (¢cDNA) encoding myocardin isolated

(Ueyama et al., 2003). Expression of myocardin was significantly down-regulated in
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Nkx2.5-null mouse hearts (Ueyama et al., 2003). Reporter gene analysis studies indicated
that Nkx2.5 activates the myocardin promoter (Ueyama et al., 2003). Thus, in heart
development Nkx2.5 appears before myocardin and the myocardin promoter is a target of
Nkx2.5.

Myocardin appears very early in heart development and is a very potent activator
of cardiac muscle promoters (Wang et al., 2001). Myocardin acts preferentially through
multiple CArG boxes (Wang et al., 2001) and is known to strongly activate promoters for
SM22 (a calponin-like protein that associates with cytoskeletal actin filaments), ANF,
myosin light chain-2v (MLC-2v), a-myosin heavy chain (a-MHC), as well as serves as
an enhancer for the nkx2.5 gene (Wang et al., 2001). The calreticulin promoter (Figure 1-
5) lacks an ideal CArG box.

Mice lacking myocardin die by E10.5 because of the absence of vascular smooth
muscle cells (Li er al., 2003). Somewhat unexpected for the researchers, cardiac
development was observed to be normal in the homozygous embryos (Li ef al., 2003).
The reason for this observation may be that myocardin plays a minor role in early heart
development (i.e. prior to E10.5) and/or embryonic death occurred before the absence of
myocardin in the heart became an issue. Also, it is possible that other transcription factors
compensate for loss of myocardin and sustain cardiac expression of myocardin specific
target genes. For example, a SM22-lacZ transgene (having 1343bp of SM22 promoter
linked to lacZ) was introduced into the myocardin null background by breeding and
examination of hearts from these mice indicated that SM22-lacZ expression was removed
from the dorsal aortae, but not from the heart or somites (Li et al., 2003). Thus, other

transcription factors likely activate SM22 expression in the heart and myocardin is
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required specifically for vascular smooth muscle gene expression. Considering the
phenotype of myocardin mutant mice as well as findings from studies that demonstrated
that myocardin is essential for activation of smooth muscle genes (Chen et al., 2002,
Wang et al., 2003), it would seem that the primary function of myocardin is for smooth
muscle development. However, since myocardin is found in the heart very early in
development and its targets include promoters for some cardiac genes, its potential role in
the fetal cardiac program can not be disregarded.

Expression of myocardin mRNA in human hearts that are failing due to dilated
cardiomyopathy has been examined by both Northern blot hybridization and semi-
quantitative reverse-transcriptase polymerase chain reaction (RT-PCR) (Torrado et al.,
2003). Expression of myocardin was significantly higher in the failing human
myocardium as compared to non-failing heart samples (Torrado et al., 2003). Thus,
myocardin expression in the mature heart could activate myocardin target genes resulting

in initiation of the fetal cardiac program.

MEF2

Myocyte-enhancer factor 2 (MEF2) is a MADS-box family member containing a
57 amino acid MADS domain at its extreme amino-terminus. Because of the MADS
domain, MEF2 proteins were originally referred to as RSRF (related to serum response
factor) proteins (Pollock and Treisman, 1991). Adjacent to the MADS box is a 29 amino
acid extension called the MEF2 domain. The MEF2 domain is necessary for high-affinity
DNA binding and dimerization (Morin et al., 2000).

Members of the MEF2 family of transcription factors bind A/T-rich DNA

nucleotide sequences (Gossett et al., 1989) and the consensus DNA binding site for

29

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



MEF2C is (C/T)TA(A/T)sTA(G/A) (Andres et al., 1995; Fickett, 1996; Pollock and
Treisman, 1991). MEF2s can bind DNA as homo- or heterodimers (Andres et al., 1995;
Fickett, 1996; Naya et al., 1999; Pollock and Treisman, 1991), but do not interact with
other MADS family members. As the MEF2 domain itself can homo- or heterodimerize,
MEF2s have enormous potential for different heterodimeric associations (Black and
Olson, 1998).

Vertebrates express four MEF2 genes (mef2a-d) located on different
chromosomes and the RNA can be alternatively sliced (Black and Olson, 1998). The four
MEF?2 isoforms share approximately 50% homology overall and the conserved MADS
box and MEF2 domain are approximately 95% similar (Black and Olson, 1998; Theiben,
1996). Thus, MEF2s are divergent in their carboxyl-terminal transactivation domain. In
the carboxyl-termini of MEF2s, there is relatively little amino acid sequence homology
except for four Ser/Thr-rich regions (Black and Olson, 1998) and a nuclear localization
signal (NLS) at the extreme carboxyl-termini of MEF2A, MEF2C, and MEF2D (Black
and Olson, 1998).

All four MEF2 protein isoforms are highly enriched in brain, muscle, and heart
(Black and Olson, 1998; Naya et al., 1999) with the greatest expression being in muscle.
In muscle, MEF2 proteins are essential for muscle-specific gene expression and
differentiation of all three muscle types (Black and Olson, 1998; Morin et al., 2000).
MEF2 transcription factors regulate cardiac structural genes (e.g., myosin, actin) as well
as genes involved with growth, stress-responsiveness, and apoptosis (Frey et al., 2000).

In the mouse embryo heart, MEF2C appears after the arrival of Nkx2.5 and this

likely occurs as MEF2C promoter is targeted by Nkx2.5 (Skerjanc ef al., 1998). MEF2C
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is the first of the MEF2 family genes expressed, with transcripts appearing in mesodermal
precursors that give rise to the heart (Black and Olson, 1998) at E7.5 (Edmondson et al.,
1994; Molkentin ef al., 1996b). At E9.5, MEF2C expression is throughout heart atria and
ventricles and MEF2C is highly expressed until E14.5 (Naya et al., 1999). After E14.5,
there is a decline in mef2c gene expression and in adult mice, MEF2C is absent from
every tissue except skeletal muscle (Naya et al., 1999). MEF2B is co-expressed along
with MEF2C in the precardiogenic mesoderm at E8.0 while MEF2A and MEF2D are
expressed approximately 12 hours later (Edmondson et al., 1994; Molkentin et al., 1996).

Targeted disruption of mef2C gene is embryonic lethal at E9.5 due to right
ventricular dysplasia (Lin et al., 1997). In MEF2C-deficient embryos the heart tube does
not undergo looping and the future right ventricle does not form (Lin et al., 1997).
Expression of cardiac muscle genes such as cardiac a-actin and dHAND (Deciduum,
heart, autonomic nervous system and neural crest derivatives-expressed protein 2) were
analyzed in hearts of MEF2C mutant embryos by RT-PCR analysis and mRNA
transcripts for these genes were not detectable (Lin er al., 1997). It is believed that the
absence of the right ventricle in MEF2C null-mutant mice correlated with reduced
expression of dHAND gene, which encodes a basic helix-loop-helix transcription factor
required for cardiac morphogenesis (Lin et al., 1997). Therefore, MEF2C is an essential
regulator of cardiac myogenesis and ventricular development.

MEF2C is a very intriguing target for treatment of cardiomyopathies as MEF2C is
a common endpoint for several diverse hypertrophic signaling pathways (Frey and Olson,
2003). As the endpoint, MEF2C factors regulate cell proliferation for a variety of growth

factor-related signaling pathways (Black and Olson, 1998). MEF2s function under
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positive and negative controls (Black and Olson, 1998) and protein-protein interactions
play a critical role in determining target genes of MEF2 proteins (Black and Olson,
1998).

Protein-protein interactions of MEF2C include interactions with other
transcription factors. The expression patterns of many early cardiac transcription factors
overlap (Molkentin et al., 2000a; Srivastava and Olson, 2000) and Nkx2.5, MEF2s, and
GATAs are all present in precardiac mesoderm. Consequently, it is believed that these
transcription factors regulate cardiogenesis in a synergistic and coordinated manner.
Synergism between transcription factors significantly increases the number of potential
target genes that a particular transcription factor can influence. That is to say that the
absence of a transcription factor-binding site in a promoter is not necessarily an
indication that a gene is not influenced by that factor. For example, the ANF promoter
has GATA and Nkx2.5 sites, but no MEF2 site (Morin et al., 2000). However, MEF2
proteins can activate the ANF gene as GATA4 recruits MEF2 proteins to the ANF
promoter through protein-protein interactions (Morin et al., 2000). MEF2/GATA4
synergy involves physical interaction between the MEF2 DNA-binding domain and the
carboxyl zinc finger of GATA4 and requires the activation domains of both proteins
(Morin et al., 2001). It is believed that MEF2 further enhances GATA activity through
recruitment of GATA cofactors and/or stabilization of co-activators. Co-activators
include p300/CBP (CREB-binding protein) as both MEF2 and GATA have been shown
to independently interact with these proteins (Morin et al., 2001). Alternatively, a direct
MEF2/GATA interaction may displace or overcome a co-repressor of one or both factors.

For example, MEF2 interaction with GATA4 or GATAG in the heart may displace FOG-
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2 (Friend of GATA-2) that is a cofactor that represses GATA4 activity. Fetal cardiac
genes identified to have promoters synergistically activated by MEF2 and GATA are
ANF, BNP (B-type natriuretic peptide), a-MHC, MLC-2v, eHAND (Extraembryonic
tissues, heart, autonomic nervous system and neural crest derivatives-expressed protein
1), dHAND, and a-cardiac actin (Morin et al., 2000). Therefore, it can be concluded that
protein-protein interactions between transcription factors are an important attribute and
significantly increase the number of promoters targeted by MEF2 proteins. Examination

of the calreticulin promoter indicated four tentative MEF2C binding sites.

GATA

The helix-loop-helix zinc-finger GATA family of transcription factors has six
members, named GATAI through GATA6. GATAL, 2, 3 are expressed in hemotopoietic
cells while GATAA4, 5, 6 are restricted to the heart and gut. GATA family members have
two transcriptional activation domains within the amino-terminus and possess a NLS
adjacent to the carboxyl-terminal zinc finger (amino acid residues 251-324) (Molkentin,
2000b). As such, GATA transcription factors are localized to the nucleus. It has been
postulated that transcriptional activity of some GATA factors such as GATA4 may be
regulated by protein kinases (Molkentin, 2000b); however, currently there is no published
evidence to support this hypothesis.

The zinc finger motifs allow GATA transcription factors to bind to the
A/TGATA/G consensus sequence (Koutsourakis et al., 1999). In the heart, GATA
activates numerous promoters such as a-MHC, cardiac troponin-C, ANF, BNP, cardiac
troponin-1, Na"/Ca?* exchanger, cardiac restricted ankyrin repeat protein, Al adenosine

receptor, m2 muscarnic receptor, and MLC-2v (Molkentin, 2000b). GATA4, 5, 6 are
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important regulators of gene expression in multiple endoderm- and mesoderm-derived
tissues and it is likely that GATA4, 5, 6 regulate tissue-specific gene expression in
different cell types via synergistic interactions with other semi-restricted transcription
factors or cofactors (Molkentin, 2000b).

GATAA4 and 6 are potential regulators of cardiac development and hypertrophy as
they appear early in development in the precardiac mesoderm along with Nkx2.5 and
MEF?2 proteins (Liang et al., 2001). Immunoprecipitation experiments have demonstrated
that Nkx2.5 and GATAA4 directly interact (Durocher et al., 1997) and this interaction
permits these transcription factors to synergistically activate target genes (Durocher ef al.,
1997; Lee et al., 1998; Molkentin, 2000b; Molkentin et al., 2000a). GATA4 interaction
with the carboxyl-terminal homeodomain of Nkx2.5 unmasks the Nkx2.5 activation
domain (Lee et al., 1998). The GATA/Nkx2.5 synergism is specific for GATA4 and
GATAS, but not GATAG6. In addition to Nkx2.5, GATA factors have a synergistic
interaction with NFATc4 (Molkentin et al., 1998). Thus, in the developing heart
numerous transcription factors are co-expressed and GATA4 can physically interact with
Nkx2.5, NFATc4, and MEF2 proteins (Molkentin, 2000) to fully activate gene
expression. Synergistic interactions between GATA family members and other
transcription factors suggest that the number of GATA gene targets in the developing
heart is numerous.

GATA4 is highly expressed in the precardiogenic splanchnic mesoderm at the
posterior edge of the anterior intestinal portal, which is the region of the embryo that
undergoes ventral fusion (Molkentin et al., 1997). GATA4 is expressed in the cardiac

splanchnic mesoderm as early as E7 (Arceci e al., 1993; Heikinheimo et al., 1994;
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Kelley et al., 1993) and is expressed in the endocardium and myocardium of the folding
heart tube. GATA4 expression is observed in the heart throughout development and adult
life (Koutsourakis et al., 1999). In GATA4-deficient embryos, the primitive heart tubes
and foregut developed partially outside the yolk sac. As such, GATA4 null-mutants die
early in embryonic development (E7 to E9.5) as a result of failure of the two bilaterally
symmetric promyocardial primordia to fuse at the ventral midline; hence, in absence of
GATA4 two separate heart tubes with differentiated cardiomyocytes develop (Kuo et al.,
1997; Molkentin et al., 1997). Thus, GATA4 transcription factor is essential for heart
development.

As GATAA4, 5 and 6 have overlapping patterns of expression the question arises as
to the role of the other GATAs in the heart. Interestingly, GATAS-deficient mice were
found to be viable with the only defect being genitourinary abnormalities observed in
females (Molkentin et al., 2000b). This finding strongly suggests that in most tissues
other GATA factors have functions overlapping those of GATAS. In comparison,
examination of GATAG found that this isoform is essential during early embryogenesis.
RNase protection analysis indicated that GATA6 mRNA is abundantly expressed in the
heart (Narita et al., 1996). Mouse embryos with the GATAG gene disrupted by insertion
of the f-galactosidase gene have been created and gene disruption was found to be lethal
at E5.5 due to an indirect effect on the epiblast resulting from a defect in an
extraembryonic tissue (Koutsourakis et al., 1999). Examination of GATAG6/lacZ
heterozygous embryos showed that GATAG expression was first evident at the blastocyst
stage (E3.5) in the inner cell mass (Koutsourakis et al., 1999). A transverse section

through the heart of GATAG6/lacZ heterozygous embryos showed that GATAG expression
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was in the myocardium and pericardium, but absent from the endocardium (Koutsourakis
et al., 1999). GATAG6/lacZ was later observed to be expressed in both mesoderm and
endoderm that formed the heart and gut (Koutsourakis et a/., 1999). Thus, GATAG is
essential for early embryonic development and is expressed early in heart development.
Of the six members of the GATA family of transcription factors, it can be
concluded that only GATA4 and GATAG are essential for heart development. When
either GATA4 or GATAG are over-expressed in the heart, cardiac hypertrophy occurs
(Liang et al., 2001). Within the calreticulin promoter there are three tentative sites for

GATA factors. As such, both GATA4 and GATAG6 were of interest in this investigation.

NFAT

Originally identified in T-cells, nuclear factor in activated T-cells (NFAT) has
recently been shown to be important for activation of the fetal cardiac program in both
normal and diseased hearts. At present there are five members in the NFAT family of
transcription factors, named NFATc] to NFATc4 and NFATS5 (Rao ez al., 1997), many of
which can be alternatively spliced (Rao et al., 1997). These transcription factors have
distinct temporally and spatially regulated expression patterns (Rao et al., 1997) and
contribute to development of several organ systems including the immune system,
vasculature, and heart (Graef et al., 2001b; Horsley and Pavlath, 2002).

NFAT proteins have a highly conserved regulatory domain at their amino-
terminus that mediates nuclear translocation and a Rel homology domain near their
carboxyl-terminus that mediates DNA-binding (Molkentin et al., 1998). The unusual
structure of the Rel-like DNA binding domain (Wolfe et al., 1997) means that binding to

the consensus site T/A GGAAA N A/T/C N (Rao et al., 1997) by NFATc proteins is
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weak; thus, NFATc proteins require a partner to strongly bind DNA (Crabtree, 2001;
Molkentin et al., 1998). In the heart, NFATc proteins are essential for formation of heart
valves and activate gene targets via interactions with GATA transcription factors
(Crabtree, 2001; Srivastava and Olson, 2000). It has been documented that the fetal
cardiac gene BNP is synergistically activated by GATA4 and NFATc4 despite absence of
a NFAT promoter binding site (Molkentin et al., 1998). Also, NFAT has been reported to
synergistically interact with other factors such as SRF and MEF2 proteins to impact gene
expression (Chin et al., 1998; Delling et al., 2000). Thus, NFAT is essential for heart
development and/or synergism of NFATc proteins with other transcription factors is
necessary for normal cardiac development.

NFATcl to NFATc4 are localized in the cytoplasm (Rao et al., 1997) and their
activation is calcineurin-dependent. An elevation in cytoplasmic Ca®** activates the
phosphatase calcineurin which binds directly to a conserved motif, PxIxIT, in the amino-
terminus of NFATc proteins (Aramburu et al., 1998; Aramburu et al., 1999; Northrop et
al., 1994; Wesselborg et al., 1996). Calcineurin dephosphorylates serines within the
amino terminal serine and proline (SP) repeats (SPxxSPxxSPxxxxx) (Ho et al., 1995;
Masuda et al., 1995) as well as within the serine-rich region of NFATc family members
(Beals et al., 1997a; Beals et al., 1997b). Dephosphorylation of NFATc induces a
conformational change that exposes the NFATc NLS thereby permitting these proteins to
translocate to the nucleus to impact target genes (Molkentin et al., 1998; Rao et al.,
1997).

The NFAT family of transcription factors contribute to development of several

organ systems. The cardiovascular system is dependent on NFAT activity for
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development and for adult adaptation to cardiac stress (Graef e al., 2001b; Molkentin,
2000a). NFATcl-deficiency results in cardiac valve and septal defects while over-
expression of NFATc4 results in cardiac hypertrophy (Graef et al., 2001b; Molkentin,
2000a). During cardiac hypertrophy, NFATc4 over-expression increases expression of
ANF, BNF, SERCA2, o-MHC and f-MHC (Molkentin et al., 1998). In comparison to
NFATcl and NFATc4, NFATc2 is known to regulate growth of skeletal muscle while
NFATec3 is essential for creation of primary myofibers (Crabtree and Olson, 2002).
Mouse models have provided great insight into the role of NFATc proteins in the
heart. Mice with disruption of NFATc3 were not born at the expected Mendelian ratio,
but those surviving were viable and lacked any physical abnormalities (Oukka et al.,
1998). Examination of these mice later indicated that they had a thymic defect suggesting
a problem with T-cell production (Oukka et al., 1998). Mice with NFATc4 gene
disrupted are viable without detectable phenotypic abnormalities (Wilkins ez al., 2002).
Thus, it is likely that loss of NFATc4 can be compensated for by another cardiac-
expressed NFATc isoform (Wilkins et al., 2002). In situ hybridization showed that
expression patterns of NFATc3 and NFATc4 significantly overlap (Graef et al., 2001a).
To get a better understanding of the role of NFATc proteins in the heart, a mouse with
disruption of both NFATc3 and NFATc4 was created. NFATc3/c4 null-deletion was
found to be embryonic lethal at E11 due to cardiovascular defects resulting from
abnormal vascular patterning (Bushdid et al., 2003; Graef et al., 2001a). Therefore,
investigation of NFATc in mouse models confirmed importance of this factor in cardiac

development.
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Evi-1

Ecotropic viral integration site-1 (Evi-1) is a gene that has been associated with
both murine and human acute myeloid leukemia and is considered a protooncogene
(Nucifora, 1997). Mouse and human Evi-1 ¢cDNAs are 91% homologous in nucleotide
sequence (Morishita er al., 1990) suggesting that the Evi-1 protein has been very
important during evolution. Evi-1 is a nuclear protein (Matsugi et al., 1990) possessing
ten Cys,His; type zinc finger motifs found with two zinc finger domains, designated ZF1
and ZF2, as well as a carboxyl-terminal acidic domain (Morishita et al., 1988; Perkins et
al., 1991). It has been postulated that the acidic domain functions as an activation domain
for gene transcription (Struhl, 1987), but there is no supporting evidence for this function.
In contrast to the other regions of Evi-1, much is known about the zinc finger (ZF)
domains. ZF1 possesses seven of the ten zinc finger repeats and is situated near the amino
terminus whereas ZF2 contains three of the zinc finger repeats and is positioned near the
carboxyl-terminus (Morishita et al., 1988; Nucifora, 1997). Both zinc finger domains of
Evi-1 have their own distinct DNA binding sites (Bartholomew et al., 1997). ZF1
recognizes and binds a consensus site of 15 nucleotides
(GA(C/T) AAGA(T/C)AAGATAA) (Delwel et al., 1993) while ZF2 binds to the
consensus sequence GAAGATGAG (Funabiki ef al., 1994). Of the two sites, ZF2 site is
the one that is essential for transcriptional activation (Morishita et al., 1995). Therefore,
when considering that Evi-1 is highly conserved in organisms, it is likely that it serves a
very important role in regulafcing gene expression.

In addition to activation properties, Evi-1 has also reported to have transcriptional

repressor ability (Bartholomew er al., 1997). Since GATA transcription factor binding
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sites are within the Evi-1 binding site, it has been observed that Evi-1 can repress GATA-
dependent transactivation (Kreider et al., 1993). Another study demonstrated that a
genomic promoter with several GATA repeats was strongly repressed by Evi-1
(Nucifora, 1997). Therefore Evi-1 can act as a transcriptional repressor and it has been
postulated that this attribute has important implications for the mechanism of action of
Evi-1 protein both in development and in the progression of some myeloid leukemias
(Bartholomew et al, 1997). Although calreticulin promoter lacks an ideal Evi-l
consensus binding site, the promoter does possess several tentative GATA binding sites.
Thus, Evi-1 could potentially regulate calreticulin expression via binding to the GATA
site.

In situ hybridization analysis of Evi-1 expression in mouse adult and embryonic
tissues suggested that Evi-1 plays an important regulatory role during mouse

| embryogenesis. Evi-1 expression was found to be confined to a few distinct organs, most
of which were mesoderm-derived (Perkins et al., 1991). Examination of E12.5 mouse
hearts showed that Evi-1 expression was very high in the truncal (more distally located)
and conal (more proximally located) ridges (Perkins ef al., 1991); thus, Evi-1 is highly
expressed in regions that develop into heart septa and valves.

Disruption of the Evi-1 gene in mice rendered results that correlated with the in
situ hybridization analysis. Disruption of Evi-1 gene was found to be lethal at E10.5
(Hoyt et al., 1997). In homozygous embryos, the peripheral nervous system failed to
develop and the embryos exhibited widespread hypocellularity and hemorrhaging as well
as heart defects (Hoyt et al., 1997). These data suggest that Evi-1 has important roles in

general cell proliferation, vascularization, and heart development.
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COUP-TFI

Chicken ovalbumin upstream promoter transcription factor (COUP-TF) is a
transcription factor that can repress transcription of many genes (Smimov et al., 2000).
There are three isoforms named COUP-TFI to COUP-TFIII (Avram e al., 2000), and
they bind a DNA consensus site TGACC C/T (Cooney et al., 1992; Scott et al., 1996) as
homodimers or heterodimers (Smirnov et al., 2000). Both isoforms belong to a group of
orphan nuclear receptors and are highly conserved among species, from Drosophila to
human. COUP-TFs play an essential role in nervous system development (Qiu et al.,
1997) and gene disruption is lethal shortly after birth as neonates starve and dehydrate.
Examination of COUP-TFI deficient mice indicates serious abnormalities with
neurological development (Qiu et al., 1997).

Nkx2.5 is of great importance to cardiac development, and it is interesting that
COUP-TFI DNA binding site is very similar to that of Nkx2.5. The COUP-TFI
consensus DNA binding site is a palindrome of the Nkx2.5 binding site (Guo et al.,
2001). It is interesting that an essential transcriptional activator like Nkx2.5 has such a
similar DNA binding site as a strong transcriptional repressor. The mechanism by which
COUP is able to repress transcription has yet to be determined, but it is believed that its
carboxyl-terminus associates with histone deacetylase (Smirnov et al., 2000). Western
blot analysis showed that COUP-TFI was expressed in both embryonic and postnatal
hearts (Guo et al., 2001). The level of Nkx2.5 decreases during development while the
relative level of COUP-TFI does not change significantly during cardiogenesis (Guo et
al., 2001). Perhaps competitive binding of COUP-TFI to Nkx2.5 sites is the reason why

Nkx2.5 can remain in a healthy adult heart, but not activate the fetal cardiac genes. Future
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investigation is necessary to determine if some forms of heart disease arise as a result of

decreased COUP-TFI expression.

MyoD1

MyoD1 is a transcription factor that converts fibroblasts to stable myoblasts
(Davis et al., 1987; Hopwood et al., 1989). MyoD1 specifically interacts with a single
consensus core nucleotide sequence, CANNTG, known as an E-box (French ef al., 1991;
Sartorelli et al., 1990). The E-box is frequently found in promoters of muscle-specific
genes and is documented to bind members of the basic helix-loop-helix family of
transcription factors (Skerjanc and McBurney, 1994). The calreticulin promoter has an E-
box (Figure 1-5) situated at -372 to -377 (CACCTQG).

MyoD1 is skeletal muscle-specific and is not expressed in the embryonic heart
(Evans et al., 1993; Hopwood et al., 1989). In skeletal muscle, MyoD1 synergistically
enhances activation of target genes by direct interaction with other transcription factors
such as MEF2 family members (Black and Olson, 1998). Since MEF2C was a
transcription factor of interest in my investigation, 1 wanted to know if such a synergistic
interaction occurred on the calreticulin promoter. Subsequently, testing of MyoD1 was
included in the experiments.

Therefore, a total of nine transcription factors, eight of which are expressed in the
developing heart, were tested in this study to determine if any of these factors influenced
expression of a calreticulin promoter-controlled reporter gene. Experimental design and

results follow.
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Calreticulin and Ca®" signaling

The role of calreticulin as an ER Ca**-binding protein is well documented (Baksh
and Michalak, 1991; Bastianutto et al., 1995; Camacho and Lechleiter, 1995; John et al.,
1998; Mery et al., 1996; Mesaeli et al., 1999; Michalak et al., 1999; Nakamura ef al.,
2001b; Xu et al., 2000). In calreticulin-deficient fibroblasts, ER Ca®" storage capacity is
reduced (Nakamura et al., 2001b) while in calreticulin over-expressing fibroblasts there
is an increased amount of Ca®" in intracellular stores (Bastianutto et al., 1995; Mery et
al., 1996). It is likely that changes in ER Ca®" storage capacity and changes in Ca®*
binding to calreticulin affect chaperone function and impact the quality control of ER
protein folding. Thus, in calreticulin-deficient fibroblasts, there is impaired InsPs-
dependent Ca®* release owning to inefficient binding of a ligand (e.g., bradykinin) to the
plasma membrane receptor (Nakamura et a/., 2001b). Thus, an alteration in ER Ca®
concentration disrupts normal ER dynamics thereby impacting Ca®* homeostasis and
protein folding, such that these two functions are interdependent (Berridge, 2002;
Michalak et al., 2002).

Calreticulin-deficient fibroblasts have impaired agonist-induced Ca’* release and
exhibit compromised NFATc4 nuclear localization (Mesaeli et al., 1999). Nuclear
translocation of NFATc is dependent on dephosphorylation of its NLS by calcineurin.
The observation that NFATc4 cannot translocate to the nucleus in the absence of
calreticulin suggests that calcineurin requires Ca®* from the ER for activation and this
Ca”" comes from calreticulin. Subsequently, the inability of a cell to release Ca’" from
the ER means impaired Ca’"-dependent signaling cascades.

Our current understanding of components of Ca** signaling pathways indicate that
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downstream Ca**-dependent proteins cannot be activated without significant Ca®* release
from intracellular Ca®* stores, the SR and ER compartments. Hence, Ca’'-binding
proteins of the SR and ER represent essential components of intracellular Ca®* signaling
cascades. MEF2C is a transcription factor dependent on an upstream Ca®* signaling event
for activation. In order to investigate MEF2C function in calreticulin-deficient cells, it is
important to understand how Ca”* released by calreticulin in the ER could impact this

transcription factor.

Calmodulin

Calmodulin (CaM) is one of the most intensely studied members of the E-F hand
family of Ca®" sensors (F igure 1-6). CaM is a small cytoplasmic Ca2+-binding protein that
is expressed in all eukaryotes (Chin and Means, 2000), but not prokaryotes. CaM is found
throughout the cell and in the nucleus (Chin and Means, 2000). The protein consists of
148 amino acids with globular amino- and carboxyl-termini linked by an a-helix. Each
globular end (E-F hand) of the protein binds two Ca®* ions. In the absence of Ca**, CaM
has an elongated “dumb-bell” structure, but when Ca®™ is present the helical region
condenses and CaM assumes a globular conformation. These conformational changes
enhance affinity of CaM for CaM-binding proteins. Most CaM targets are enzymes (Chin
and Means, 2000) that rely on the Ca**/CaM complex for activation. Therefore, the main
function of CaM is to convert Ca** signals into cellular function. CaM is essential for cell
growth, proliferation, and movement (Chin and Means, 2000). CaM has several targets
and, at present, it is unknown how CaM selectively activates downstream signaling

pathways (Frey et al., 2000).
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Figure 1-6. Cartoon figure showing Ca**-dependent signalling in a hypothetical cell.
A signal at the plasma membrane causes ligand binding to an SR/ER receptor and this
encourages Ca’* release from the SR/ER. This Ca** enters the cytoplasm via the InsPsR
(RyR in SR) and binds to CaM. Ca®’ binding to CaM induces a conformation change in
this protein that enables to interact with downstream proteins such as CaN or CaMK.
CaN has many downstream targets of which the most well-documented are NFATc
proteins. CaMK acts to phosphorylate transcriptional repressor HDAC proteins and this
phosphorylation encourages nuclear export of HDACs. Abbreviations: CaM, calmodulin;
CaMKII, calmodulin-dependent protein kinase II; CaN, calcineurin, HDACS, histone

deacetylase 5; and NFATc, nuclear factor in activated T-cells c.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Extracellular space Ca?t

Plasma membrane y,

Cytoplasm

Sarco/e_ndoplasmic _
reticulum

C‘az+

gene

Nucleus

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

46



Relevant to cardiac physiology, is an observation that CaM interacts directly with
a region of histone deacetylases (HDACs) that associate with and suppress activity of
MEF?2 transcription factors (Youn et al., 2000). MEF2 transcription factors are essential
for heart development (Lin et al, 1997) and the CaM/HDAC interaction may be
indicative of a feedback loop. CaM over-expression in the mouse heart results in severe
cardiac hypertrophy (Frey et al., 2000; Gruver et al., 1993). In hearts of these animals,
CaM-dependent protein kinase II (CaMKII) activity was observed to be higher (Frey et
al., 2000). CaMKII is a downstream target of Ca®*/CaM complex and is less sensitive to
Ca® than other downstream targets of CaM. It is unknown if activity of other
downstream proteins were measured in these animals, or if CaMKII was the only

Ca®*/CaM complex target activated.

Calmodulin-dependent protein Kinase

Well-documented targets of the Ca?*/CaM complex are CaMKs. Four genes code
for four isoforms of CaM-dependent protein kinase, named CaMKI to CaMKIV. CaMKI
is widely expressed (Frey ef al., 2000), CaMKII is the main isoform in the heart,
CaMKIII is ubiquitously expressed (Ryazanov et al., 1997) and selectively activated in
proliferating cells (Parmer et al., 1999) while CaMKIV is expressed mainly in brain and
testis (Frey et al., 2000). As CaMKII is the main cardiac isoform, it is of particular
interest in this investigation.

All CaMKs are dependent on Ca**/CaM complex for activation. CaMKs are at
least one order of magnitude less sensitive to Ca®* than calcineurin (Lisman, 1994) and
can be activated by a transient high amplitude Ca’* spike (Frey et al., 2000). The

Ca**/CaM complex activates CaMKII (Chin and Means, 2000) by binding two protein
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kinases and promoting kinase autophosphorylation (Means, 2000). It is not known if
CaMK activation is initiated by ligand binding to the plasma membrane or by mechanical
activation (e.g., stretch); however, it is probable that CaMK can be activated by both
methods. Evidence of ligand activation has come from studies in which myocytes were
treated with hormones in the absence or presence of a CaMK inhibitor. CaMK is
activated by insulin-like growth factor (IGF-1) (Muscat and Dressel, 2000) while KN-62,
a synthetic inhibitor of CaMK (Tokumitsu et al., 1990), prevented endothelin-1 (ET-1)
induced hypertrophy (Irons et al., 1992; Zhu et al., 2000). At present, findings have
demonstrated that CaMK is a downstream target of both ET-1 and IGF-1.

CaMK interaction with membrane components of the SR enhances muscle
contractility. For example, CaMK phosphorylates RyR to modulate Ca®* release from the
SR (Simmerman et al., 1986) while it may also phosphorylate SERCA to affect Ca®*
uptake into the SR (Xu and Narayanan, 2000). Furthermore, CaMK phosphorylates Thr'’
on phospholamban disrupting phospholamban interaction with SERCA and promoting
Ca’* uptake into the SR (Simmerman e al., 1986). It is possible that interaction of CaMK
with SR membrane proteins represents a feedback mechanism. Hence, in heart disease it
is likely that CaMK phosphorylation of SR proteins is altered (Frey et al., 2000), but this
has yet to be thoroughly investigated.

Indirect downstream targets of CaMK are members of the MEF2 family of
transcription factors. CaMK disrupts MEF2/HDAC4 and MEF2/HDACS complexes to
promote nuclear export of HDAC4 and HDACS (Corcoran and Means, 2001; Lu et al.,
2000; McKinsey et al., 2000; McKinsey et al., 2001b; Miska et al., 1999; Muscat and

Dressel, 2000) (Figure 1-6). In addition, CaMKII has other mechanisms by which to
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further enhance MEF2 transcriptional activity. CaMKII can phosphorylate Ser'*® and

Serl42

of CREB (cyclic AMP response element binding protein) (Sheng ez al., 1991)
which could result in p300 interaction with MEF2 transcription factors (Eckner et al.,
1996; Sartorelli et al., 1997). p300 is a very important regulator of gene expression
(Janknecht and Hunter, 1996) as it has histone acetyl transferase (HAT) activity
(Ogryzko et al., 1996) and functions to disrupt repressive (i.e. condensed) chromatin
structures. Hence, p300 interaction with MEF2 could enhance transcription of MEF2
target genes (e.g., genes for muscle growth). Thus, MEF2 proteins are indirectly activated
by CaMK.

Mice over-expressing CaMKIV in the heart have been created and these animals
develop cardiac hypertrophy (Passier et al., 2000). CaMKIV is not the major CaMK
isoform in the heart, but likely mimics the function of CaMKII (Frey ez al., 2000). In
humans, an increase in CaMK activity has been observed in patients with dilated

cardiomyopathy (Kirchhefer et al., 1999). Thus, it can be concluded from transgenic and

clinical studies that activated CaMK plays an important role in cardiomyopathies.

Calcineurin

Calcineurin (CaN), also called protein phosphatase 2B, is a highly conserved,
Ca2+/CaM-dependent serine/threonine phosphatase (Klee, 1998; Rusnak and Mertz,
2000). To date, it is the only serine/threonine protein phosphatase directly regulated by
Ca**/CaM (Klee et al., 1979; Klee et al., 1988). Although CaN is ubiquitously expressed
(Klee, 1998), it is found in brain and muscle at approximately 10-fold higher
concentrations than in any other cell type (Olson and Williams, 2000b). As skeletal and

cardiac muscle are very Ca**-dependent tissues, it is not surprising that a Ca**/CaM-
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dependent serine/threonine protein phosphatase is able to regulate many cellular events in
these tissues.

CaN cellular localization can vary depending on cell type. In the brain, 50 to 70%
of CaN is membrane bound or associated with cytoskeletal elements (Shibasaki er al.,
2002). CaN binding to membranes is myristoyl independent and is mediated by anionic
phospholipids, diacylglycerol, and the presence of CaM (Kennedy et al., 1996). Although
CaN has been found in the nucleus (Moriya et al., 1995; Pujol ef al., 1993; Shibasaki et
al., 1996), it is generally considered to be predominantly a cytoplasmic protein (Rusnak
and Mertz, 2000) (Figure 1-6).

CaN is a heterodimer consisting of two subunits, A and B. The two subunits are
tightly bound, only dissociating under denaturing conditions (Klee et a/., 1988). Subunit
A is the CaM-binding catalytic subunit while subunit B is the Ca**-binding regulatory
subunit (Olson and Williams, 2000a; Rusnak and Mertz, 2000; Stemmer and Klee, 1994).
In the presence of less than 107 M Ca?*, subunit A binds subunit B (Klee ef al., 1988). If
alone, subunit A exhibits only very low enzymatic activity, but when coupled with the B
subunit the phosphatase has high activity (Milan et a/., 1994; Perrino et al., 1992).

CaN subunit A (CnA) is encoded by three genes, @, £, and 7. In humans, the «, £,
and y genes are located on chromosomes 4, 10, and 8, respectively (Wang et al., 1996).
The « and £ gene products can be alternatively spliced (Guerini and Klee, 1989) further
adding to their complexity. Depending on the isoform CnA is 57- to 59-kDa in mammals
and can be as much as 20% larger in lower eukaryotic species (Rusnak and Mertz, 2000).
CnAc and Sexist in an overlapping expression pattern in multiple tissues while CnAy

has a testis-restricted distribution (Chang et al., 1994). It is not surprising that all three
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CnA isoforms share substantial homology in the domain encoding the catalytic site
(Bueno et al., 2002a; Cohen et al., 1996; Goto et al., 1986; Klee et al., 1988; Kuno et al.,
1992). One major difference between the isoforms is variable amino- and carboxyl-
terminal regions, whose functions are largely unknown (Guerini and Klee, 1989; Klee,
1998).

Two mouse lines with CnA gene disruptions have been created. Mutant mice
lacking CnAa do not significantly differ from wild-type littermates. CnA a-deficient
mice display only minor defects in T-cell response (Zhang er al., 1996) and altered
synaptic plasticity in the central nervous system (Kayyali et al., 1997; Zhuo et al., 1999).
The second CnA gene disrupted was CnAf. CnApf-deficient mice were viable, and
fertile; however, these mice displayed a 80% decrease in cardiac CaN activity and a 12%
reduction in basal heart size (Bueno et al., 2002b). Additionally, CnA f-deficient mice
showed impaired hypertrophic response to pressure overload or angiotensin II infusion
(Bueno et al., 2002b). The fact that the CnA gene disruptions were not lethal suggests
that CnA a and CnA S isoforms may compensate for one another.

The mature CnA subunit can be subdivided into 5 domains: 1) amino-terminal
region (amino acids 15-24), which interacts with the CaN B subunit and may impact CaN
catalytic activity (Kissinger et al., 1995); 2) catalytic domain, a 350 amino acid core
which binds an Fe’* and Zn** ion and has sequence homology to other protein
phosphatases; 3) CaN B-binding domain (amino acids 350-370); 4) CaM-binding domain
(amino acids 390-414); and 5) an autoinhibitory (AI) domain (amino acids 469-486) that
blocks access to the catalytic site. The three-dimensional X-ray crystal structure of CaN

has been solved to a resolution of 2.1A (Griffith et al., 1995; Kissinger et al., 1995).
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Structurally, the catalytic domain is comprised of a sandwich-like segment of six S-sheets

covered by three ahelices and three S-sheets which is layered by five f-sheets covered
by a predominantly helical structure (Klee, 1998). Bound to residues at the two faces of
the £ sandwich are the Fe’* and Zn®* ions of the active site. Interestingly, the CaN B-
binding domain, CaM-binding domain, and Al domain are all a—helices. As expected, the
Al a-helix runs perpendicular to the CaN catalytic site and binds to the substrate-binding
cleft of the enzyme thereby blocking substrate access to the active site (Kissinger et al.,
1995). CnA amino-terminal residues are responsible for interaction with carboxyl-
terminal residues of CnB and these resides account for the high-affinity of CnB for CnA
(K¢ < 107" M) (Anglister et al., 1995; Watanabe et al., 1995).

Much of the information regarding the active site of CaN has come from
comprehensive sequence alignments of serine/threonine protein phosphatases (Barton et
al., 1994; Guerini et al., 1992; Koonin, 1994; Lohse et al., 1995; Zhuo et al., 1993).
These alignments have permitted identification of a consensus “phosphoesterase motif”
(Koonin, 1994; Zhuo et al., 1993). Site-directed mutagenesis of active site resides (Mertz
et al., 1997; Zhuo et al., 1993) has assisted in identification of essential CaN active site
residues. X-ray diffraction studies indicate that CaN has a dinuclear metal core separated
by 3.14A (Kissinger et al., 1995). In addition to metal ions, there are several conserved
residues within the CaN active site (Rusnak and Mertz, 2000). Although the role
attributed to some active site residues is still tentative, a mechanism for CaN
dephosphorylation has been proposed (Rusnak and Mertz, 2000).

In mammals, CnB is approximately 19-kDa and is encoded by two genes, each

having alternatively spliced isoforms (Ueki et al., 1992). The tissue expression pattern of
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the two genes differs with CnB1 being ubiquitously expressed while CnB2 is expressed
only in the testis (Chang et al., 1994; Mukai et al., 1991; Ueki et al., 1992). The mature
CnB protein consists of 170 amino acids and possesses four Ca**-binding EF-hand motifs
(Aitken et al., 1984). As such, CnB has structural similarity to members of the EF-hand
family of Ca**-binding proteins (Guerini et al., 1989; Klee, 1998) sharing homology with
CaM (35% identity) and troponin (29% identity) (Rusnak and Mertz, 2000). NMR
analysis has indicated that the structure of CnB is similar to CaM, with two adjacent
Ca”*-binding loops linked by a flexible a~helix (Anglister et al., 1994; Kakalis et al.,
1995). CnB binds four Ca**, one with high-affinity (kg < 10”7 M) and three with mM
affinity (Kakalis et al., 1995).

At its amino-terminus, CnB has a myristoyl group. The mature CnB protein has a
glycine at position 2 that is acylated with myristic acid (Aitken et al., 1982). Although
this attribute is highly conserved from yeast to mammals, indicative of a critical
physiological role (Cyert, 1993; Klee, 1998), the myristoyl group is not essential for CaN
function. Mutation of this glycine to an alanine demonstrated that myristolation is not
required for membrane association and myristoylated and non-myristoylated CaN
heterodimers showed equivalent enzymatic activity (Zhu et al., 1995). The only
difference identified between the myristoylated and non-myristoylated CaN heterodimers
was that the myristoylated protein exhibited greater thermal stability (Kennedy et al.,
1996). X-ray structural investigation of muyristoylated and non-myristoylated CnB
indicated that the non-myristoylated amino-terminus is disordered whereas in the
myristoylated form the myristoyl group is anchored via multiple hydrophobic contacts

and this may enhance CnB stability (Kennedy et al., 1996; Kissinger et al., 1995). At
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present, the role of CnB myristoylation is debatable; however, it may not only enhance
protein stability, but it can be suggested that it may also facilitate interaction of CaN with
substrates near membranes (Shibasaki ef al., 2002).

The mechanism of CnB activation has yet to be elucidated (Shibasaki ef al.,
2002). What is known is that Ca®* binding to CnB plays a role in activation of CaN
phosphatase activity (Stemmer and Klee, 1994). It is hypothesized that Ca?* binding to
CnB plays a structural role rather than a regulatory role (Stemmer and Klee, 1994) and
the interaction between CnA and CnB is necessary for allosterically activating CnA
(Milan et al., 1994). Future investigation is necessary to fully deduce the mechanism of
CaN activation.

In addition to the post-translational modification of myristoylation, CaN itself can
be phosphorylated. CaN can be phosphorylated by protein kinase C (PKC) (Hashimoto
and Soderling, 1989; Tung, 1986), casein kinase I (Singh and Wang, 1987), casein kinase
IT (CKII) (Hashimoto et al., 1988; Hashimoto and Soderling, 1989; Martensen et al.,
1989) and CaMKII (Hashimoto and Soderling, 1989). Interestingly, the kinetics of the
phosphorylated and dephosphorylated forms are similar (Rusnak and Mertz, 2000). Thus,
the significance of CaN phosphorylation as a means of regulating CaN is an area

requiring further investigation.

Ca’ and CaN activation

CaN is a Ca’"-dependent phosphatase tightly regulated by intracellular Ca**
concentration. There is some discrepancy in the identity of the Ca®* source that activates
CaN, but depending on the cell type, it is possible that RyR/InsP3R, and L-type Ca**

channels are all involved (Cameron et al., 1995; Koide et al., 1997). During a signaling
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event, Ca** released by the SR/ER enters the cytoplasm and binds to CaM thereby
activating this cytoplasmic Ca®* buffer (Crabtree, 1999; Rao ef al., 1997). Activated CaM
binds CaN at the CaM-binding domain with high-affinity (Guerini, 1997) and this
binding induces a reversible conformational change in CaN. This structural modification
causes the Al domain to dissociate from the catalytic groove thereby unblocking the CaN
catalytic domain and activating the phosphatase (Kincaid and Vaughan, 1986; Sugiura et
al., 1998). The Ca®*/CaM dependence of this enzyme allows CaN to respond to narrow
Ca®* thresholds following stimulation (Dolmetsch et al., 1997; Shibasaki et al., 2002).
Interesting, CaN is activated by sustained Ca®* release from the ER and Ca®* influx from
the plasma membrane (Aramburu ef al., 2000; Crabtree, 2001), but is insensitive to Ca**

transients such as those necessary for muscle contraction (Dolmetsch et al., 1997).

CaN substrates

Contrary to other protein phosphatases, CaN has a relatively narrow substrate
specificity (Guerini, 1997; Klee, 1998). CaN is able to bind some substrates due to a
conserved calcineurin-binding motif, PxIXIT (Chow et al., 2000; Kim et al., 2003).
Substrate specificity of CaN is not only due to a specific sequence, but rather is
determined by structural features (Blumenthal et al., 1985; Donella-Deana et al., 1994).
Substrates of CaN include: 1) two inhibitors of phosphatase 1, DARP32 (dopamine and
cyclic AMP regulated phosphoprotein) and inhibitor-1; 2) two membrane receptors,
InsPsR (Cameron ef al., 1995) and N-methyl-D-aspartate (NMDA) synaptic receptor
(Lieberman and Mody, 1994; Tong et al., 1995); 3) Bad, a pro-apoptotic protein of the
Bcl-2 family (Wang et al., 1999); 4) nitric oxide synthase (Dawson et al., 1993;

Herskovits et al., 1993); 5) substrates co-localized to the cytoskeleton, tau (Garver et al.,
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1999; Goto et al., 1985, Kayyali et al., 1997), microtubule-associated protein 2 (Goto et
al., 1985; Montoro et al., 1993), tubulin (Goto et al., 1985), dystrophin (Earnest et al.,
1996; Michalak et al., 1996; Walsh et al., 1995), and dynamin (a GTPase involved with
endocytosis) (Earnest et al., 1996; Herskovits et al., 1993; Liu er al., 1994); 6) heat shock
protein 25 (Gaestel ez al., 1992); and, 7) transcription factors, Elk-1 (Gaestel et al., 1992;
Sugimoto et al., 1997), NFATc (Barford, 1996; Molkentin ef al., 1998), and MEF2A (Wu
et al., 2000). It has been suggested that tight binding of substrates by CaN may assist
dephosphorylation of substrates whose intracellular concentration is very low (Jain et al.,
1993; Wesselborg et al., 1996). Although several substrates of CaN have been identified,
it is possible that there are others yet to be discovered.

Adaptor proteins permit CaN to interact with a larger number of proteins. For
example, association of CaN with FK506-binding protein-12 (FKBP12) protein allows
CaN to regulate InsP3R (Cameron et al., 1995). InsPsR is found within the ER membrane
and is a channel that permits Ca®* efflux from the ER in response to Ca’" or InsP;
binding. FKBP targeting of CaN to this ER receptor may induce a structural change to the
receptor via dephosphorylation (Brillantes et al., 1994; Cameron et al., 1997) thereby
inducing a structural change that could ensure rapid Ca”* release from the ER.

As CaN is a ubiquitous protein, it is highly probable that it is involved in many
different Ca**-dependent signaling pathways in multiple organ systems. To date, several
important cellular functions of CaN have been documented (Rusnak and Mertz, 2000).
One very important function of CaN is to dephosphorylate NFATc transcription factors.
Dephosphorylation of a serine-rich region of the amino-terminal of NFAT unmasks two

NLSs that permit NFAT to translocate to the nucleus and modify gene expression
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(Flanagan et al., 1991; Molkentin ez al., 1998; Okamura ef al., 2000; Rusnak and Mertz,
2000). Interestingly, Ca*" binding to CaN encourages an association between CaN and
NFAT resulting in the co-localization of both to the nucleus (Shibasaki et al., 1996). The
significance of this co-localization is uncertain, but may be to maintain the signaling
event and prevent NFAT nuclear export (Shibasaki et al., 1996). By any means, CaN
translocation of NFAT is necessary for immune responses in B- and T-cells (Rao et al.,
1997) as well as is essential for cardiac development and pathology (Akazawa and
Komuro, 2003; Mesaeli ef al., 1999; Molkentin et al., 1998; Olson and Molkentin, 1999).
When intracellular Ca** concentration is less than 150nM, glycogen synthase kinase-
33 (GSK-3p) will phosphorylate nuclear NFAT resulting in NFAT being exported from
the nucleus in a chromosome region maintenance protein 1- (CRM1)-dependent manner
(Fukuda et al., 1997; Gorlich, 1997) with a t'2 ~12 minutes (Shibasaki et al., 1996). In
addition to influencing NFAT, CaN in skeletal muscle influences activity of MEF2
family of transcription factors by an unknown mechanism (Akazawa and Komuro, 2003;
Blaeser et al., 2000; Frey et al., 2000; Mao and Wiedmann, 1999; Wu et al., 2000; Youn

et al., 1999).

CaN in the heart

Although the physiological function of CaN dephosphorylating NFAT was
originally elucidated in T-cells, the same basic pathway applies in other cell types
including cardiomyocytes (Frey and Olson, 2003; Molkentin ez al., 1998; Sugden, 1999;
Wilkins and Molkentin, 2002). Mice with NFATc1 gene disruption die in utero due to an
inability to develop normal heart valves and septa (de la Pompa et al., 1998; Ranger et

al., 1998). In another study, mice with cardiac over-expression of a constitutively-active
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form of NFAT were found to develop severe cardiac hypertrophy (Molkentin et al.,
1998). Therefore, in the heart, NFAT is essential for cardiac development and
participates in the occurrence of cardiac hypertrophy (de la Pompa ez al., 1998; Lim and
Molkentin, 1999; Lim and Molkentin, 2000; Molkentin et al., 1998).

Even though both CnA and CnB subunits are essential for catalytic activity, the
CnA subunit can be activated constitutively by deletion of the carboxyl-terminal
regulatory region (O'Keefe et al., 1992). Deletion of both the AI domain and a carboxyl-
terminal portion of the CaM-binding domain within CnA renders a constitutively-active
form of CnA (CaN*), which is Ca’" and CaM independent (Hubbard and Klee, 1989;
O'Keefe et al., 1992). Transgenic mice with CaN* under control of the &-MHC promoter
will over-express constitutively-active CaN only in the heart. It was found that these a-
MHC-CaN* mice developed severe cardiac hypertrophy and died approximately 70 days
after birth as a result of heart failure (Molkentin et al., 1998; Olson and Molkentin,
1999). The reason for development of hypertrophy was attributed to NFATc activation of
genes associated with the fetal cardiac program (Molkentin et al., 1998). When CaN*
mice were treated with an immunosuppressant drug, cyclosporin A (CsA), to target CaN
and CaN*, cardiac hypertrophy was essentially eliminated (Molkentin et al., 1998). As
such, it was implied that inhibitors of CaN may one day be utilized in a clinical setting to
treat cardiac hypertrophy (Olson and Molkentin, 1999; Sussman et al., 1998).

In the clinic, elevated levels of activated CaN were observed in hearts from
patients in a compensatory hypertrophic phase and to a lesser extent in patients with
overtly failing hearts (Haq et al., 2001). In another investigation, CaN activity was found

to be several fold higher in cardiac extracts from heart failure patients (Lim and
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Molkentin, 1999). Clinical observations pertaining to CaN and heart disease as well as
findings pertaining to CaN in animal models all suggest the importance of CaN to
development of cardiac hypertrophy. Therefore, identification of CaN inhibitors could

potentially be utilized to avoid, treat, or perhaps even cure some cases of cardiac

hypertrophy.

Expression of CaN* in hearts of crt " mice

Calreticulin-deficient cells have impaired InsP;-induced Ca** release (Nakamura
et al., 2001b) and compromised NFATc nuclear translocation (Mesaeli ef al., 1999),
implying that CaN activity is impaired in absence of calreticulin. Calreticulin-deficiency
is embryonic lethal in mice due to severe cardiac defects and, at present, no animal
completely deficient for CaN exists. Subsequently, without a CaN-deficient animal model
it is difficult to fully understand the relationship between the ER, calreticulin, Ca*, and
CaN. Recently, this challenge was overcome by breeding calreticulin heterozygote mice
with a-MHC-CaN* mice. This breeding was an attempt to link ER Ca®" to activation of
CaN. Interestingly, such breeding rendered a viable calreticulin-deficient mouse (Guo ef
al., 2002) that had CaN* only in the heart (Figure 1-7). The fact that this animal was born
indicated that calreticulin is a key upstream regulator of CaN in the Ca®*-signaling
cascade.

Although expression of CaN* in the heart reversed embryonic lethality because
of calreticulin-deficiency, the surviving mice exhibited postnatal pathology and died 7 to
35 days after birth. In comparison to littermates, the rescue mice exhibited massive
growth retardation and had severe metabolic problems as evidenced by blood cholesterol

and sugar concentrations (Guo et al., 2002). Blood analysis indicated hypoglycemia as
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Figure 1-7. Cardiac expression of calcineurin rescues -calreticulin-deficient
phenotype. A photograph of calreticulin-deficient mouse rescued with the activated
calcineurin (crt ™ : activated CaN) and its sibling (crt™: activated CaN) at 4 weeks of

age. Reproduced from The Journal of Biological Chemistry, 2002, 277: 50776-50779

with copyright permission.
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early as the first week of postnatal life and the “milky” appearance of the serum was
indicative of abnormal lipid metabolism. Biochemical analysis of serum revealed
significantly high levels of cholesterol (over 4-fold) and triacylglycerols (over 9-fold) in
the rescue mouse relative to a heterozygote littermate. The underlying cause for the
metabolic aberrations is not yet understood, but suggests the importance of the ER and

calreticulin for normal energy homeostasis following birth.

MEF2C and Ca™

Contractions initiated in heart tubes of MEF2C homozygous embryos were
observed to be slower and less rhythmic than that of wild-type embryos. At E9, the heart
rate of wild-type and MEF2C heterozygous embryos was recorded as 58 + 3 beats per
minute, whereas for the mutants it was 26 +4 beats per minute (Lin et al., 1997). In
wild-type embryos, the heart tube was noted to exhibit a peristaltic beat that become
sequential, with strong atrial contraction preceding ventricular contraction (Lin et al.,
1997). However, in MEF2C homozygotes, the atrial chamber exhibited weak
contractions and the hypoplastic ventricular chamber appeared to vibrate only in response
to the atrial contractions (Lin ef al., 1997). Therefore, the poor contractile properties of
the heart suggest that Ca®* homeostasis and/or Ca®* handling proteins are compromised in

absence of MEF2C.

HDACsS repress MEF2 activity (McKinsey et al., 2001b) and CaMKs relieve this

98

repression. CaMKs activate MEF2C by phosphorylating Ser®® and Ser™® of class I

HDACs (HDAC4 or HDACS) resulting in HDAC release from MEF2C (Lu ef al., 2000;
McKinsey et al., 2000). HDAC4 and -5 each possess a signal-responsive nuclear export

sequence (NES) at their extreme carboxyl-termini (McKinsey ez al., 2001b). As such,
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evidence suggests that the chaperone protein 14-3-3 associates with phosphorylated
Ser® and Ser™® thereby causing nuclear export of HDACs (Ellis et al., 2003; Frey et al.,
2000; McKinsey et al., 2000; McKinsey et al., 2001b). Nuclear export of HDACs is not
essential for activation of MEF2s, but was found to help sustain expression of target
genes (McKinsey et al., 2000). In the cytoplasm, CaM may associate with the MEF2-
binding domain of HDAC (Frey et al., 2000), perhaps representing a Ca**-feedback
mechanism. Further studies to determine the significance of the CaM interaction with
HDAC:s are necessary.

MEF2 proteins possess numerous sites of potential phosphorylation. CKII, protein
kinase C (PKC), calmodulin-dependent protein kinase IV (CaMKIV), and MAP-
dependent protein kinase (MAPK) can all phosphorylate MEF2 (Black and Olson, 1998)
(Figure 1-8). p38 (MAPK) is a terminal component of the Ras signaling pathway and a
p38 target is MEF2C (Han ef al., 1997). p38 phosphorylates several sites in the carboxyl-
terminal transactivation domain of MEF2; however, MEF2 bound by HDACs prevents
phosphorylation by p38. Thus, CaMK must be activated before MEF2 phosphorylation
by p38 is possible (Frey et al., 2000). p38 phosphorylation of MEF2 serves to enhance
MEF?2 transcriptional activity. Although some aspects of MEF2C phosphorylation are

known, it is an area that requires further investigation.
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Figure 1-8. Schematic diagram of MEF2C with identified sites of phosphorylation
indicated. Only a few sites of MEF2C phosphorylation have been currently identified by
in vitro studies and they are indicated in the figure along with respective phosphorylating
kinases. MADS and MEF2 domains are indicated as are the relative locations of the NRS
and bipartite NLS. Abbreviations: CKII: casein kinase 1I; CaMKIV: calmodulin-
dependent protein kinase IV; MAPK: mitogen-activated protein kinase; NRS: nuclear

retention signal; and NLS: nuclear localization signal.
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Objectives

The objective of this study was to determine what cardiac expressed transcription
factors activate the calreticulin promoter and determine if any of these factors were
regulated by CaN. In cardiomyocytes, Ca®* serves several roles ranging from a secondary
messenger involved with gene expression to a controller of excitation-contraction
coupling (Molkentin et al., 1998; Passier et al., 2000). As such, Ca®" is an essential
component in both heart development and in healthy and diseased hearts. Disruption of
calreticulin gene, an ER Ca**-binding protein, is embryonic lethal in mice as a result of
improperly developed heart ventricles (Mesaeli et al., 1999). Intracellular Ca*" modulates
phosphatase-mediated cellular signaling and cardiac expression of constitutively-active
CaN, a Ca**/calmodulin-dependent phosphatase, will rescue the calreticulin-deficient
phenotype (Guo et al., 2002). CaN is known to influence activation of several
transcription factors including NFATc4 (Molkentin ef al., 1998) and MEF2A (Wu et al.,
2000). An important Ca’*-dependent cardiac transcription factor essential for heart
development and associated with hypertrophy is MEF2C (Lin et al., 1997; Passier et al.,
2000). Disruption of the MEF2C gene in mice is embryonic lethal early in development
due to severe malformation of heart ventricles (Lin et al., 1997). Hence, an aim of this
investigation was to provide a molecular explanation as to why the calreticulin-deficient
embryo dies during development while cardiac over-expression of constitutively-activate

CaN rescues the crf” phenotype.

66

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Rationale and hypothesis

The ER participates in Ca**-dependent signaling cascades by releasing its stored
Ca® which serves to activate cytoplasmic proteins that impact transcriptional
activation/suppression of genes associated with growth, stress, or other cellular processes
(Berridge, 2002). A change in the dynamics of the ER, such as absence of a molecular
chaperone or a change in Ca* homeostasis, can have a substantial influence on cellular
signaling cascades. An ER lumen protein that functions as both a molecular chaperone
and a Ca’" buffer is calreticulin. Calreticulin is highly expressed in the embryonic heart
and is essential for heart development. Examination of calreticulin-deficient fibroblasts
indicated that basal ER Ca®" concentration is lower than wild-type fibroblasts and InsP;R
Ca”" release is compromised when calreticulin is absent. Thus, one hypothesis is that
calreticulin-deficient cells have compromised intracellular Ca®* signaling cascades. To
date, the only Ca”*/CaM-dependent serine/threonine phosphatase identified is CaN. CaN
is an ubiquitously expressed cytoplasmic protein whose activation is dependent on Ca**
released from the ER via InsP3R (Mesaeli et al., 1999). Cardiac over-expression of CaN*
results in cardiac hypertrophy (Molkentin et al., 1998) and breeding heterozygote
calreticulin mice with mice that expressed CaN* in the heart rescued calreticulin-
deficient embryos (Guo et al., 2002). Survival of the rescue mouse suggests that
calreticulin is an upstream regulator of CaN; however, it also raises the question of why
the calreticulin-deficient rescue mouse survives. Does it survive solely due to NFATc
translocation or are other effectors of CaN responsible? Thus, identification of
transcription factors dependent on CaN activation is necessary to suggest an explanation

as to why the calreticulin-deficient rescue mouse is viable.
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CaN has been reported to target MEFA in skeletal muscle (Wu et al., 2000).
MEF2A is the MEF2 isoform most similar to MEF2C (Black and Olson, 1998) and
MEF2C is essential for development of heart ventricles (Lin et al., 1997). Therefore, my
hypothesis is that calreticulin-dependent Ca®* released from the ER is essential for
activation of CaN and this phosphatase acts on MEF2C to increase expression of MEF2C

target genes.

Specific aims

The phosphatase CaN and the transcription factor MEF2C are essential for
cardiac development, normal post-natal cardiomyocyte growth, and both proteins can
contribute to disease hypertrophy. Does activated CaN target MEF2C in the heart to
rescue the calreticulin-deficient phenotype? To answer this question and further deduce
signaling pathways involved in cardiac development and pathology, it is necessary to
determine if and how CaN influences MEF2C transcriptional activity in cardiomyocytes
by performing the following experiments:

1) Utilize reporter genes to determine if MEF2C and CaN* independently and/or
synergistically activate the calreticulin promoter.

2) Demonstrate interaction of MEF2C with the calreticulin promoter.
3) Demonstrate that CaN activation is compromised in the absence of calreticulin.
3) Determine if CaN* influences activation of MEF2C.

4) Demonstrate direct targeting of MEF2C by CaN*.

For this investigation, established biochemical and molecular biological techniques were

to be utilized.
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Significance of proposed research

Cardiac hypertrophy is a major illness contributing to hundreds-of-thousands of
deaths annually. Subsequently, it is essential that cardiac hypertrophy be understood at a
molecular level so that novel targets to prevent, treat, or perhaps even cure the disease be
identified, Researchers have found that cardiac disease and cardiac development are very
similar processes as both utilize Ca’*-dependent signaling pathways and both require
expression of many similar genes. Consequently, the purpose of this study was to expand
current understanding of cardiac Ca**-dependent signaling pathways by providing a
molecular explanation as to why calreticulin-deficient embryos die in utero and how
cardiac expression of CaN* rescues calreticulin-deficient mice. It is hypothesized that the
Ca**-dependent phosphatase, CaN, regulates activity of a transcription factor essential for
cardiac development and muscle growth, MEF2C. If the hypothesis is correct and CaN
regulates MEF2C activity, then targeting ER Ca®* release, CaN, and/or MEF2C with
drugs or endogenous inhibitors could represent an effective treatment for cardiac
hypertrophy. From a pharmacological perspective, MEF2C represents a promising drug
target as it is an endpoint upon which multiple hypertrophic signaling cascades converge
(Black et al., 1998; Kolodziejczyk, 1999). Thus, this research will provide major insight
into molecular mechanisms underlying control of fetal cardiac genes responsible for

cardiac pathology seen in clinics throughout the world.
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MATERIALS & METHODS

Luciferase and S-galactosidase assays

1722bp of the mouse calreticulin promoter (Waser ef al., 1997) was inserted into
a promoterless luciferase reporter vector (de Wet et al., 1987), pXP1 (ATCC), to create
CPF plasmid. ¢cDNAs encoding transcription factors were generous gifts supplied by
other investigators as follows: Nkx2.5 from Dr. Issei Komuro (University of Tokyo
Graduate School of Medicine, Tokyo, Japan); MEF2C and myocardin from Dr. Eric N.
Olson (University of Texas Southwestern Medical Center, Dallas, Texas, USA); GATA4
and GATAG6 from Dr. Mona Nemer (Institut de Recherches Cliques de Montreal,
Montreal, Quebec, Canada); NFATc4 from Dr. T. Hoey (Tularik Inc., San Francisco,
California, USA); Evi-1 from Dr. Archibald S. Perkins (Yale School of Medicine, New
Haven, Connecticut, USA); COUP-TFI from Dr. Larry Fliegel (University of Alberta,
Edmonton, Alberta, Canada); and MyoD1 from Dr. Michel Puceat (Centre de Recherches
de Biochime Macromoléculaire, Montpellier, France).

For luciferase reporter gene activity analysis, NIH3T3 mouse fibroblasts were
transiently transfected with plasmid DNA by the Ca**-phosphate transfection method
(Ausubel et al., 1989). Transfections methods such as Lipofectamine (Invitrogen, Cat.
18324-012), Effectene (Qiagen, Cat. 301425), and FuGENE 6 (Roche, Cat 1 814 443)
were all tested to determine transfection efficiencies. In all instances, much higher
efficiencies were observed with the commercial products (FUGENE 6 > Effectene >
Lipofectamine), but because similar trends relative to controls were observed, I opted to

transfect with the very economical Ca2+-phosphate method. Between 5 and 10ug total

DNA (with typically 2ug of DNA plasmid containing cDNA encoding each transcription
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factor) was transfected into cells (~50% confluent; approximately 6 x 10° cells) grown on
10cm plates. For controls, empty vector was used to normalize DNA amounts (Guo et al.,
2001; Liang et al., 2001). 48 hours after transfection, cells were washed three times with
PBS [137mM NaCl; 2.7mM KCI; 8.1mM Na,HPOy; 1.5mM KH,POy4; pH 7.4 ], lysed
with 1004L of a Nonidet P40 (NP40) lysis buffer [100mM Tris, pH 7.8; 0.5% NP40;
50mM dithiothreitol (DTT)] for 20 minutes on ice, harvested, and centrifuged at 7500rpm
for 5 minutes at 4°C. Supernatant was collected and 104L utilized for each luciferase
measurement [combined with 1004L luciferase buffer (20mM Tricine; 1.1mM MgCO;;
2.7mM MgSOQy4; 0.1mM EDTA (Ethylene diamine tetra-acetic acid); 33mM DTT; 270uM
coenzyme A; 470uM luciferin (Sigma, Cat. L-6882); 530uM ATP)] and 20uL utilized
for each S-gal measurement [combined with 80xL H,0 and 13nM O-nitrophenyl-5-D-
galactopyranoside (ONPG)]. Data for luciferase and S-galactosidase activity assays were
collected as described previously (Guo et al., 2001; Waser et al., 1997) using Lumat

LB9501 and Molecular Devices microplate reader machines, respectively.

Cells and Cultures

NIH3T3 mouse fibroblasts, wild-type embryonic fibroblasts, and calreticulin-
deficient embryonic fibroblasts were maintained in Dulbecco’s modified eagle medium
(DMEM; Sigma; Cat. D5796) containing 10% fetal bovine serum (FBS; Sigma, Cat. F-
1051) and 1% penicillin-streptomycin (Invitrogen; Cat. 15140-122) at a pH of 7.8. Cells
were grown at 37°C in an 5% CO,, 95% air incubator. In some instances it was desirable
to elevate cytoplasmic Ca" concentration, so cells were treated with 200nM bradykinin

(Nakamura et al., 2001b). Cells after more than 25 passages were not utilized.
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RESULTS

Analysis of transcriptional activation of the calreticulin promoter

Reporter gene analysis suggested that numerous factors bind to the calreticulin
promoter to influence reporter gene activity (Figure 1-9). The transcription factors that
induced the greatest amount of reporter gene activity in order of most active were:
MEF2C, MyoD1, myocardin, GATA6, and Nkx2.5. Both GATA4 and NFATc4 were
unable to activate reporter gene activity even when co-transfected with other factors
and/or pre-treated with bradykinin to elevate cytoplasmic Ca®* concentrations.
Interestingly, two repressors of calreticulin promoter were identified, COUP-TFI and
Evi-1, with the latter being the more potent.

When Nkx2.5 was expressed with the calreticulin promoter-controlled luciferase
reporter gene, activity of the reporter gene was increased by approximately 50% (Figure
1-9). Investigation of Nkx2.5 influence on calreticulin promoter has been published (Guo
et al., 2001) and my contribution to this work was determining the influence Nkx2.5 had
on reporter gene activity in both NIH3T3 fibroblasts as well as neonatal rat
cardiomyocytes (Guo et al., 2001). Interestingly, when COUP-TFI expression vector was
co-transfected with plasmid containing cDNA encoding Nkx2.5 into fibroblasts, there
was a dose-dependent repression of reporter gene activity (Guo et al., 2001). When
considering that the expression of Nkx2.5 decreases during development and the relative
amount of COUP-TFI does not change significantly (Guo et al., 2001) it is reasonable to
hypothesize that in the developing heart expression of calreticulin is at least in part down-

regulated by COUP-TFI binding to the Nkx2.5 sites within the calreticulin promoter.
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Figure 1-9. MEF2C activated calreticulin promoter-controlled luciferase reporter
gene. Activity of calreticulin promoter-controlled luciferase reporter gene in NIH3T3
cells co-transfected with plasmid encoding various transcription factors. Mean data are
plotted relative to activity of the control. Although only a single control bar is present, it
represents control data collected for each transcription factor. Data are representative of a

minimum of three independent experiments. Mean +/- standard deviation is indicated.
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Myocardin activated reporter gene activity approximately 2-fold (Figure 1-9). At
the time of this investigation little was known about the consensus DNA binding site for
myocardin and few research tools (e.g., antibodies) were available. Thus, although
myocardin activates the calreticulin promoter-controlled luciferase reporter gene further
investigation of this transcription factor was not performed.

MEF2C was the transcription factor that activated calreticulin promoter-
controlled reporter gene to the greatest extent, consistently inducing a 3- to 4-fold
enhancement in reporter gene activity (Figure 1-9). MEF2C binds A/T rich DNA
sequences and within the calreticulin promoter there were four tentative binding sites
(Figure 1-5).

Of the nine transcription factors initially studied, only GATA4 and NFAT4c did
not to impact calreticulin promoter-controlled reporter gene activity (Figure 1-9). Both of
these factors were tested several times and under several different conditions. Different
conditions included: 1) co-transfection of cDNA encoding these two transcription factors;
2) co-transfection with ¢cDNA encoding other transcription factors; 3) co-transfection
with ¢cDNA encoding constitutively-active calcineurin plasmid to encourage NFATc4
nuclear accumulation; and 4) drug treatment to enhance cytoplasmic Ca®* to activate
endogenous calcineurin and permit NFATc4 nuclear translocation. Despite the effort,
neither GATA4 nor NFATc4 activated calreticulin promoter luciferase reporter gene.

Within the calreticulin promoter there are three tentative binding sites for GATA
factors (Figure 1-5). A yeast-one hybrid (Y 1H) experiment which utilized an E11 mouse
cardiac library (Guo et al., 2001) and a probe which had the double GATA site (-981bp

to -1000bp) from calreticulin promoter found that both GATAG6 (Identity: 276bp/283bp)
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and Evi-1 (Identity 362bp/372bp) strongly bound to this region of the calreticulin
promoter (Dr. Let Guo, unpublished data). Activation of calreticulin promoter driven
luciferase reporter gene by GATAG6 was observed to be approximately 80%, while Evi-1
inhibited reporter gene activity by 50% (Figure 1-9). Both GATA6 and Evi-1 are
expressed in the developing heart and the probable DNA binding site was known from
the Y1H, so further investigation of these factors was tempting.

Protein-protein interactions enable many transcription factors to regulate gene
expression and these interactions are an important aspect of the fetal cardiac program.
Many reports have found a synergistic relationship between Nkx2.5 and GATA
transcription factors for many fetal cardiac gene promoters (Durocher et al., 1997). For
this reason, a GATAG6 investigation had to include experiments involving Nkx2.5 and
COUP-TFL

MyoD! was found to activate calreticulin promoter-controlled reporter gene
activity approximately 3-fold (Figure 1-9). This observation was not surprising as the
calreticulin promoter possesses one ideal DNA consensus binding site for MyoDl
(Figure 1-5). Reporter gene results for MyoD1 served as a positive control and were an
indication as to the level of reporter activity that could be expected from a transcriptional
activator binding to an ideal consensus site within the calreticulin promoter. However,
MyoDl1 is a transcription factor expressed exclusively in skeletal muscle and is absent
from the heart. Since the primary objective of this investigation was to determine which
transcription factors regulated cardiac expression of calreticulin, further investigation of

MyoD1 was not beneficial.
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DISCUSSION

Nkx2.5 binds to and activates calreticulin promoter-controlled luciferase reporter
gene. Binding of calreticulin promoter by Nkx2.5 was not completely unexpected as the
promoter possessed three tentative binding sites for this transcription factor. As Nkx2.5 is
the earliest embryonic marker for cells committed to become cardiomyocytes, calreticulin
gene regulation by Nkx2.5 suggested that calreticulin may play an important role in early
cardiogenesis. A previous investigation involving transgenic mice with GFP under
control of calreticulin promoter found that calreticulin was highly expressed throughout
atria and ventricles of E9 hearts (Mesaeli et al., 1999). As Nkx2.5 is highly expressed in
cardiomyocytes at E7.5, it is probable that GFP expression would have been observed in
these embryos had it been examined prior to E9. Regardless, the observation that Nkx2.5
activates the calreticulin promoter and this activation is later repressed by COUP-TFI
binding to the Nkx2.5 site (Guo et al., 2001) suggests importance of calreticulin in early
heart development, and provides clues as how the calreticulin gene is regulated in
embryonic and adult hearts.

Myocardin is expressed in the embryonic heart at almost the same time as
Nkx2.5. Discovery of myocardin is relatively recent (Wang et al., 2001) and since being
first reported, many researchers have suggested that the role of myocardin may not be
greatest in the heart, but rather for expression of smooth muscle genes (Chen et al., 2002;
Li et al., 2003; Wang et al., 2003). The finding that myocardin activated the calreticulin
promoter-controlled luciferase reporter gene was unexpected as calreticulin promoter

lacks an ideal DNA binding site for this transcription factor. As such, future investigation
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will be necessary to precisely determine where myocardin binds to the calreticulin
promoter as well as the significance of myocardin transcriptional activation.

MEF2C was the transcription factor that most strongly activated calreticulin
promoter-controlled luciferase reporter gene. MEF2C binds A/T-rich DNA sequences
and inspection of calreticulin promoter suggested four tentative MEF2C binding sites.
Interestingly, cardiac expression of MEF2C overlaps with that of calreticulin. Mice with
MEF2C gene disrupted die at E9 as a result of malformed heart ventricles. In comparison,
calreticulin-deficient embryos die at E14.5 due to a similar defect. Hence, MEF2C
influence on calreticulin promoter-controlled luciferase reporter gene was a finding that
required further investigation.

GATA4 and NFATc4 did not influence activity of the calreticulin promoter-
controlled luciferase reporter gene. The calreticulin promoter possesses three tentative
GATA4/6 consensus binding sites that, interestingly, are in close proximity to four
putative NFAT DNA binding sites (Figure 1-5). As neither GATA4 nor NFATc4
influenced calreticulin promoter-controlled luciferase reporter gene, it was decided that
GATA4 and NFATc4 would not be further studied in this investigation.

GATAG activated calreticulin promoter-controlled luciferase reporter gene. The
observation that a cardiac expressed GATA family member activated the reporter gene
was not surprising as calreticulin promoter has three tentative GATA binding sites. Y1H
data suggested identity of the GATAG® binding site within calreticulin promoter as well as
a potential binding site for a repressor of GATA® activity, Evi-1. Thus, it was decided

that GATAG6 and Evi-1 influence on calreticulin promoter would be further studied.
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Experiments with luciferase reporter genes and transcription factors were a source
of discovery. These experiments provided clues as to which transcription factors
potentially regulated calreticulin promoter during cardiac development and data
suggested that several cardiac transcription factors could influence calreticulin promoter.
Of nine factors originally considered for investigation, seven were observed to impact
calreticulin promoter-controlled luciferase reporter gene activity. Of the seven, five
factors (Nkx2.5, myocardin, MEF2C, GATA6, and MyoDl) were deemed to be
transcriptional activators while two were found to be transcriptional repressors (Evi-1,
COUP-TFI). Given that so many factors potentially regulated calreticulin gene
expression, a decision had to be made as to which factors were to be focused upon.
MEF2C was the transcription factor that activated the reporter gene to the greatest extent,
consistently inducing a 3- to 4-fold enhancement in reporter gene activity. As MEF2C is
known to be highly expressed in both developing and diseased hearts, has a similar
expression pattern as calreticulin, and has been suggested to have transcriptional activity
influenced by Ca®* it was decided that this factor would be included in this investigation.
In addition, luciferase assay findings pertaining to GATA6 and Evi-1 were
complemented nicely by Y1H data. Therefore, the project to determine which cardiac
transcription factors regulated expression of calreticulin gene was to become more
focused and so further investigation was to involve only three factors: MEF2C, GATAG,
and Evi-1.

As will be seen in following chapters, the MEF2C aspect of the promoter
investigation would become the primary thesis project. As a result, data for GATA6 and

Evi-1 has been presented in Supplementary Chapter 1.
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Chapter Two

MEF2C BINDS TO THE CALRETICULIN PROMOTER

A version of portions of this chapter has been submitted for publication:

1. Lynch, J., Guo, L., Gelebart, P., Chilibeck, K., Xu, J., Molkentin, J.D., Agellon, L.B,,
and Michalak, M. 2004. Calreticulin signals upstream of calcineurin and MEF2C
in a critical Ca**-dependent signaling pathway of early cardiac development.
Status: Submitted.
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INTRODUCTION

Data from calreticulin promoter-controlled luciferase reporter gene experiments
showed that MEF2C strongly activated reporter gene activity. MEF2C binds A/T-rich
DNA nucleotide sequences (Gossett et al., 1989) and the consensus DNA binding site for
MEF2C 1s (C/T)TA(A/T)sTA(G/A) (Andres et al., 1995; Fickett, 1996; Pollock and
Treisman, 1991). Within the calreticulin promoter there is no ideal MEF2C DNA binding
site, but there were several A/T-rich sequences similar to the consensus site. Thus, the
next steps in this investigation involved determining if MEF2C: 1) synergistically
interacted with any other transcription factors to activate a calreticulin promoter-
controlled luciferase reporter gene; 2) influenced reporter gene activity in a dose-
dependent manner; and, 3) directly interacted with the calreticulin promoter to activate
gene expression. Determining synergism between transcription factors and constructing a
dose-response curve required performing more experiments with the calreticulin
promoter-controlled luciferase reporter gene. However, precisely determining where a
transcription factor binds to a site within a promoter is a laborious task. Current methods
utilized to establish DNA binding sites include electrophoretic mobility shift assay
(EMSA) and chromatin immunoprecipitation (ChIP).

EMSA is a technique utilized to demonstrate protein-DNA interaction. In EMSA,
a probe possessing a DNA sequence of interest is radiolabelled and incubated with a
protein of interest. Samples are analyzed on a native polyacrylamide gel and the
radioactivity visualized. DNA to which the protein binds will move more slowly in the
gel and mobility is relative to the sample with no protein. EMSA for MEF2C has been

previously described (McDermott et al., 1993; Molkentin et al., 1996a; Omatsky and
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McDermott, 1996). Advantages of the EMSA technique are that it is technically easy and
can be applied to reveal multiple complexes. A disadvantage of the method is that false
positives can occur in this non-physiological “pure probe - pure ligand” setting. To
correct for weakness of this technique, supporting evidence of protein-DNA interaction
can be collected from the following experiments: 1) supershift (antibody against the
ligand will supershift the band on a polyacrylamide gel); 2) competition EMSA; and 3)
ChIP. Despite its limitations, EMSA remains a powerful method by which to observe
protein-DNA interaction.

ChIP is a procedure (Lee and Kraus, 2001; Orlando, 2000) utilized to detect in
vivo protein-DNA interaction. The ChIP assay involves a step of in vivo formaldehyde
cross-linking of whole cells to stabilize protein-protein and protein-DNA interactions.
DNA is later sheared by sonication and antibodies specific for the protein of interest are
utilized for immunoprecipitation of the protein-DNA complexes. With ChIP it is possible
to isolate a transcription factor bound to DNA and later purify the DNA for PCR
(polymerase chain reaction) analysis. Therefore, ChIP provides biologically significant
evidence of protein binding to a specific region of DNA.

In this investigation various methods were utilized to provide evidence of MEF2C
binding to the calreticulin promoter. First, several luciferase reporter plasmids with
deletion mutants of the calreticulin promoter were constructed and utilized to determine
the region of the promoter bound by MEF2C. Second, EMSA and competition EMSA
were completed to show that MEF2C specifically bound to the calreticulin promoter in

vitro. Finally, a ChIP experiment provided in vivo evidence supporting the EMSA results.
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It was believed that by utilizing several different techniques the precise MEF2C site

within the calreticulin promoter would be correctly identified.
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MATERIALS & METHODS

Luciferase and f-galactosidase assays

Calreticulin promoter deletion mutants were created to assist in determining the
potential MEF2C binding site within calreticulin promoter. Three deletion mutants of the
calreticulin promoter had previously been made (Waser et al., 1997). For this
investigation extra calreticulin promoter deletion mutant plasmids were necessary and so
five additional deletion mutants of the calreticulin promoter were constructed by PCR
method. For each deletion mutant a 5° Sst1 site and a 3° HindIII site was introduced. PCR
was performed in a GeneAmp PCR System 9700 in 50uL total reaction mixture
consisting of: Taq buffer [20mM Tris-HCI (pH 8.8), 10mM KCI, 10mM (NH,),SO,,
2ZmM MgSQs, 0.1% Triton X-100, Sug BSA (bovine serum albumin)]; 0.3mM
deoxyribonucleotide triphosphates (dNTPs; Invitrogen; Cat. 55085); 200ng forward
primer; 200ng reverse primer; 2 units Vent Polymerase (NEB; Cat. M0254S). PCR
products were purified with Qiaquick PCR purification kit (Qiagen; Cat. 28106)
according to manufacturer instructions. PCR products were digested with restriction
enzymes as recommended by the manufacturer and separated by 1% low-melting-point
agarose gel (Invitrogen; Cat. 15517-014). DNA was purified from the gel by MinElute
gel extraction kit (Qiagen; Cat. 28606) as recommended by the manufacturer. In total,
eight deletion mutants of the calreticulin promoter were cloned into pXP1 with promoter
sizes ranging from 172 to 1510bp. Deletion mutants were named from smallest to largest,
CP1 to CP8 (Figure 2-1). For all cloning: 1) synthetic oligos were purchased from Sigma,
2) plasmid DNA was purified by QIAGEN plasmid maxi kit (Cat. 12165) according to

manufacturer instructions, 3) restriction enzymes were from Gibco, 4) ligation was with
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Figure 2-1. Schematic diagrams of calreticulin promoter and promoter deletion
mutants. The schematics indicate location of Nkx2.5 (red), MEF2C (green), GATA6
(blue) DNA binding sites as well as luciferase reporter gene (yellow). Vectors contained
the following DNA fragments of the calreticulin promoter: CPF: 1722bp; CP8: 1510bp;
CP7: 1234bp; CP6: 1009bp; CP5: 992bp; CP4: 907bp; CP3: 862bp; CP2: 371bp; CP1:

172bp.
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T4 ligase from NEB (Cat. M0202L), and 5) nucleotide sequencing of all plasmids was

performed by the DNA Core Facility at the University of Alberta.

Electrophoretic Mobility Shift Assay (EMSA)

EMSA for MEF2C had previously been described (Kolodziejczyk, 1999) and the
protocol for MEF2C EMSA described in this study was generously provided by Dr. John
McDermott (York University, Toronto, Ontario, Canada). For EMSA, MEF2C protein
was required and so both MEF2C and luciferase proteins were synthesized using a
coupled transcription and translation (TNT) reticulocyte system (Promega, Cat. 14610)
according to manufacturer instructions. Luciferase protein was synthesized as a positive
control to ensure that TNT protein synthesis was completed successfully. Following
protein synthesis, it was necessary to confirm that the TNT method was successful. As
such, 54L of synthesized luciferase and MEF2C protein samples were loaded onto a 10%
SDS-PAGE gel and transferred to a nitrocellulose membrane. The proteins were
visualized by the Transcend Colourmetric Translation Detection System (Promega; Cat.
L5070) using Western Blue Stabilized Substrate for Alkaline Phosphatase (Promega; Cat.
S3841) according to manufacture instructions.

For the EMSA experiment, two 33-mer probes were synthesized. Probe 1 was
representative of the predicted calreticulin promoter MEF2C site (5°-

GAGAAAGAGAAAAAAAAAAAATCAAAAAACCCC-3’), while probe 2 was a

positive control, (5’'-GAGAAAGAGAAAACTAAAAATAAAAAAAACCCC-3") with

an ideal MEF2C consensus site flanked by bases from the tentative MEF2C site within
the calreticulin promoter. Probes were annealed to their complementary

deoxyoligonucleotides and annealed oligonucleotides (Spmol) were labeled with 2.5uL
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[y’PJATP (10uci/pL; Amersham Pharmacia Biotech.) using 1L T4 polynucleotide
kinase (Gibco; Cat. 18004-010) for 15 minutes at 37°C. Quick spin G-25 sepheadex
columns (Boehringer Mannheim; Cat. 1 273 949) were utilized to purify radiolabelled
DNA. MEF2C protein was pre-incubated on ice for 20 minutes in binding buffer [final
concentrations: 20mM HEPES (pH 7.8), 50mM KCI, ImM DTT, ImM EDTA, 1.25%
glycerol] in presence of 1ug poly(deoxyinosinic-deoxycytidylic) (poly dl.dC; Sigma,;
Cat. P-4929) and 50ng single-stranded oligo, GL28-pXP1 (Guo et al., 2001). Following
pre-incubation, purified radiolabelled probe was added and incubation continued for 20
minutes at room temperature. Loading buffer (20% Ficoll 400; 0.1M EDTA, pH 8; 1%
sodium dodecyl sulfate (SDS); 0.25% bromophenol blue) was added to each sample
(Voytas, 1998) and samples were loaded onto a native 7.5% acrylamide gel. Gels were
run in TBE (Tris, Boric acid, EDTA, pH 8.0) buffer at 220 Volts. Dried gels were
exposed to a phosphoimager plate and the plate was scanned using a Typhoon 8600

Variable Mode Imager.

Chromatin Immunoprecipitation (ChIP)

cDNA encoding mouse MEF2C (432 amino acids; GenBank Accession:
NM_025282) was amplified by PCR and 5’ Xhol and 3” BamHI sites incorporated so that
it could be ligated into pcDNA3.1/myc-His(-)A (Invitrogen) cloning vector. FuGENE 6
was utilized to transiently transfect wild-type mouse embryonic fibroblasts with MEF2C-
myc-His according to manufacturer instructions. 48 hours after transfection, cells were
fixed in 1% formaldehyde (Sigma; Cat. F-1635) at room temperature for 20 minutes.
Cells were harvested and lysed with Extract-N-Amp for tissue (Sigma; Cat. XNAT2)

according to manufacturer instructions. A Branson 450 Sonifier was utilized to shear the
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chromatin to a final average size of 850bp. Extracts were pre-incubated with a small
volume of Protein A sepharose beads (Amersham Biosciences; Cat. 17-0780-01) to pre-
clear the extracts. Pre-cleared extracts were incubated at 4°C for 3 hours with mouse
monoclonal anti-His antibody (Santa Cruz; Cat. SC-8036) at a dilution of 150:1.
Following this incubation, the extracts were added to a tube with 30xL bead volume of
Protein A sepharose beads (Amersham Biosciences; Cat. 17-0780-01).
Immunoprecipitates were washed, eluted, and incubated at 65°C to reverse the cross-
links. DNA was purified and analyzed by Touch-down PCR (TD-PCR). TD-PCR was
performed in an automated Biometra thermocycler in 50uL total reaction mixture
consisting of: 20mM Tris-HCI (pH 8.4), 50mM KCl, 1.5mM MgCl, 0.5mM dNTP mix,
2 units of Taq DNA polymerase (Invitrogen; Cat. 10342-020) and Ing/uL of the forward
(5’-CCCTTGCCTTCTGCCGTTTATTG-3’) and reverse primers (5-
CCCGTAGTTCCCTGCAGCCTGT-3"). PCR samples were loaded along with lkb+
DNA ladder (Invitrogen; Cat. 10787-018) onto a 1% agarose gel. The gel was visualized
with the Gel Doc 1000 (Bio-Rad Laboratories, Hercules, CA) coupled to Molecular

Analyst software version 2.1.2.
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RESULTS

Co-transfection of MEF2C with other transcription factors suggested that MEF2C
interacted with and activated calreticulin promoter (Figure 2-2). In this experiment
MEF2C plasmid DNA was co-transfected with Nkx2.5, myocardin, GATAG6, as well as
NFATc4. In all instances, activation of the calreticulin promoter was not observed to be
greatly increased or decreased by presence of the other factors. Therefore, MEF2C likely
bound to the calreticulin promoter alone.

Deletion mutants of the calreticulin promoter were necessary to provide insight as
to the location of MEF2C binding site within the calreticulin promoter. In total, eight
deletion mutants of the calreticulin promoter were created and co-transfected into
NIH3T3 cells with MEF2C plasmid. In presence of MEF2C, CPF activity was increased
approximately 3-fold. Deletion mutants CP3 to CP8 had activity comparable to CPF
whereas CP1 and CP2 had activity similar to the control (Figure 2-3). The difference
between CP3 and CP2 is one tentative MEF2C binding site (Figure 2-3). Thus, analysis
of calreticulin promoter deletion mutants suggested that a probable MEF2C binding site
was within CP3 (862bp).

EMSA provides in vitro evidence of protein binding to a specific DNA sequence
and this experiment was necessary to provide evidence of MEF2C directly binding
to a site within the calreticulin promoter. For this experiment, a probe containing the
tentative MEF2C binding site as suggested by the promoter deletion mutant experiment
was tested. The positive control was MEF2C protein binding to a probe with an ideal

MEF2C consensus DNA binding site (probe 2) whereas the negative control was
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Figure 2-2. The presence of other transcription factors does not enhance MEF2C
activation of the calreticulin promoter-controlled luciferase reporter gene. cDNA of
the calreticulin promoter with luciferase reporter gene was co-transfected with cDNA for
MEF2C and other transcription factors into NIH3T3 cells. Mean data are plotted relative
to activity of the control. Although only a single control bar is present, it represents
control data collected for each transcription factor. Data are mean representative of a

minimum of three independent experiments. Mean +/- standard deviation is indicated.
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Figure 2-3. Schematic diagrams of calreticulin promoter and promoter deletion
mutants as well as reporter gene activity in response to MEF2C. The schematics
indicate location of tentative Nkx2.5 (red), MEF2C (green), and GATAG6 (blue) DNA
binding sites. Vectors contained the following DNA fragments of the calreticulin
promoter: CPF: 1722bp; CP8: 1568bp; CP7: 1292bp; CP6: 1068bp; CPS5: 1053bp; CP4:
965bp; CP3: 928bp; CP2: 438bp; CP1: 212bp. The calreticulin promoter deletion mutants
were co-transfected with ¢cDNA encoding MEF2C and the luciferase reporter gene
activity measured. Mean data are plotted relative to activity of the control. Although only
a single control bar is present, it represents control data collected for each deletion

mutant. Data are representative of a minimum of three independent experiments. Mean

+/- standard deviation is indicated.
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luciferase protein interaction with the identical probe. Results showed that probe 2 did
not bind to the luciferase protein, but did bind strongly to the MEF2 protein (Figure 2-4,
lanes 1 and 2, respectively). The probe with the tentative MEF2C site (probe 1) was
observed to bind MEF2C protein (Figure 2-4, Jane 3), but the intensity of the binding was
slightly less than that for the positive control. Thus, results from EMSA clearly indicated
that MEF2C bound to a nucleotide sequence found at position -836 to -845 within the
calreticulin promoter.

In a competition EMSA excess unlabelled competitor probe identical to the
labeled probe should abolish the observed protein-DNA complexes if the DNA contains a
high-affinity site for the protein. In this experiment, non-labeled competing probe ranging
from 2 to 20 times the amount of labeled probe was included in the reaction mixture. The
results indicate that when competing probe was present, the interaction of the labeled
probe with MEF2C protein was disrupted (Figure 2-5, lanes 3 to 7). This result suggested
that MEF2C association with its calreticulin promoter binding site was relatively weak.
When the competition EMSA was completed using the positive control probe which had
the ideal MEF2C binding site, MEF2C was able to bind the probe in the presence of 5
times the amount of unlabeled probe (Appendix Figure 1). In summary, the results from
EMSA and competition EMSA indicated that MEF2C bound specifically to position -836
to -845 within calreticulin promoter.

ChIP is a technique by which to demonstrate in vivo interaction between a
transcription factor and DNA. With ChIP it was possible to isolate MEF2C bound to
DNA and later utilize this DNA for PCR analysis. In this investigation, mouse embryonic

fibroblasts were first transfected with MEF2C-myc-His plasmid DNA and later harvested
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Figure 2-4. EMSA shows in vitro binding of MEF2C to probe that includes the
MEF2C site within calreticulin promoter. Lane ' Luciferase protein with probe for
ideal MEF2C consensus binding site (negative control); Lane 2: MEF2C with probe for
ideal MEF2C consensus binding site (positive control); and Lane 3: MEF2C with probe

for predicted MEF2C binding site within calreticulin promoter.
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Figure 2-5. Competition EMSA of non-labeled probed competing for binding to
MEF2C site within calreticulin prometer. Lane I: MEF2C with probe for predicted
MEF2C binding site within calreticulin promoter; Lane 2: MEF2C with probe for ideal
MEF2C consensus binding site (positive control); Lane 3: MEF2C with probe for
predicted MEF2C binding site within calreticulin promoter; and Lanes 4 to 7. MEF2C
with labeled and unlabeled probe for predicted MEF2C binding site within calreticulin

promoter.
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and fixed with formaldehyde.

When the DNA was analyzed, a PCR product was present for the plasmid positive
control, but not for the negative control (Figure 2-6, lanes 2 and 3, respectively). PCR
analysis of ChIP-isolated DNA produced a PCR product of identical size to the positive
calreticulin promoter contro! control (Figure 2-6, lane 4). Thus, ChIP provided in vivo
evidence of MEF2C binding to calreticulin promoter. When the ChIP experiment was
performed using isolated neonatal rat cardiomyocytes, the findings support that observed
in the fibroblasts (Appendix Figure 2). Therefore, ChIP findings supported the EMSA

results and confirmed that MEF2C bound calreticulin promoter at position -836 to -845

(Figure 2-7).
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Figure 2-6. ChIP demonstrates in vivo binding of MEF2C to calreticulin promoter.
PCR products using ChIP isolated DNA as template were loaded onto an agarose gel.
Lane 1: 1kb+ DNA ladder; Lane 2: Calreticulin promoter plasmid (positive control);

Lane 3: ChIP analysis with no MEF2C antibody utilized (negative control); and, Lane 4:

ChIP sample in which anti-His antibody was utilized. PCR product size was 310bp.
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Figure 2-7. Schematic figure of the calreticulin promoter indicating the position of
identified MEF2C DNA binding site. The MEF2C site in the calreticulin promoter is
located from -836 to -845. The binding site is a reversal of the ideal MEF2C binding site
suggested by the literature with exception of one T to A base substitution (underlined).
Locations of the identified Nkx2.5 DNA binding site (red), MEF2C DNA binding site

(green), and TATA box (yellow) are indicated.
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DISCUSSION

Co-transfection experiments suggested that MEF2C independently activated the
calreticulin promoter. The paradigm for MEF2 proteins is that they weakly bind DNA
and rely on interactions with other transcription factors, such as MyoD, for DNA binding
(Black and Olson, 1998). This stereotype is starting to change and recently it was
reported that MEF2 proteins independently activated skeletal muscle genes (Wu ef al.,
2000). Thus, the observation that MEF2C independently activated the calreticulin
promoter is not without precedent.

The observation that MEF2C activated the calreticulin promoter-controlled
luciferase reporter gene was unexpected as initial inspection of the calreticulin promoter
suggested that the promoter did not possess an ideal MEF2 DNA consensus binding site.
MEF2 transcription factors bind A/T-rich sequences and minor mutations to the sequence
can still permit MEF2C binding (Molkentin et al., 1996a). With that considered, a second
examination of the calreticulin promoter was completed and enabled four tentative
MEF2C sites to be identified (Figure 1-5). Probes for all four tentative MEF2C sites and
a desmin-MEF2C (Naya et al., 1999) positive control were made and utilized for EMSA.
Of the four tentative sites, MEF2C protein bound only to one and the location of this site
identified by EMSA correlated with that suggested by the calreticulin promoter-
controlled deletion mutant reporter gene experiments (Figure 2-3). The MEF2C site
identified within the calreticulin promoter (AAAAAAAATC) is a reversal of the MEF2C
consensus site (C/T)TA(A/T)sTA(G/A) (Andres et al., 1995; Fickett, 1996; Pollock and
Treisman, 1991) with the exception of one T to A base substitution (underlined). Perhaps

this base change is the reason why the intensity of the band captured by the
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phosphoimager appears less than that for the ideal consensus site used as a positive
control (Figure 2-4). The binding of MEF2C to the calreticulin site is likely of moderate
strength and can be disrupted by presence of unlabelled probe (Figure 2-5). The ChIP
experiment not only confirmed the in vitro EMSA findings as to the identity of the
MEF2C site, but also provided in vivo evidence of MEF2C binding to the calreticulin
promoter (Figure 2-6). Thus, the MEF2C binding site within the calreticulin promoter
was identified as being at position -836 to -845. When the MEF2C binding site within the
calreticulin promoter was mutated (Appendix Figure 3), MEF2C could not activate
reporter gene activity (Appendix Figure 4) thereby confirming identification of this site.
In this chapter, MEF2C alone activated calreticulin promoter-controlled luciferase
reporter gene. Several different techniques to observe protein-DNA interaction were
utilized to demonstrate MEF2C interaction with the calreticulin promoter. These results
clearly indicated that MEF2C interacted with calreticulin promoter in vitro and in vivo.
These results enabled a precise identification of the MEF2C site within calreticulin
promoter to be determined at position -836 to -845. Therefore, at this stage of the
investigation it can be concluded that MEF2C directly binds calreticulin promoter to
activate gene expression. Determining the biological significance of MEF2C activation of

calreticulin promoter was a future direction.
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Chapter Three

MEF2C NUCLEAR LOCALIZATION
IS Ca*"- AND CALCINEURIN-DEPENDENT

Versions of portions of this chapter have been published or submitted for publication:

1. Lynch, J., and Michalak, M. 2002. Ca®*-dependent signaling pathways in the heart:
potential drug targets for cardiac disease. Curr. Drug Targets Cardiovasc.
Haematol. Disord. 2:1-11.

2. Lynch, J and Michalak, M. 2003. Calreticulin is an upstream regulator of calcineurin.
Biochem. Biophys. Res. Commun. 311:1173-9.

3. Lynch, J., Guo, L., Gelebart, P., Chilibeck, K., Xu, J., Molkentin, J.D., Agellon, L.B.,
and Michalak, M. 2004. Calreticulin signals upstream of calcineurin and MEF2C
in a critical Ca**-dependent signaling pathway of early cardiac development.
Status. Submitted.
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INTRODUCTION

Examination of calreticulin-deficient fibroblasts indicated that basal ER Ca®'

concentration is lower than wild-type fibroblasts and InsPsR Ca”" release is compromised
when calreticulin is absent (Mesaeli et al., 1999; Nakamura et al., 2001b). Thus, it is
believed that calreticulin-deficient cells have compromised intracellular Ca®* signaling
cascades (Mesaeli ef al., 1999; Nakamura et al., 2001b). To date, the only Ca®"/CaM-
dependent serine/threonine phosphatase identified is CaN. CaN is a ubiquitously
expressed cytoplasmic protein that is dependent on the ER releasing Ca®* via InsP;R for
its activation (Mesaeli ef al., 1999). Cardiac over-expression of CaN* results in severe
cardiac hypertrophy (Molkentin et al., 1998). A recent investigation to deduce cardiac
Ca”" signaling pathways involved breeding heterozygote calreticulin mice with mice that
expressed a constitutively-active form of CaN in the heart (Guo et al, 2002).
Interestingly, cardiac CaN* rescued the calreticulin-deficient phenotype (Guo er al.,
2002). Survival of this mouse suggests that calreticulin is an upstream regulator of CaN.
However, it also raises the question of why the calreticulin-deficient mouse survives.
What are the molecular evens affected by CaN? CaN is a Ca**-dependent protein and
affects transcriptional pathways. Therefore, identification of other transcription factors
downstream of CaN was necessary to deduce the mechanism of why and how the
calreticulin-deficient rescue mouse survives. In this chapter calreticulin-deficient cells
were studied to determine significance of Ca** dependence of MEF2C. I wanted to

determine if there was a relationship between Ca”* released by calreticulin and MEF2C

activity.
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MATERIALS & METHODS

Plasmids

cDNAs for transcription factors and constitutively-active enzymes were generous
gifts supplied by other investigators as follows: Green fluorescent protein-HDACS (GFP-
HDACS), constitutively-active CaN (CaN*), and constitutively-active CaMKI (CaMKI*)
from Dr. Eric N. Olson (University of Texas Southwestern Medical Center, Dallas,
Texas, USA), MEF2A and MEFD from Dr. John McDermott (York University, Toronto,
Ontario, Canada), and constitutively-active CaMKII (CaMKII*) from Dr. Howard

Schulman (Stanford University, Stanford, California, USA).

Isolation and culturing of cardiomyocytes

Cardiomyocyte primary cultures were obtained from day 12 mouse embryos.
Hearts collected from embryos were incubated at 37°C in 2004L F-12K nutrient mixture
(Gibco; Cat. 21127-022) with 0.1% type II collagenase (358U/mg; Worthington
Biochemical Corporation, Lakewood, New Jersey, USA) and every eight minutes the
hearts were removed from incubation and minced using pipette tips. After 30 minutes of
incubation cardiomyocytes were plated in 6-well plates (Falcon; Cat. 353046) onto 0.1%
gelatin-coated (Bio-Rad; Cat. 170-6537) 25mm coverslips (Fisher Scientific; Cat. 12-
545-107). Cardiomyocytes were maintained in F-12K nutrient mixture supplemented
with 20% FBS, 1% MEM non-essential amino acid solution (Invitrogen; Cat. 11140-
050), 1% L-glutamine (Invitrogen; Cat. 25030081), 0.008% CaCl,, and 1% penicillin-
streptomycin at a pH of 7.45.

Embryo tail clippings were incubated at 65°C overnight in 5004L buffer (10mM

Tris-HCI, pH 8; 150mM NaCl; 10mM EDTA; 0.1% SDS) containing 10ug proteinase K
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(Gibco, Cat. 25530-015). Following incubation, genomic DNA was purified by
phenol/chloroform precipitation method and genomic DNA was utilized for PCR
genotyping of the embryos. One set of PCR primers (T8 and T19) enabled detection of
calreticulin gene while another set (Neo3’for and GL31) permitted detection of the

neomycin insert.

DNA Arrays

Cardiomyocytes were isolated from E12 wild-type (cr¢™”") and calreticulin-
deficient (crr ) embryos. Some calreticulin-deficient cells were treated with 1 uM
ionomycin (Sigma; Cat. I-0634) and 250uM CaCl, (Sigma; Cat. 4901) for 4.5 hours prior
to harvesting. 48 hours after transfection, nuclear proteins were isolated by a nuclear
extraction kit (Panomics, Inc.; Cat. AY2002) as described by the manufacturer. Nuclear
extracts were incubated in a probe mix supplied by the manufacturer that contained
biotin-labeled oligonucleotides. Protein/DNA complexes were permitted to form and
these complexes were loaded into wells of a 1% low-melting-point agarose gel.
Complexes were removed from the gel and the DNA purified from the complexes. DNA

1™ c¢AMP/calcium protein DNA arrays (Panomics, Inc.; Cat.

was hybridized to TranSigna
MA1500) according to manufacturer instructions. DNA binding was visualized using
biotin antibody followed by enhanced chemiluminescence (ECL; SuperSignal West Dura
Extended Duration Substrate; Pierce, Rockford, IL; Cat. 34075) development reaction.
DNA arrarys were later stripped according to manufacturer instructions and
treated with nuclear extracts isolated from wild-type and calreticulin-deficient mouse

embryonic fibroblasts which had been transiently transfected with plasmid DNA

containing ¢cDNA encoding MEF2C. FuGENE 6 was utilized for the transfections

110

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



according to manufacturer instructions. DNA arrarys for fibroblasts were similar to that

for cardiomyocytes, so only the cardiomyocyte data is shown.

RT-PCR experiment
TRIZOL reagent (Gibco, Cat. 15596) was utilized to isolate total RNA from E12

+/+
crt™”

and crt” embryo hearts according to manufacturer instructions. 500ng samples of
isolated RNA were incubated for 5 minutes at 65°C with oligo (dT) 12-18 primer
(Invitrogen; Part Y01212), and 10mM dNTPs mix. Following this incubation, 5X first
strand buffer (Invitrogen; Part Y00146), 0.1M DTT (Invitrogen; Part Y00147), RNASE
OUT ribonuclease inhibitor (Invitrogen; Cat. 10777-019), and SuperScript II RNase H
reverse transcriptase (Invitrogen; Cat. 18064-014) were added to the reaction tube and
incubated at 42°C for 50 minutes. Enzyme was inactivated by heating at 70°C for 15
minutes. RNase H was then added to the reaction tube and a final incubation at 37°C for
20 minutes followed. cDNA produced from the RNA was analyzed by step-down PCR
(SD-PCR). SD-PCR was performed in an GeneAmp PCR system 9700 (PE Applied
Biosystems) in 50uL total reaction mixture consisting of: PCR Buffer [20mM Tris-HCI
(pH 8.4), 50mM KCl], 1.5mM MgCl,, 1zL of 0.1mM dNTP mix, 2 units of Tag DNA
polymerase (Invitrogen; Cat. 10342-020) and 200ng of forward and reverse primers. For
myosin light chain 2v (MLC-2v; GenBank Accession: NM_010861) forward and reverse
primers were 5’-CCCAGATCCAGGAGTTCAAGGAAGC-3’ and 5’-
GGTCAGCATCTCCCGGACATAGTC-3°, respectively. For eHAND (GenBank
Accession: S79216) the forward primer was 5’-CCGCCGCACCCCATGCTCCACG-3’

and the reverse primer was 5’-GCTTGTGCATCCTTGGCCAGC-3’. For iroquois

homeobox protein 4 (Irx4; GenBank Accession: AF124732) the forward and reverse
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primers utilized to investigate this factor were 5’- GGCAGCTCGCAGGGCTATGG-3’
and 5’-GGCGTCTTCAGCTCACATTCTG-3’, respectively. The final factor investigated
was GATA6 (GenBank Accession: AF179425). GATAG is not a MEF2C gene target and
was selected to serve as a control. GATA6 was studied using forward 5’-
GAGTGGAGGTGGCGGCAGCCTG-3’ and reverse 5°-
GAGCCACTGCTGTTACCGGAGC-3’ primers. PCR products were loaded along with
1kb+ DNA ladder (Invitrogen; Cat. 10787-018) onto a 1% agarose gel. The gel was
visualized with the Gel Doc 1000 (Bio-Rad Laboratories, Hercules, CA) coupled to

Molecular Analyst software version 2.1.2.

Luciferase and f-galactosidase assays

Luciferase and S-gal assays were conducted as described previously. An addition
to the protocol involved treatment of cells with 1M ionomycin and 250uM CaCl, 18

hours before cells were harvested.
In comparison to NIH3T3 fibroblasts, wild-type and calreticulin-deficient
embryonic fibroblasts have very low transfection efficiencies. As such, for transfection of

the embryonic fibroblasts FUGENE 6 transfection reagent was utilized.

Immunohistochemistry

Wild-type and calreticulin-deficient embryonic and mouse fibroblasts were grown
on 25mm coverslips in 6 well plates. MEF2C was transfected into the cells using
FuGENE 6 according to manufacturer protocol. Approximately 30 hours after
transfection, cells were fixed with 2% formaldehyde (Sigma; Cat. P-6148) at pH 7.15 and

later permeabilized with 0.2% Triton X-100 (Bio-Rad; Cat. 161-040) in accordance with
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previously established protocol (Spector et al., 1998). The primary antibody utilized was
polyclonal rabbit anti-MEF2C (Cell Signaling Technology; Cat. 9792) at a dilution of
1:70 while the secondary antibody was Texas Red dye-conjugated affinipure donkey anti-
rabbit (Jackson ImmunoResearch, Inc.; Cat. 711-075-152) at a dilution of 1:70.
Coverslips were fixed to slides with Cytoseal 60 mounting medium (Richard-Allan
Scientific, Kalamazoo, Michigan, USA). Slides were examined with a Zeiss Axiovert
S100 fluorescent microscope using an excitation wavelength of 595nm and an emission
wavelength of 615nm. Images were captured with a Microview Camera (Princeton
Instruments, Inc.; Model: RTE/CCD-1317K2) and pseudo coloured in Northern Eclipse

5.0 software.

GFP plasmids

The cloning vector utilized to create GFP fusion proteins was pEGFP-CI
(Clontech; GenBank Accession: U55763). Method for construction of GFP-NFATc4 has
been described previously and involved insertion of NFATc4 fragment into the BamHI
site (Guo et al., 2002). GFP plasmids were transfected into wild-type and calreticulin-
deficient embryonic fibroblasts and cardiomyocytes using FuGENE 6 transfection
reagent. All GFP images were of live cells grown on 25mm coverslips. GFP images were
captured with a Zeiss Axiovert S100 fluorescent microscope using an excitation
wavelength of 490nm and emission wavelength of 520nm. All pictures were pseudo-
coloured using Northern Eclipse 5.0 software (Empix Imaging Inc., Mississauga, Ontario,

Canada).
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RESULTS

MEF2C localization and function was impaired in absence of calreticulin

The Panomic DNA array had DNA consensus binding sites for several Ca®'-
dependent transcription factors, three of which were initially studied in this investigation:
NFAT, MEF2, and GATA. Nuclear expression of these three transcription factors was
observed to be strong in wild-type mouse cardiomyocytes (Figure 3-1). In comparison,
calreticulin-deficient embryonic fibroblasts had GATA present in the nuclear extracts,
but both NFAT and MEF2 were absent (Figure 3-1). Interestingly, when calreticulin-
deficient cells were treated with Ca®* ionophore, nuclear accumulation of both NFAT and
MEF?2 in these cells was equivalent to that observed for wild-type cells (Figure 3-1).
Therefore, in the absence of calreticulin both NFAT and MEF2 are essentially absent
from the nucleus, but became nuclear when there was a high concentration of
cytoplasmic Ca*".

The results from DNA array analysis suggested that MEF2C was absent from the
nucleus of calreticulin-deficient cells. As MEF2C is a transcription factor, then an
inability to localize to the nucleus means that MEF2C function might be compromised.
Thus, if MEF2C function was compromised in calreticulin-deficient cells then there
should be reduced expression of MEF2C gene targets. To examine expression of MEF2C
target genes, RT-PCR was conducted on mRNA isolated from E12 cardiomyocytes. RT-
PCR of wild-type cardiomyocytes for MLC-2v, eHAND, Irx4, and GATAG all rendered a
PCR product (Figure 3-2). In comparison, RT-PCR of calreticulin-deficient
cardiomyocytes produced a PCR product for GATA®, but not for any targets of MEF2C

(Figure 3-2). Thus, RT-PCR results suggested that MEF2C function was compromised in
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Figure 3-1. Panomic TranSignal™ Protein/DNA array analysis of nuclear fractions
isolated from wild-type and calreticulin-deficient cells. Each square contains 4 spots
representing an individual transcription factor. Genes on the array are spotted in duplicate
with the bottom of the two spots representing a 1:10 dilution of the top spots. Top panel,
wild-type (wt) cells; middle panel, calreticulin-deficient (crt”) cells; and bottom panel,

calreticulin-deficient cells treated with Ca®* ionophore.
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Figure 3-2. RT-PCR of MEF2C target gene products. Expression of MEF2C-activated
genes is repressed in absence of calreticulin. RNA isolated from E12 wild-type and
calreticulin-deficient embryonic mouse hearts was utilized to produce DNA for PCR
analysis of MEF2C target genes. Lane 1: control, no RNA; Lane 2: amplification of RNA
isolated from wild-type cardiomyocytes; and Lane 3, amplification of RNA isolated from
calreticulin-deficient cardiomyocytes. PCR product sizes for MLC-2v, eHand, Irx4, and

GATAG are 301bp, 415 bp, 604bp, and 641bp, respectively.
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the absence of calreticulin.

MEF2C influence on luciferase reporter gene activity was enhanced by Ca®" or
CaN*

DNA array analysis suggested that Ca®* treatment of calreticulin-deficient cells
permitted MEF2C nuclear localization while RT-PCR results suggested that MEF2C
function was compromised in the absence of calreticulin. To determine if Ca®" influenced
the function of MEF2C, calreticulin promoter-controlled luciferase reporter gene
experiments were completed, but in these experiments cells were treated with Ca*"or co-
transfected with constitutively-active forms of Ca®*-dependent enzymes, CaN* or
CaMKII*. The results indicate that MEF2C in the presence of Ca®* or CaN* resulted in a
doubling of reporter gene activity (Figure 3-3). CaMKII* was found not to enhance
MEF2C activity beyond that observed for MEF2C alone (Figure 3-3). Surprisingly, co-
transfection of MEF2C with CaN* and CaMKII* did not render reporter gene activity
beyond that observed for co-transfection of MEF2C and CaN* (data not shown).
Transfection experiments with NIH3T3 fibroblasts suggested that Ca** treatment or co-
transfection with CaN* significantly enhanced MEF2C ability to activate the reporter
gene.

To determine if MEF2C function was compromised in the absence of calreticulin,
luciferase reporter gene experiments conducted in NIH3T3 cells were repeated in wild-
type and calreticulin-deficient embryonic mouse fibroblasts. MEF2C activated the
calreticulin promoter-controlled luciferase reporter gene over 2-fold in wild-type cells
(Figure 3-4); however, in cells lacking calreticulin MEF2C was unable to activate the

reporter gene (Figure 3-4). Interestingly, treatment of wild-type and calreticulin-deficient
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Figure 3-3. MEF2C and CaN* synergistically activate the calreticulin promoter
reporter gene. The activity of calreticulin promoter-controlled luciferase reporter gene in
NIH3T3 cells indicated that reporter gene activity was strongly influenced by presence of
both MEF2C and CaN*. CaMK* had no influence on MEF2C activation of the reporter
gene. Mean data are plotted relative to activity of the control. Although only a single
control bar is present, it represents control data collected for each plasmid utilized. Data

are representative of a minimum of three independent experiments. Mean +/- standard

deviation is indicated.
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Figure 3-4. Activity of calreticulin promoter-controlled luciferase reporter gene in
mouse embryonic fibroblasts is strongly influenced by Ca’ and CaN*. In
calreticulin-deficient cells MEF2C did not activate the reporter gene unless the cells were
treated with Ca’* or co-transfected with CaN*. CaMK* had no influence on MEF2C
activation of the reporter gene. Mean data are plotted relative to activity of the control.
Although only a single control bar is present, it represents control data collected for each
plasmid utilized. Data are representative of a minimum of three independent experiments.

Mean +/- standard deviation is indicated.
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cells with Ca** ionophore or presence of CaN* render reporter gene activity that was
greatly enhanced and similar between the two embryonic cell types (Figure 3-4). The
presence of CaMKII* had no influence on MEF2C activation of the reporter gene. Thus,
it can be concluded that in calreticulin-deficient cells MEF2C function was compromised,
but was restored by an increase in cytoplasmic Ca’" or the presence of activated CaN.
Similar results were observed when this experiment was conducted using a 6X MEF2C
minimal promoter-controlled luciferase reporter plasmid (Appendix Figure 5).

There are four members of the MEF2 family of proteins and all bind a similar
DNA consensus site. To determine if other MEF2 isoforms influenced calreticulin
promoter-controlled luciferase reporter gene activity, NIH3T3 cells as well as wild-type
and calreticulin-deficient embryonic fibroblasts were transfected with plasmid DNA for
MEF2A or MEF2D. MEF2A and MEF2D activated reporter gene activity 2- to 3-fold in
all cell types, even cells lacking calreticulin (Figure 3-5). Co-transfection of MEF2A and
MEF2D with CaN* resulted in a slight increase in reporter gene activity, but not as large
an increase as observed for MEF2C and CaN*. Thus, it can be concluded that ability of
MEF2A and MEF2D to activate the reporter gene was not influenced by presence or
absence of calreticulin. Therefore, it would seem that the compromised function observed

for MEF2C in calreticulin-deficient cells was specific for the MEF2C isoform.

Ca’* and CaN restore nuclear localization of MEF2C in calreticulin-deficient cells
To understand why MEF2C function was compromised in calreticulin-deficient

cells, the localization of MEF2C was examined in embryonic mouse fibroblasts. MEF2C

cellular localization was determined by immunostaining with a MEF2C primary antibody

and a Texas-red conjugated secondary antibody. In wild-type cells MEF2C was localized
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Figure 3-5. Calreticulin promoter-controlled luciferase reporter gene was activated
by MEF2A and MEF2D, but co-transfection of CaN* with these MEF2 isoforms did
not greatly influence reporter gene activity. NIH3T3, wild-type embryonic fibroblasts,
and calreticulin-deficient embryonic fibroblasts were utilized to determine reporter gene
activation by MEF2A or MEF2D in absence or presence of CaN*. Mean data are plotted
relative to activity of the control. Although only a single control bar is present, it
represents control data collected for each transcription factor, Data are representative of a

minimum of three independent experiments. Mean +/- standard deviation is indicated.
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to the nucleus (Figure 3-6, a). This localization was unaffected by the addition of a Ca**

ionophore and unaffected by the expression of CaN*, CaMKII*, or CaMKI* (Figure 3-6,
b, ¢, d, e). In comparison, the nuclear import of MEF2C in calreticulin-deficient
fibroblasts was impaired and the majority of the transcription factor was found in the
cytoplasm (Figure 3-6, f). Furthermore, MEF2C was foupd in the nucleus of calreticulin-
deficient cells following cell treatment with Ca®* ionophore or presence of CaN* (Figure
3-6, g h). As observed in wild-type cells, CaMK* had no influence on MEF2C
localization (Figure 3-6, i, j). Examination of calreticulin-deficient fibroblasts that had
been stably transfected with calreticulin indicated that MEF2C was localized in the
nucleus and the cells had MEF2C localization identical to that observed in wild-type cells
(Figures 3-6, k to 0). When this experiment was conducted in mouse fibroblasts (Figure
3-7), similar results to the embryonic fibroblasts were observed. Therefore, observations
suggest that translocation of MEF2C into the nucleus is calreticulin-dependent, but in
absence of calreticulin can be corrected by increased concentration of cytoplasmic Ca®*

or presence of activated CaN.

Confirmation of activity of constitutively-active enzymes

To be certain that constitutively-active CaN and CaMKII were functioning within
cells, embryonic mouse fibroblasts were co-transfected with these plasmids as well as
GFP-NFATc4 or GFP-HDACS5. GFP-NFATc4 was found to be localized in the
cytoplasm of wild-type and calreticulin-deficient cells and translocated to the nucleus in
presence of CaN* (Figure 3-8). In comparison, GFP-HDACS was initially nuclear and
became localized in the cytoplasm in presence of CaMKII*, but not as a result of CaN*

(Figure 3-10). When these experiments were conducted in mouse fibroblasts (Figures 3-9
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Figure 3-6. Immunolocalization of MEF2C in wild-type, heterozygote, and
calreticulin-deficient mouse embryonic fibroblasts indicates that nuclear
localization of MEF2C was impaired in the absence of calreticulin. Panels q, f, and k,
localization of MEF2C in wild-type (wt), calreticulin-deficient (cr¢”) cells and crtcells
expressing recombinant calreticulin (cr”~ + CRT), respectively. Panels b, g, and I, cells
were treated with Ca®" ionophore while panels ¢, h, and m, are cells transfected with
CaN* expression vector. Panels d, i, n and panels e, j, o are results for cells transfected

with CaMKI* and CaMKII* expression vectors, respectively. Scale bar = 25um.
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Figure 3-7. Immunolocalization of MEF2C in wild-type, heterozygote, and
calreticulin-deficient mouse fibroblasts indicates that nuclear localization of MEF2C
was impaired in the absence of calreticulin. Parels a, f, and k, localization of MEF2C
in wild-type (wt), heterozygote (crt™), and calreticulin-deficient (crf”) cells,
respectively. Panels b, g, and [, cells were treated with Ca** ionophore while panels ¢, h,
and m, are cells transfected with CaN* expression vector. Panels d, i, n and panels e, j, o

are results for cells transfected with CaMKI* and CaMKII* expression vectors,

respectively. Scale bar = 25um.
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Figure 3-8. Localization of GFP-NFATc4 in wild-type and calreticulin-deficient
mouse embryonic fibroblasts. GFP-NFATc4 was cytoplasmic in wild-type (parel a)
and calreticulin-deficient (panel ¢) embryonic fibroblasts. The presence of CaN* enabled

GFP-NFATCc4 to translocate to the nucleus (panels b and d). Scale bar = 25 um.
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Figure 3-9. Localization of GFP-NFATc4 in wild-type and calreticulin-deficient
mouse fibroblasts. GFP-NFATc4 was cytoplasmic in wild-type (panel a) and
calreticulin-deficient (panel c¢) embryonic fibroblasts. Presence of CaN* enabled GFP-

NFATCc4 to translocate to the nucleus (panels b and d). Scale bar = 25um.
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Figure 3-10. Localization of GFP-HDACS in in wild-type and calreticulin-deficient
mouse embryonic fibroblasts. GFP-HDAC5 was found to be nuclear in wt (panel a),
crt” (panel d), and crt” + CRT (panel g) embryonic fibroblasts. In all cells, the presence
of CaMKII* (panels c, f, i) caused GFP-HDACS5 to be exported to the cytoplasm whereas
the presence of CaN* did not influence localization of GFP-HDACS (panels b, e, h).

CaMKI* was studied only in wt and crf” embryonic fibroblasts (data not shown) and

results were identical to CaMKII*. Scale bar = 25um.
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and Figures 3-11), similar results to the embryonic fibroblasts were observed. Thus, both
embryonic and mouse fibroblasts exhibited similar localization attributes. Therefore,
localization and nuclear translocation of GFP-NFATc4 and GFP-HDACS was found to
be normal in wild-type and calreticulin-deficient cells and CaN* and CaMKII* were

functional.
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Figure 3-11. Localization of GFP-HDACS in wild-type and calreticulin-deficient
mouse fibroblasts. GFP-HDACS was found to be nuclear in wt (panel a), crt™ (panel
d), and crt” (panel g) mouse fibroblasts. In all cells, the presence of CaMKII* (panels c,
/. i) caused GFP-HDACS to be exported to the cytoplasm whereas presence of CaN* did

not influence localization of GFP-HDACS (panels b, e, h). Scale bar = 25 um.
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DISCUSSION

Calreticulin-deficient embryonic fibroblasts have impaired InsPs;-induced ER Ca*'
release (Nakamura et al., 2001b) and impaired NFATc nuclear localization (Mesaeli et
al., 1999). In addition, calreticulin-deficient ES-derived cardiomyocytes have been
reported to have normal expression of MEF2C, but exhibited compromised MEF2C
nuclear import (Li et al., 2002a). Subsequently, we wanted to confirm these observations
and test if the problem of nuclear localization of these transcription factors could be
corrected by addition of Ca®*. For this experiment, nuclear proteins were isolated from
wild-type and calreticulin-deficient cells and applied to DNA arrays. The results
indicated that both NFAT and MEF2C were virtually absent from nuclear extracts of
calreticulin-deficient cells, but localization of GATA transcription factors was not
affected. A DNA array hybridized with a nuclear extract from calreticulin-deficient cells
treated with Ca®* ionophore prior to harvesting appeared similar to a DNA array
hybridized with wild-type nuclear extracts. Thus, NFAT and MEF2C localization
problems in calreticulin-deficient cells likely occurred as a result of calreticulin-deficient
cells having impaired Ca’* release from cellular stores. Therefore, DNA array analysis
showed that calreticulin-deficient cells have comprised localization of NFAT and
MEF2C transcription factors and this nuclear localization problem could be overcome by
increasing cytoplasmic Ca** concentration,

If MEF2C nuclear localization is compromised in absence of calreticulin then
calreticulin-deficient cells should have diminished expression of genes activated by this
transcription factor. To determine if expression of MEF2C target genes differed between

wild-type and calreticulin-deficient cells, RT-PCR analysis of known MEF2C gene
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targets (Morin et al., 2000) was completed using mRNA isolated from E12 wild-type and
calreticulin-deficient hearts. Results from RT-PCR indicated reduced expression of
known MEF2C target genes (MLC-2v, eHAND, Irx4) in crt” embryonic hearts.
Expression of a GATAG6, a non-MEF2C target, was observed to be similar in both wild-
type and calreticulin-deficient hearts and served as a control for this experiment. Hence,
RT-PCR data indicated that expression of MEF2C target genes was diminished in
calreticulin-deficient cells and adds support to earlier observations that MEF2C
localization is compromised in absence of calreticulin. A complete lack of expression of
all MEF2C target genes would render a lethal phenotype for calreticulin-deficient
embryos very similar to that of mef2c gene disrupted mice (Lin et al., 1997). As this is
not the case, it is probable that there was some expression of MEF2C genes in
calreticulin-deficient cells. As such, quantitative PCR would be necessary to precisely
determine expression of MEF2C target genes. In conclusion, RT-PCR results suggest that
in absence of calreticulin MEF2C function is compromised.

MEF2 isoforms bind the same DNA consensus sequence and so all MEF2
isoforms should be able to activate the calreticulin promoter. As expected, all MEF2
isoforms activated the calreticulin promoter-controlled reporter gene with MEF2C being
the isoform that induced the greatest activity. When co-transfected with CaN*, MEF2C
exhibited a synergistic increase in reporter gene activity while MEF2A and MEF2D only
induced a slight enhancement in reporter gene activity. CaN* had previously been
reported to strengthen MEF2 binding to DNA (Mao and Wiedmann, 1999) and this many
be responsible for the modest increase in reporter gene activity observed when MEF2

isoforms are co-transfected with CaN*; however, it does not explain the substantial
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increase in reporter gene activity observed when MEF2C was co-transfected with CaN*.

Problems with MEF2C nuclear localization appeared to be corrected with
increased cytoplasmic Ca®* and so it was necessary to determine which Ca2+—dependent
cytoplasmic enzymes influenced MEF2C localization and/or activity. The results from
co-transfection of luciferase reporter gene into NIH3T3 fibroblasts suggested that
MEF2C activity could be synergistically enhanced following Ca®* treatment or the
presence of CaN*, but was not influenced by the presence of CaMKI* or CaMKII*.
Synergism among MEF2C, CaN*, and CaMKIV* had previously been reported (Wu et
al., 2000) and all MEF2 isoforms have been observed to have synergistic activity with
CaN* (Wu et al., 2000) in C2C12 myoblasts (i.e. skeletal muscle). However, in this study
no change in reporter gene activity was observed in the presence of CaMKI* or
CaMKII*. This observation does not fully agree with the earlier investigation and
discrepancies may have occurred because of: 1) differences in cell type utilized, 2)
differences between reporter gene promoters, and/or 3) differences between CaMK*
isoforms. Recently, other researchers have reported no synergism between CaN* and
CaMK* (Schaeffer ef al., 2004) which is in agreement with findings in this investigation.
In conclusion, the results of this study indicated that MEF2C influence on calreticulin
promoter reporter gene was greatly enhanced following an increase in cytoplasmic Ca*"
or the presence of CaN*.

When luciferase reporter gene experiments were completed using wild-type and
calreticulin-deficient embryonic fibroblasts, it was observed that in the absence of
calreticulin MEF2C was unable to activate the calreticulin promoter reporter gene.

Interestingly, calreticulin-deficient cells treated with Ca®* or co-transfected with CaN*
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exhibited reporter gene activity equivalent to that observed for wild-type cells. Hence,
these results indicated that ability of MEF2C to activate the calreticulin promoter was
compromised in absence of calreticulin and the problem was corrected after an increase
in cytoplasmic Ca®* or the presence of CaN*. Therefore, data from both reporter gene
experiments and from DNA arrays suggested that it was necessary to examine MEF2C
cellular localization in calreticulin-deficient cells.

Immunostaining of MEF2C indicated that ability of this transcription factor to
localize in the nucleus was compromised in cells lacking calreticulin. Similar
immunostaining results were obtained for both mouse embryonic and mouse fibroblasts
and the observations were in agreement with those observed for MEF2C localization in
ES cell-derived cardiomyocytes (Li et al., 2002a). Treatment of cells to elevate
cytoplasmic Ca®™" or co-transfection of cells with CaN* corrected the problem MEF2C
had with nuclear localization. CaMKs had no influence on MEF2C localization which
was an expected observation as CaMKs interact with HDACs rather than directly with
MEF2C (McKinsey et al., 2000; McKinsey et al., 2001b). Since CaN is a Ca2+-dependent
phosphatase found in the cytoplasm, it is probable that endogenous CaN was activated by
Ca®* ionophore treatment. Hence, immunostaining experiments indicated that MEF2C
nuclear localization was compromised in absence of calreticulin, but was corrected by
presence of activated CaN.

To confirm that constitutively-active enzymes were functioning within cells,
embryonic mouse fibroblasts were co-transfected with these plasmids as well as GFP-
NFATc4 or GFP-HDACS. GFP-NFATc4 was found to be localized in the cytoplasm of

wild-type and calreticulin-deficient cells and only translocated to the nucleus in the
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presence of CaN*. In comparison, GFP-HDACS5 was initially nuclear and became
localized in the cytoplasm in the presence of CaMKII*, but not as a result of CaN*
(Figure 3-10). The findings for CaMKs were in agreement with those previously
observed (McKinsey et al., 2001b). As identical localization results were obtained for
both mouse embryonic and mouse fibroblasts, it was decided that because these cell types
exhibited such strong similarities further investigation would only involve the embryonic
fibroblasts. Therefore, in wild-type and calreticulin-deficient cells GFP-NFATc4 and
GFP-HDACS localization and nuclear translocation were found to be normal and both
CaN* and CaMKII* were functional.

It can be concluded that MEF2C function was compromised in calreticulin-
deficient cells. DNA array data showed that MEF2C was absent from calreticulin-
deficient cell nuclear extracts, but was present in the extracts following Ca>" ionophore
treatment. MEF2C possesses both a NLS and a nuclear retention signal (NRS) and
because it is a transcription factor it is imperative that it be localized in the nucleus to
impact target genes. The observation that MEF2C was originally absent from the nucleus
of cells lacking calreticulin suggested that its function may be compromised in cells
lacking calreticulin. The belief that MEF2C function was impaired in absence of
calreticulin was investigated by RT-PCR and results suggested that expression of MEF2C
target genes was decreased in calreticulin-deficient cardiomyocytes relative to wild-type.
Experiments with calreticulin promoter-controlled luciferase reporter gene confirmed that
MEF2C function was compromised in the absence of calreticulin as well as demonstrated
that Ca®* ionophore treatment or the presence of CaN* could correct the problem. Thus,

in the absence of calreticulin MEF2C was unable to function efficiently.
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DNA array data had indicated that Ca”* ionophore treatment permitted MEF2C to
translocate to the nucleus. To further scrutinize this observation, immunostaining of
MEF2C in wild-type and calreticulin-deficient fibroblasts was conducted. The results
from both embryonic and mouse fibroblasts indicated that MEF2C was nuclear in wild-
type cells, but predominantly cytoplasmic in calreticulin-deficient cells. Interestingly, co-
transfection of calreticulin-deficient cells with CaMK* did not induce MEF2C nuclear
localization, but nuclear localization occurred following Ca®* ionophore treatment or co-
transfection with CaN*. Hence, in calreticulin-deficient cells MEF2C nuclear localization
was compromised, but was made possible following an increase in cytoplasmic Ca**
concentration or the presence of activated CaN. Further studies were necessary to
determine if this localization problem was specific for MEF2C transcription factor or if

localization of other proteins was compromised in the absence of calreticulin.
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Chapter Four

GFP-MEF2C NUCLEAR LOCALIZATION
IS Ca’** AND CALCINEURIN-DEPENDENT

Versions of portions of this chapter have been published or submitted for publication:

1. Lynch, J and Michalak, M. 2003. Calreticulin is an upstream regulator of calcineurin.
Biochem. Biophys. Res. Commun. 311:1173-9.

2. Lynch, J., Guo, L., Gelebart, P., Chilibeck, K., Xu, I., Molkentin, J.D., Agellon, L.B.,
and Michalak, M. 2004. Calreticulin signals upstream of calcineurin and MEF2C
in a critical Ca?*-dependent signaling pathway of early cardiac development.
Status: Submitted.
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INTRODUCTION

In the previous chapter immunostaining of fixed cells indicated that MEF2C
localization was compromised in the absence of calreticulin, but was corrected by
increased cytoplasmic Ca’* or the presence of activated CaN. Further evidence was
desired to support these observations and so other methods for localization of MEF2C
were utilized. At present, there are several techniques available by which proteins can be
localized within a cell. In this chapter, methods were utilized that enabled localization of
MEF2C within: 1) living cells; 2) cardiomyocytes; and, 3) cardiac tissue. In addition,
experiments were conducted which permitted localization of MEF2C to be examined in

cells treated with inhibitors of CaN or CaMK.

Green fluorescent protein

Green fluorescent protein (GFP) is a small protein (27kDa) first isolated from the
jellyfish Aequorea victoria (Prasher et al., 1992). GFP has stimulated a great deal of
excitement among molecular, developmental, and cell biologists as the DNA sequence
for GFP can be manipulated to create gene fusions between GFP and any protein of
interest (Chalfie et al., 1994). A major advantage of the GFP tag is that a protein of
interest can be localized within living cells and organisms from the moment of its
expression. Therefore, GFP fusion proteins represent one method by which to determine

protein localization.

Immunohistochemistry
Immunohistochemistry is a technique that enables localization of antigens in

tissue sections by the use of labeled antibodies. The technique was originally developed
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over 50 years ago (Coons, 1951) and continues to be improved upon. At present, the
avidin-biotin complex (ABC) method is the most sensitive immunohistochemical
technique available. Avidin is a large glycoprotein that is labeled with peroxidase and has
a very high-affmity for biotin while biotin is a low molecular weight vitamin that can be
conjugated to a variety of biological molecules such as antibodies. The ABC technique
involves three major steps: 1) addition of unlabeled primary antibody; 2) addition of
biotinylated secondary antibody; and, 3) addition of a complex of avidin-biotin
peroxidase. The peroxidase is then developed by addition of diamino-benzidine
tetrahydrochloride (DAB) substrate to produce an intensely coloured (purple to black)
end product. A counterstain such as hematoxylin (blue colour) is used to identify nuclei.

Thus, immunostaining is a powerful method that permits in situ localization of protein.

CaN Inhibitor

CsA is an important immunosuppressive agent used in organ transplantation and
treatment of diverse immune disorders. CsA suppresses the immune response by binding
to and inhibiting CaN function (Liu et al., 1991). CsA was originally extracted from
Tolypocladium inflatum Gams and is a neutral, lipophilic, very hydrophobic, cyclic
polypeptide of 11 amino acids (Bueno et al., 2002a). The drug, administered orally or
intravenously, distributes rapidly between blood cells and plasma eventually
accumulating in erythrocytes (50 to 60%), in leukocytes (10 to 20%), and the remainder
bound to plasma lipoproteins (Bueno et al., 2002a). In a cell, CsA binds to an ubiquitous,
cytoplasmic protein, cyclophilin, to form a complex that is capable of high-affinity
association with CaN. Complex association with CaN inhibits phosphatase activity as

well as prevents substrate interaction. The actual tissue distribution of CsA is dependent
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on cyclophilin and lipid content (Bueno et al., 2002a). CsA is metabolized in the liver by
P-450IIIA enzymes to render more than 30 metabolites (Bueno et al., 2002a). It is
estimated that the half-life of CsA is six hours (Faulds et al., 1993).

In some instances, CsA can protect against the onset of cardiac hypertrophy
(Molkentin et al., 1998). In the case of aortic banding to induce hypertrophy by pressure-
overload, one study showed the protectory effect of CsA (Sussman et al., 1998) whereas
several other investigations have failed to confirm this observation (Ding et al., 1999;
Luo et al., 1998; Zhang et al., 1999). In another study, CsA was found to protect against
pressure-overload induced hypertrophy after 7 days, but not after 21 days (Molkentin,
1998). It is possible that discrepancies occurred due to dose of immunosuppressant drug
and/or mode of administration. Additionally, it is possible that the differences occurred
because hypertrophy is a complex process involving multiple signaling pathways. Hence,
immunosuppressive drugs to suppress CaN méy delay, but not prevent the hypertrophic

response (Rusnak and Mertz, 2000).

CsA has severe side effects. Human patients maintained on CsA for the purpose
of immunosuppression can develop hypertension (Lipkin ef al., 1993; Lo and Alloway,
2002) and cardiac hypertrophy (Bueno et al., 2002a; Chang et al., 1998). At therapeutic
doses, CsA was found to induce sustained SR Ca** leakage from adult rabbit and human
cardiomyocytes (Janssen et al., 2000). Long-term CsA treatment disrupts Ca®*
homeostasis and alters contractile properties of cardiomyocytes via modifications to
SERCA and L-type Ca®" channels (Mijares et al., 1997). In addition to influencing Ca®
homeostasis, CsA has CaN-independent effects in multiple organs, including neural

tissue, smooth muscle, and kidney (Bueno et al., 2002a; Lo and Alloway, 2002). In vivo,

150

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CsA prevents muscle regeneration in response to damage (Abbott et al., 1998). In the
clinic, transplant patients treated with CsA exhibit severe skeletal muscle weakness (Goy
et al., 1989). Additionally, metabolic toxicities (Lo and Alloway, 2002) and weight loss
have been associated with CsA treatment (Frey and Olson, 2003). It is worth noting that
the doses of CsA required to prevent cardiac hypertrophy in experimental animals is
approximately 10-fold higher than that needed to achieve immunosuppression in humans.
This phenomenon may be attributed to high cardiac CaN content, different rates of drug
absorption, or perhaps due to the higher metabolic rate of the mice (Bueno ef al., 2002a).
When considering the large number of side-effects associated with CaN inhibitor
treatment, there is a great need to correctly determine the dosage and mode of drug
administration (Bueno et al., 2002a).

To date, a vast number of studies have attempted to determine if CsA could be
utilized to treat cardiac hypertrophy (Bueno ef al., 2002a). In all instances, the
investigations were hampered to some degree by intra- and extra-cardiac side effects
associated with the drug. Since CsA has targets independent of CaN (Kaibori et al., 1999;
Lipkin et al., 1993), the extra-cardiac side effects virtually exclude CsA usage as a

potential treatment for patients with cardiac hypertrophy.

CaMK inhibitors

Two well known inhibitors of CaMK are KN-62 and KN-93. KN-62 (1-[N,O-
bis(5-isoquinolinesulfonyl)-N-methyl-1-tyrosyl]-4-piperazine) is a synthetic inhibitor of
CaMK (Tokumitsu et al., 1990) and acts on CaMKII in a dose-dependent manner
(Minami et al., 1994). KN-62 inhibits DNA synthesis and slows progression through S

phase (Minami et al., 1994; Williams et al., 1996). In comparison, KN-93 (Sumi ef al.,
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1991) is a methoxybenzenesulfonamide (2-[N-(2-Hydroxyethyl)-N-(4-
methoxybenzenesulfonyl)] amino-N-(4-chlorocinnamyl)-N-methylbenzylamine) that acts
by antagonizing CaM binding and reversibly arrests rodent and human cells in G1 phase
of the cell cycle (Morris et al., 1998; Rasmussen and Rasmussen, 1995; Tombes et al.,
1995). Studies have found that cultured cardiomyocytes treated with KN-62 (Okazaki et
al., 1994) or KN-93 (Vittone et al., 2002) have a dose-dependent decrease in rate of
beating due to decreased phosphorylation of phospholamban and depressed SERCA
activity. Thus, CaMK inhibitors impact Ca®* cycling and may also influence sinoatrial
node pacemaker activity (Anderson et al., 1998; Maier ef al., 2003; Vinogradova ef al.,
2000). Pressure-overloaded rat hearts in a heart perfusion model treated with KN-62
showed that CaMKII could be inhibited by KN-62 in situ (Saito et al., 2003). Although
KN-62 and KN-93 inhibit CaMK activity, they also inhibit the cell cycle and encourage

apoptosis; thus, these drugs are unlikely to have clinical applications.
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MATERIALS & METHODS

GFP plasmids

The cloning vector utilized to create GFP fusion proteins was pEGFP-C1
(Clontech; GenBank Accession: U55763). All cDNA inserts were in frame with the GFP
cloning vector. For GFP-MEF2C, full-length MEF2C was amplified by PCR and 5° Xhol
site and 3’ HindlII sites introduced. To create GFP-MEF2A, full-length MEF2A was
subcloned into pEGFP-C1 following PCR amplification and introduction of 5’ Xhol and
3’ EcoRlI sites. To create GFP-MyoD, ¢cDNA for MyoD was amplified by PCR and 5’
EcoRI and 3’ Xbal sites introduced. Creation of GFP-GATA6-NLS involved restriction
enzyme cutting of the NLS region of GATA6 with Sstl and EcoRI. GFP plasmids were
transfected into wild-type and calreticulin-deficient embryonic fibroblasts and
cardiomyocytes using FuGENE 6 transfection reagent. All GFP images were of live cells
grown on 25mm coverslips. GFP images were captured with a Zeiss Axiovert S100
fluorescent microscope using an excitation wavelength of 490nm and emission
wavelength of 520nm. All pictures were pseudo-coloured using Northern Eclipse

5.0 software (Empix Imaging Inc., Mississauga, Ontario, Canada).

Drug treatment of fibroblasts

Fibroblasts were transfected with GEP-MEF2C and were treated with drugs 60
minutes after addition of DNA. CsA (ImM stock in 3.8% ethanol; Sigma; Cat. C-3662)
was added to media to produce a final CsA concentration of 0.1 M. KN-62 (40uM stock
in DMSO; Sigma Cat. 1-2142) was added to media to render a final concentration of 1M

(Zhu et al., 2000). Controls were treated with the appropriate drug vehicle.
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Histological Analysis

E12 mouse embryos were dissected out of the uterus and fixed in 4%
paraformaldehyde for 8 hours. The embryos were washed with PBS for 30 minutes,
placed in 50% PBS/50% Tissue-Tek OCT compound (Sakura Finetek USA Inc.,
Torrance, California, USA; Cat. 4583) for 16 hours at room temperature, and then
incubated in 100% OCT for 24 hours at 4°C. The embryos were frozen in 2-methylbutane
(Fisher Scientific; Cat. 03551-4) cooled in liquid nitrogen. Embryos were stored at —80°C
until time of sectioning. A cryostat (Ames/Miles Tissue Tek II Cryostat) was utilized to
produce 4ym sagittal sections of embryos and these sections were placed on poly-L-
lysine (concentration = 500ug/mL; Sigma; Cat. P-1399) coated slides. Following
methanol/acetone fixation, embryo sections were incubated in 3% H,0O, to block
endogenous peroxidase. Embryo sections were stained using Vectastain Elite ABC kit
(Vector Laboratories Inc., Burlingame, California, USA; Cat. PK-6200) and Vector DAB
substrate kit (Cat. SK-4100). Sections were counterstained with hematoxylin (Cat. H-
3404) and mounted in Vectamount Permanent Mounting Medium (Cat. H-5000). The
application of Vector Laboratory products was in accordance with manufacturer
instructions. The primary antibody utilized was polyclonal MEF2C (1:10 dilution).
Embryo sections were examined using a Zeiss Axioskop 2 mot plus microscope fitted

with a 100X objective. Images were captured with a Nikon Coolpix 995 digital camera.
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RESULTS

Specificity of compromised MEF2C nuclear localization

A GFP-MEF2C plasmid was created and transfected into wild-type and
calreticulin-deficient mouse embryonic fibroblasts. As expected, GFP-MEF2C was
localized only in the nucleus of wild-type cells (Figure 4-1, a), and this localization did
not change following Ca®* treatment or the presence of CaN*, CaMKI*, or CaMKII*
(Figure 4-1, b to e). However, for calreticulin-deficient cells GFP-MEF2C was not found
to be predominantly cytoplasmic as suggested by the immunostaining data, but rather was
found to be distributed throughout the cell, in both cytoplasm and nucleus (Figure 4-1, /).
Immunoblot analysis of cytoplasmic and nuclear extracts indicated that over 90% of the
GFP-MEF2C was localized in the nucleus of wild-type cells while in calreticulin-
deficient cells only 15 to 38% of the GFP-MEF2C was nuclear (Appendix Figure 6).
Results from the investigation of GFP-MEF2C localization suggested that MEF2C
localization was not completely inhibited in cells devoid of calreticulin, but rather
indicated that in absence of calreticulin MEF2C localization was impaired. As with the
immunostained cells, MEF2C accumulated in the nucleus of calreticulin-deficient cells
following Ca®" treatment or presence of CaN* (Figure 4-1, g, /), but was not influenced
by CaMKI* or CaMKII* (Figure 4-1, i, j). Also, as with the immunostaining experiment,
calreticulin-deficient cells stably transfected with calreticulin were found to always have
nuclear localization of MEF2C (Figure 4-1, k, o). Therefore, examination of GFP-
MEF2C supported immunostaining data and suggested that MEF2C localization was not
entirely inhibited in absence of calreticulin, but rather was substantially impaired.

To better understand if compromised MEF2C nuclear translocation was specific
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Figure 4-1. Nuclear localization of GFP-MEF2C was compromised in the absence of
calreticulin. Localization of GFP-MEF2C in mouse embryonic fibroblasts. Wild-type
(panels a to e) and calreticulin-deficient cells stably transfected with calreticulin (pane! k
to 0) had nuclear localization of GFP-MEF2C. Calreticulin-deficient cells had GFP-
MEF2C distributed throughout the cell, in both cytoplasm and nucleus (parnel f). In the

absence of calreticulin, GFP-MEF2C localized to the nucleus only after cells were treated

with Ca®* (panel g) or co-transfected with CaN* (panel h). Scale bar = 25um.
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for MEF2C, cDNAs for several other transcription factors were subcloned into a GFP
vector and localization was observed in wild-type and calreticulin-deficient embryonic
fibroblasts. GFP-MEF2A localization was identical in both cells types (Figure 4-2, a, /)
independent of Ca** treatment (Figure 4-2, b, g) or co-transfection with CaN* (Figure 4-
2, ¢, h) or CaMK* (Figure 4-2, d, e, i, j). GFP-MyoD (Figure 4-3, a, b) and GFP-
GATAG6-NLS (Figure 4-3, ¢, d) were also observed to be nuclear in both wild-type and
calreticulin-deficient cells. Thus, in wild-type and calreticulin-deficient fibroblasts the
nuclear localization of GFP-NFATc4, GFP-HDACS, GFP-MEF2A, GFP-MyoD and
GFP-GATAG-NLS were similar. Hence, it is probable that the compromised nuclear
localization of MEF2C observed in calreticulin-deficient cells was specific for this

transcription factor.

Role of CaN and CaMK inhibitors

CsA treatment impaired nuclear localization of GFP-MEF2C in wild-type cells
(Figure 4-4, a, b, ¢, d) and GFP-MEF2C localization was found to be similar to that
observed for calreticulin-deficient fibroblasts (Figure 4-4, e, £, g, ). In comparison, KN-
62 treatment of embryonic fibroblasts had no influence on GFP-MEF2C localization
(Figure 4-5) beyond that observed for GFP-MEF2C alone (Figure 4-1). Therefore, CsA

treatment impaired GFP-MEF2C nuclear localization whereas KN-62 treatment had no

influence on localization.

MEF2C localization was impaired in cardiomyocytes
Since MEF2C is a component of the fetal cardiac program, it was desirable to

determine if the localization data collected for GFP-MEF2C in fibroblasts was what
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Figure 4-2. Localization of another nuclear protein (GFP-MEF2A) was not
compromised in the absence of calreticulin. GFP-MEF2A was localized to the nucleus
of wild-type (panels a to e) and calreticulin-deficient (panels e to g) embryonic

fibroblasts. Scale bar = 25um.
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Figure 4-3. Localization of other nuclear proteins (GFP-MyoD1 and GFP-GATAG6-
NLS) was not compromised in the absence of calreticulin. GFP-MyoD1 was localized
to the nucleus of wild-type (panel a) and calreticulin-deficient (panel b) embryonic
fibroblasts. Localization of GFP-GATAG6-NLS was also observed to be nuclear in wild-

type (panel c) and calreticulin-deficient (panel d) embryonic fibroblasts. Scale bar =

25 um.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



wt crt -

GFP-MyoD1

GFP-GATAG6
-NLS

162

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4-4. Treatment of cells with a CaN inhibitor impaired nuclear localization of
GFP-MEF2C. Localization of GFP-MEF2C in wild-type (parels a to d) and calreticulin-
deficient (panels e to h) embryonic fibroblasts was observed to be throughout the cell, in

both cytoplasm and nucleus, following CsA treatment (CaN inhibitor). Scale bar = 25um.
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Figure 4-5. Treatment of cells with a CaMK inhibitor had no influence on GFP-

MEF2C localization. KN-62 (CaMK inhibitor) treatment of wild-type (panels a to d)
and calreticulin-deficient (panels e to h) embryonic fibroblasts had no influence of GFP-

MEF2C localization beyond that observed for no KN-62 treatment (Figure 4-1). Scale bar

=25 um.
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would be observed in cardiomyocytes. For this experiment, cardiomyocytes isolated from
E12 wild-type and calreticulin-deficient embryos were transfected with GFP-MEF2C in
the presence or absence of CaN*. In wild-type cardiomyocytes, GFP-MEF2C was found
only in the nucleus whereas in calreticulin-deficient cells it was distributed throughout
the cell, in both cytoplasm and nucleus (Figure 4-6). Similar to what was observed in
fibroblasts, the presence of CaN* permitted GFP-MEF2C to completely translocate to the
nucleus in the absence of calreticulin (Figure 4-6). Therefore, the results for GFP-MEF2C
in cardiomyocytes supported observations in fibroblasts.

In vitro and in vivo data suggested that MEF2C nuclear localization is impaired in
calreticulin-deficient cells. To determine if this was the case in situ, E12 mouse embryos
were sectioned for histological examination. Wild-type embryo hearts were found to have
very dark MEF2C nuclear staining (Figure 4-7, ¢). In comparison, hearts from
calreticulin-deficient embryos were found to have MEF2C in the cytoplasm (Figure 4-7,
d). The results from this experiment were in agreement with in vitro and in vivo
observations and confirmed that MEF2C nuclear localization was disrupted in absence of

calreticulin.
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Figure 4-6. GFP-MEF2C localization in cardiomyocytes was compromised in the
absence of calreticulin. Cardiomyocytes isolated from wild-type (panels a, ¢) and
calreticulin-deficient (panels b, d) E12 embryos were cultured and transfected with
expression vectors for GFP-MEF2C and CaN*. GFP-MEF2C was exclusively nuclear in
wild-type cells (panels a, c), but not in calreticulin-deficient cells (panel c). Expression of
activated-CaN promoted nuclear translocation of GFP-MEF2C in the absence of

calreticulin (panel d). Scale bar = 50um.
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Figure 4-7. MEF2C localization in cardiomyocytes was compromised in absence of
calreticulin. /n situ localization of MEF2C in sagittal sections of E12 heart ventricle
walls. Black colour is the primary staining and represents location of MEF2C while blue
staining is due to hematoxylin and represents location of nuclei. Wild-type sections had
very dark nuclei staining owning to a combination of the black and blue staining (panel
b). In comparison, nuclei in calreticulin-deficient fibroblasts were blue in colour and most
of the black colour (MEF2C) was observed in the cytoplasm (panel d). Controls were

sections that were only stained with hematoxylin (panels a, c). Scale bar = 50um.
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DISCUSSION

Localization of GFP-MEF2C was compromised in calreticulin-deficient cells. For
additional evidence to support the MEF2C immunostaining data, a GFP-MEF2C plasmid
was created and localization examined in mouse embryonic fibroblasts. As expected,
GFP-MEF2C was localized only in the nucleus of wild-type cells (Figure 4-1, a), and this
localization did not change following Ca®* treatment or the presence of CaN*, CaMKI*
or CaMKII* (Figure 4-1, b, ¢, d, e). However, for calreticulin-deficient cells GFP-
MEF2C was found to be distributed throughout the cell, in both cytoplasm and nucleus
(Figure 4-1, f). The results from GFP-MEF2C localization suggested that MEF2C
localization was not completely inhibited in cells devoid of calreticulin, but rather
indicated that in absence of calreticulin MEF2C localization was impaired. As with the
immunostained cells, MEF2C accumulated in the nucleus of calreticulin-deficient cells
following Ca®* treatment or presence of CaN* (Figure 4-1, g, ), but was not influence by
CaMK* (Figure 4-1, i, j). As with MEF2C immunostaining experiment, calreticulin-
deficient cells stably transfected with calreticulin were found to always have nuclear
localization of MEF2C (Figure 4-1, &, [, m, n, 0). Therefore, examination of GFP-MEF2C
supported immunostaining data and suggested that MEF2C localization was not entirely
inhibited in absence of calreticulin, but rather was significantly impaired.

The slight difference between Texas-red MEF2C immunostaining and GFP-
MEF2C observations may have occurred as a result of several factors. The pEGFP-C1
vector in which MEF2C was cloned has a more robust CMV promoter than the MEF2C
plasmid utilized for immunostaining. As a result, more molecules of GFP-MEF2C may

have been in cells transfected with this plasmid. Also, there is an issue of signal
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sensitivity. In addition, GFP-MEF2C may have been in the cytoplasm over the nucleus.
Finally, minor differences may have occurred because one method required cell fixation
with formaldehyde (which could have resulted in some masking of antigen binding sites)
while the other method viewed localization in live cells. Regardless of minor
discrepancies between Texas red immunostaining and GFP localization, it can be
concluded that obvious differences existed between wild-type and calreticulin-deficient
cells and in the latter cell type MEF2C localization was impaired.

Recently, it was reported that glucocorticoid receptor (Holaska et al., 2001) and
p53 (Mesaeli and Phillipson, 2004) exhibit impaired nuclear translocation in the absence
of calreticulin. As such, it was necessary to determine if the problem observed for
MEF2C localization was specific for this transcription factor or if the problem was due to
some physical abnormality with the cells resulting from absence of calreticulin.
Subsequently, localization of other transcription factors in calreticulin-deficient
fibroblasts was studied. The GFP-MEF2A results were particularly interesting as MEF2A
and MEF2C have the same DNA binding specificity (Black and Olson, 1998) as well as a
similar NLS (Yu, 1996). In this investigation, GFP-MEF2A was observed to localize to
the nucleus in the absence of calreticulin. Examination of several other GFP-linked
transcription factors indicated that cellular location of all was normal. Thus, any problem
a transcription factor has with nuclear translocation in absence of calreticulin appears to
be specific for that transcription factor and is not owing to problems with the nuclear
pore. Therefore, compromised MEF2C nuclear translocation in calreticulin-deficient cells

likely occurs because these cells have impaired Ca®" release from cellular stores, which
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results in diminished activity of CaN and an inability of CaN to post-translationally
modify MEF2C thereby permitting MEF2C to translocate to the nucleus.

For further evidence to suggest CaN was directly influencing MEF2C, wild-type
and calreticulin-deficient cells were transfected with cDNA encoding GFP-MEF2C and
treated with CsA or KN-62. The results indicated that the CaN inhibitory drug, CsA,
impaired GFP-MEF2C nuclear translocation whereas the CaMKII* inhibitory drug, KN-
62, had no influence on GFP-MEF2C localization. In both cell types, GFP-MEF2C was
observed to be throughout the cell, in both the cytoplasm and nucleus and so it is
probable that treatment of cells with CsA likely inhibited both endogenous CaN as well
as co-transfected CaN*. Hence, CsA treatment caused impaired GFP-MEF2C nuclear
translocation and this result suggests that MEF2C is dependent on activated CaN for
nuclear localization.

At this point, all localization studies had been conducted in fibroblasts, so it was
necessary to determine if MEF2C localization was compromised in calreticulin-deficient
hearts. As such, MEF2C localization in wild-type and calreticulin-deficient
cardiomyocytes were studied. Localization of GFP-MEF2C in cardiomyocytes was
observed to be impaired in the absence of calreticulin, but was corrected by the presence
of CaN*. Thus, the cardiomyocyte data was in complete agreement with that observed for
mouse embryonic fibroblasts. Histological analysis of hearts from E12 embryos provided
in situ evidence to support in vivo observations regarding MEF2C localization. Therefore,
it can be concluded that nuclear localization of MEF2C was compromised in the absence

of calreticulin.

174

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



In conclusion, when localization of GFP-MEF2C in fibroblasts and
cardiomyocytes was examined, differences between wild-type and calreticulin-deficient
cells were obvious. Localization findings for GFP-MEF2C differed somewhat from
Texas red immunostaining data and this was likely due to several factors. Regardless,
GFP-MEF2C findings suggested that MEF2C nuclear localization was not completely
inhibited in absence of calreticulin, but rather was compromised. Interestingly, treatment
of cells to elevate cytoplasmic Ca®" or co-transfection of cells with CaN* corrected the
problem MEF2C had with nuclear localization. Since CaN is a Ca®'-dependent
phosphatase found in the cytoplasm, it is probable that endogenous CaN is activated by
Ca* treatment. Hence, CaN* was responsible for MEF2C nuclear translocation.

Determining if CaN was directly targeting MEF2C was the next experiment.
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Chapter Five

MEF2C CARBOXYL-TERMINUS
IS DEPHOSPHORYLATED BY CALCINEURIN

Versions of portions of this chapter have been published or submitted for publication:

1. Lynch, J and Michalak, M. 2003. Calreticulin is an upstream regulator of calcineurin.
Biochem. Biophys. Res. Commun. 311:1173-9.

2. Lynch, J., Guo, L., Gelebart, P., Chilibeck, K., Xu, J., Molkentin, J.D., Agellon, L.B,,
and Michalak, M. 2004. Calreticulin signals upstream of calcineurin and MEF2C
in a critical Ca®'-dependent signaling pathway of early cardiac development.
Status: Submitted.
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INTRODUCTION

MEF2C is a transcription factor that should be localized in the nucleus of any cell
as it possesses both a NRS and a NLS in its carboxyl-terminus (Black and Olson, 1998;
Borghi ef al., 2001). The MEF2C NLS is rather unique as it is believed to be bipartite
(Borghi et al., 2001). Sequence comparisons of MEF2 isoform carboxyl-termini indicated
that MEF2A and MEF2C possessed the most similar NLS; however, these two isoforms
differ substantially in the regions flanking the NLS (Borghi et al., 2001). In particular, the
MEF2C carboxyl-terminal around the NLS is much more serine- and threonine-rich than
that of MEF2A. CaN is a serine/threonine phosphatase and this may be the reason as to
why this investigation has found that CaN* influences GFP-MEF2C localization (Figure
4-1), but does not impact GFP-MEF2A localization (Figure 4-2). Previously, it was
reported that deletion mutants lacking carboxyl-terminal portions of MEF2C have
impaired nuclear localization (Borghi et al., 2001). Hence, it was hypothesized that CaN*
was targeting a region within the carboxyl-terminal of MEF2C and this region was
responsible for MEF2C nuclear translocation.

There are several methods by which to demonstrate if a protein is being
phosphorylated and/or dephosphorylated. Difficulty arises if the specific kinase involved
in the phosphorylation reaction is unknown. In such an instance, it is best to perform an
in vitro experiment using purified protein and phosphorylate this protein with a mixture
of kinases such as that extracted from the heart (Moor and Fliegel, 1999; Moor et al.,
2001; Wang et al., 1997). Preliminary experiments found that GST-MEF2C protein
aggregates and MEF2C stable cell lines cannot be established (J. Lynch, unpublished

data). As such, it was necessary to use a different approach to demonstrate CaN targeting
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of MEF2C. Recently an in vitro experiment involving skeletal muscle cell extracts treated
with CsA, Ca®* ionophore, and/or calf intestinal alkaline phosphatase (CIAP) was
published and in this report MEF2A was observed to be hyperphosphorylated in presence
of CsA and hypophosphorylated in presence of Ca>* ionophore or CIAP (Wu et al.,
2000). Therefore, there are several methods to demonstrate protein dephosphorylation
and it was necessary to perform such an experiment to determine if CaN was directly

dephosphorylating MEF2C.
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MATERIALS & METHODS

GFP plasmids

The GFP plasmid utilized was pEGFP-CI1. This plasmid was selected as GFP
would be in frame with the amino-terminal portion of MEF2C and the GFP was less
likely to potentially interfere with the MEF2C NLS. To create a plasmid that would have
GFP fused in frame to only the NRS-NLS region of MEF2C, the carboxyl-terminal
portion of MEF2C was amplified by PCR and 5’ Xhol and 3° BamHI sites incorporated.
To create a GFP plasmid with GFP linked only to the MEF2C NLS, long oligos were
synthesized, annealed, and cloned into 5° Xhol and 3’ BamHI sites. Wild-type and
calreticulin-deficient fibroblasts and cardiomyocytes were transfected with GFP
expression plasmids using FuGENE 6 transfection reagent. All GFP images were of live
cells grown on 25mm coverslips. GFP images were captured with a Zeiss Axiovert S100
fluorescent microscope using an excitation wavelength of 490nm and emission
wavelength of 520nm. All pictures were pseudo-coloured using Northern Eclipse

5.0 software (Empix Imaging Inc., Mississauga, Ontario, Canada).

Dephosphorylation of MEF2C

For dephosphorylation investigation, the GFP plasmid containing cDNA encoding
the carboxyl-terminal NLS (Figure 5-1) region of MEF2C was transiently transfected into
NIH3T3 fibroblasts. Cellular proteins were isolated using a buffer containing 5S0mM Tris,
pH 7.5, 150mM NaCl, ImM EDTA, ImM EGTA (ethylene bis(oxyethylenenitrilo) tetra-
acetic acid), 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS and a mixture [0.1

mg/mL aprotinin, Sigma Cat. A-1153; 0.05 mg/mL phosphoramidone, Sigma Cat.
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Figure 5-1. Protein sequence of mouse MEF2C. This figure shows the 432 amino acids
of MEF2C. Shown in bold is the 99 amino acid carboxyl-region which possesses the
MEF2C NRS and NLS. Amino acids corresponding to the NRS are underlined while the

amino acids corresponding to the bipartite NLS are shown in green.
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MGRKKIQITRIMDERNRQVTFTKRKFG
LMKKAYELSVLCDCEIALIFNSTNKLF
QYASTDMDKVLLKYTEYNEPHESRTN
SDIVEALNKKENKGSESPDPDSSYALT
PRTEEKYKKINEEFDNMIKSHKIPAVPP
PSFEMPVTIPVSSHNSLVYSNPVSTLG
NPNLLPLAHPSLQRNSMSPGVTHRPP
SAGNTGGLMGGDLTSGAGTSAGNGY
GNPRNSPGLLVSPGNLNKNIQAKSPP
PMNLGMNNRKPDLRVLIPPGSKNTMP
SVNQRINNSQSAQSLATPVVSVATPTL
PGQGMGGYPSAISTTYGTEYSLSSAD
LSSLSGFNTASALHLGSVTGWQQQHL
HNMPPSALSQLGDRTTTPSRYPQHTT
RHEAGRSPVDSLSSCSSSYDGSDRE
DHRNEFHSPIGLTRPSPDERESPSVK
RMRLSEGWAT
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R-9382; 0.1 mg/mL TLCK hydrochloride (No—p-Tosyl-L-lysine chloromethyl ketone
hydrochloride), Sigma Cat. T-7254; 0.2 mg/mL TPCK (N-p-Tosyl-phenylalanine
chloromethyl  ketone), Sigma Cat. T-4376; 0.1 mg/mL APMSF (4-
amidinophenylmethanesulfonyl fluoride hydrochloride) Sigma, Cat. A-6664; 0.1 mg/mL
E-64, Sigma, Cat. E-3132; 0.05 mg/mL Leupeptin, Sigma Cat. L-2884; 0.02 mg/mL
Pepstatin A, Sigma Cat. P-4265] of protease inhibitors (Milner et al., 1991). Centricon
concentrators (Amicon, Inc., Beverly, MA; Cat. 4202) were utilized to concentrate the
cellular extracts into PBS containing 0.5% NP40. Aliquots of each protein extract were
incubated with CIAP (NEB; Cat. M0290S) for 6 hours at 37°C. Proteins were then loaded
onto a 12.5% SDS-PAGE gel separated at room temperature at 230 volts for 2.25 hours.
Proteins were transferred to nitrocellulose membranes (Bio-Rad Laboratories, Hercules,
California, USA; Cat. 162-0115) and immunoblotted with polyclonal goat anti-GFP
(1:5000 dilution; generous gift from Dr. Luc Berthiaume, University of Alberta).
Antibody binding was detected with peroxidase-conjugated rabbit anti-goat secondary
antibody (Jackson ImmunoResearch Laboratories, Inc.; Cat. 305-035-003) at a dilution of

1:10000 followed by ECL development reaction.
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RESULTS

Dephosphorylation of MEF2C carboxyl-terminal by CaN* enabled MEF2C nuclear
localization

Two deletion mutants of MEF2C were subcloned into a GFP vector and
localization of these deletion mutants in wild-type and calreticulin-deficient embryonic
fibroblasts was examined. The first deletion mutant (99 amino acids) had the carboxyl-
terminal portion of MEF2C encompassing both the NRS and NLS while the second
deletion mutant was much smaller (30 amino acids) and possessed only the NLS region
(Figure 5-2). In wild-type cells, GFP-MEF2C-NRS-NLS fusion protein was found to be
only in the nucleus regardless of Ca®" treatment or co-transfection with other plasmids
(Figure 5-3, a, b, ¢, d, e). In comparison, in calreticulin-deficient cells the GFP-MEF2C-
NRS-NLS fusion protein was observed to be in both the nucleus and cytoplasm (Figure
5-3,f g h, i, j) and only in the nucleus following addition of Ca®* or CaN* (Figure 5-3,
g, h). Identical results were obtained when the second deletion mutant, GFP-MEF2C-
NLS fusion protein, was visualized in wild-type (Figure 5-4, q, b, ¢, d, e) and calreticulin-
deficient fibroblasts (Figure 5-4, f, g, A, i, j). Therefore, experiments using MEF2C
deletion mutants suggested that at the extreme carboxyl-terminal of MEF2C there is a
region of 30 amino acids essential and sufficient for MEF2C nuclear localization and this
region is sensitive to presence of Ca®* or CaN*,

In all calreticulin-deficient cells, impaired MEF2C nuclear localization was
observed and it could only be overcome by Ca’ treatment or presence of CaN¥.
Subsequently, I hypothesized that CaN* was essential for post-translational modification

of the carboxyl-terminal of MEF2C and this event was necessary for MEF2C nuclear
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Figure 5-2. Schematic diagrams of full-length MEF2C and GFP-MEF2C deletion
mutants. In the MEF2C diagram, the blue box represents the MADS domain (57 amino
acids) while the red box represents the MEF2 domain (29 amino acids). The locations of
the NRS and NLS are indicated. The MEF2C-NRS-NLS deletion mutant has the
carboxyl-terminal 99 amino acid residues of MEF2C (residues 333 to 432). In
comparison, MEF2C-NLS possesses the carboxyl-terminal 30 amino acid residues of

MEF2C (residues 402 to 432).
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Figure 5-3. Localization of GFP-MEF2C-NRS-NLS fusion protein in mouse
embryonic fibroblasts. Wild-type (panels a to e) cells had nuclear localization of GFP-
MEF2C-NRS-NLS fusion protein while calreticulin-deficient cells had GFP-MEF2C-
NRS-NLS fusion protein in both cytoplasm and nucleus (panels £, i, j). When calreticulin-
deficient cells were treated with Ca®* (panel g) or co-transfected with CaN* (panel h)

then GFP-MEF2C-NRS-NLS fusion protein was in the nucleus. CaMK* had no influence

on fusion protein localization (panels d, e, i, j). Scale bar = 25um.
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Figure 5-4. Localization of GFP-MEF2C-NLS fusion protein in mouse embryonic
fibroblasts. Wild-type (parels a to e) cells had nuclear localization of GFP-MEF2C-NLS
fusion protein while calreticulin-deficient cells had GFP-MEF2C-NLS fusion protein in
both cytoplasm and nucleus (panels f; i, j). Calreticulin-deficient cells treated with Ca®*
(panels g) or co-transfected with CaN* (panel h) had GFP-MEF2C-NLS fusion protein in

the nucleus. CaMK* had no influence on fusion protein localization (panels d, e, i, j).

Scale bar =25,m.
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localization. To test this hypothesis, it was necessary to determine if CaN* directly
dephosphorylated the carboxyl-terminal of MEF2C. For this experiment, DNA encoding
GFP-MEF2C-NLS expression plasmid was transiently transfected into calreticulin-
deficient fibroblasts and cells were treated with CsA or Ca®* jonophore or co-transfected
with CaN*. Immunoblots indicated that cells exposed to the CaN-inhibiting drug CsA
had a slower migrating band (Figure 5-5, lane 2) while cells exposed to Ca>* ionophore
or CaN* had a more rapidly migrating form of GFP-MEF2C-NLS (Figure 5-5, lanes 3
and 4). The identity of this faster migrating band as a hypophosphorylated form of GFP-
MEF2C-NLS was confirmed by incubation of the protein extracts with CIAP (Figure 5-5,
lanes 5 to 8). Fibroblasts transfected with only pEGFP-C1 plasmid served as a negative

control (Figure 5-6).
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Figure 5-5. GFP-MEF2C carboxyl-terminal was directly dephosphorylated by
CaN*. Calreticulin-deficient fibroblasts were transfected with an expression vector for
GFP-MEF2C-NLS, or with vectors for GFP-MEF2C-NLS and CaN* (Lanes 4 and §)
followed by SDS-PAGE and Western blot analysis with anti-GFP antibodies. The upper
and lower protein bands correspond to hyperphosphorylated GFP-MEF2C-NLS (arrow)
and hypophosphorylated GFP-MEF2C-NLS, respectively. Lane 1, control cell extract;
Lane 2, extract of cells treated with 0.25 zM cyclosporin (CsA); Lane 3, cells treated with
Ca*" ionophore; Lane 4, cells expressing activated-CaN; and Lanes 5-8, protein extracts
were treated with alkaline phosphatase (CI4AP). Three independent experiments rendered

similar findings.
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Figure 5-6. GFP was not targeted by CaN*. Calreticulin-deficient fibroblasts were
transfected with GFP expression vector or GFP and CaN* expression vectors (Lanes 4
and &) followed by SDS-PAGE and Western blot analysis with anti-GFP antibodies.
Lane 1, control cell extract; Lane 2, cell extract treated with 0.25 #M cyclosporin (Cs4);
Lane 3, cells treated with Ca** ionophore; Lane 4, cells expressing CaN*; and Lanes 3-8,
protein extracts were treated alkaline phosphatase (CIAP). Electrophoretic mobility of
GFP was not influenced by CsA, increased Ca** concentration, CaN* or CIAP thus

suggesting that GFP was not a target of calcineurin phosphatase activity.
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DISCUSSION

Of the MEF2 isoforms, MEF2A and MEF2C are most similar (Black et al., 1998)
and in skeletal muscle, CaN dephosphorylates MEF2A in a dose-dependent manner to
augment MEF2A transactivational domain (Wu et al., 2001). Dephosphorylation of
MEF2A was found to have reduced DNA binding ability whereas a hypophosphorylated
from had enhanced DNA binding and maximum MEF2A transactivation capability (Mao
and Wiedmann, 1999; Wu et al., 2001). CaN hypophosphorylation of MEF2A has also
been observed in cultured primary cerebellar granule neurons (Mao and Wiedmann,
1999). Therefore, as MEF2 isoforms have several potential phosphorylation sites, it is
probable that CaN functions to dephosphorylate MEF2 proteins so as to enhance MEF2
transcriptional activity.

Data from localization of MEF2C deletion mutants enabled a hypothesis to be
formed that suggested that CaN was targeting the extreme carboxyl-terminal of MEF2C
near the MEF2C NLS. A dephosphorylation experiment confirmed that in presence of
CaN*, MEF2C carboxyl-terminal was hypophosphorylated whereas in the presence of
the CaN inhibitor, CsA, MEF2C carboxyl-terminal was hyperphosphorylated.
Subsequently, it can be concluded that MEF2C is a direct target for CaN and a region of
30 amino acids in the MEF2C carboxyl-terminal must be dephosphorylated in order to
unmask the MEF2C NLS and permit nuclear translocation of this transcription factor.
Since the carboxyl-terminal of MEF2C is extremely serine- and threonine-rich, further
investigation will be necessary to identify the kinase(s) responsible for phosphorylating
MEF2C as well as determine the MEF2C residue(s) that are dephosphorylated by CaN.

Although disruption of calreticulin gene is not as severe as disruption of mef2c
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gene, it is interesting that both null-mutants: 1) are much smaller than wild-type embryos;
2) die in utero as a result of severe malformation of heart ventricles; and, 3) have
cardiomyocytes with severe conduction problems (Li et al., 2002; Lin et al., 1997). In
this investigation, it was discovered that MEF2C localization was compromised in the
absence of calreticulin rather than completely inhibited; subsequently, it is not surprising
that the MEF2C-deficient phenotype is much more severe than the calreticulin-deficient
phenotype. Interestingly, calreticulin-deficient embryos are rescued when CaN* is over-
expressed in the heart (Guo et al., 2002). It is possible that the rescue occurred because
CaN* activated NFATc family members; however, from this investigation it can be seen
that CaN* also targets MEF2C and MEF2C likely contributes to survival of the
calreticulin-rescue mouse.

In summary, the data presented in this chapter are the first to demonstrate a direct
link between CaN and MEF2C in the heart. Examination of MEF2C cellular localization
in calreticulin-deficient cells has enabled identification of a novel signaling pathway in
cardiomyocytes that links Ca*" released by calreticulin to CaN activation and
dephosphorylation of MEF2C. Dephosphorylation of the MEF2C NLS region by CaN is
essential for MEF2C to translocate to the nucleus and impact target genes. The finding
that MEF2C binds to the calreticulin promoter and potentially activates the calreticulin
gene suggests existence of a novel positive feedback mechanism in cells where MEF2C
targets the gene of a Ca**-binding protein so as to ensure a sufficient supply of releasable
Ca*" be maintained within the cell for CaN activation and MEF2C translocation. Support
for this feedback mechanism comes from experiments with: 1) mice that have cardiac

over-expression of MEF2C as these transgenic animals show an increase in calreticulin
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expression in the heart (Appendix Figure 7); and, 2) HEK293 cells inducible for
calreticulin as findings using these cells suggest that when there is more calreticulin
present in a cell then the ability of MEF2C to activate a 6X MEF2C luciferase reporter
gene is enhanced (Appendix Figure 8). Therefore, the results from this investigation add
to the current understanding of cellular pathways responsible for cardiac development
and provide a molecular explanation as to why the calreticulin-deficient embryos die and
why the calreticulin rescue mice survive. The significance of the findings as well as

future directions for this research will be discussed in the next chapter.
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Chapter Six

GENERAL DISCUSSION AND FUTURE DIRECTIONS
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Calreticulin is a ubiquitously expressed protein found within the lumen of the
SR/ER. Several cellular functions have been attributed to calreticulin and include
functioning as: 1) a molecular chaperone; 2) a Ca®* buffer helping to maintain both
intracellular Ca?* stores and Ca®* homeostasis; and, 3) a component of intracellular Ca®
signaling cascades. Calreticulin is known to be highly expressed early in the heart and
gene disruption in mice is lethal at E14.5 as a result of severe underdevelopment of the
heart. Interestingly, breeding calreticulin heterozygote mice with mice that have cardiac
over-expression of the serine/threonine phosphatase CaN produces a viable calreticulin-
deficient animal. Thus, calcineurin is essential for heart development and activation of
calcineurin is dependent on calreticulin-dependent Ca®" released from the ER. A
molecular explanation as to why the calreticulin-deficient embryos die and why the
rescue mice survive was unknown. Therefore, the purpose of this investigation was to
determine a molecular explanation by examining the calreticulin promoter. It was
hypothesized that Ca’* released from calreticulin in the ER is essential for activation of
CaN and this phosphatase acts on MEF2C to increase expression of MEF2C target genes
and rescue calreticulin-deficient phenotype.

In this study, cardiac transcription factors that regulated expression of the
calreticulin gene were investigated and MEF2C was identified as a strong activator.
MEF2C was found to bind ir vitro and in vivo to a site within the calreticulin promoter.
The ability of MEF2C to activate the calreticulin promoter-controlled luciferase reporter
gene was synergistically enhanced following treatment of cells with Ca®* ionophore or
presence of CaN*, A novel observation of this investigation was that MEF2C was unable

to activate the reporter gene in calreticulin-deficient cells, but could following Ca**
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ionophore treatment or presence of CaN*.

When nuclear extracts isolated from calreticulin-deficient cardiomyocytes were
applied to DNA arrays it was discovered that MEF2C was present in the nuclear extracts
only after the cells had been treated with Ca** ionophore. Thus, it appeared that MEF2C
nuclear translocation was compromised in the absence of calreticulin and suggested that
in calreticulin null-mutant cells the function of this transcription factor may also be
jeopardized. To investigate MEF2C function, RT-PCR was conducted and the results
indicated that MEF2C target genes were under-expressed in calreticulin-deficient hearts
relative to wild-type hearts. Therefore, in the absence of calreticulin MEF2C did not
function properly unless cytoplasmic Ca®* concentration was increased or CaN* was
present.

MEF2C was localized within fibroblasts and cardiomyocytes to determine if
MEF2C function was impaired because of a problem with nuclear localization in the
absence of calreticulin. Localization studies showed that MEF2C could not localize
efficiently to the nucleus in absence of calreticulin, but could following Ca** ionophore
treatment or presence of CaN*. Figure 6-1 illustrates the interactions among calreticulin,
Ca”*, calcineurin, and MEF2C which have been demonstrated in the present study.
Changes in cytosolic Ca** concentration affect numerous signal transduction pathways
and influence a wide range of cell and organ functions, including cardiogenesis (Bootman
et al., 2001; Webb and Miller, 2003). To activate Ca**-dependent signaling pathways,
Ca’* is released from the ER as well as comes from the extracellular space thereby
causing an increase in cytoplasmic Ca®* concentration which can impact Ca**-dependent

processes (Berridge et al., 2003). During cardiac development an important target protein
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is calcineurin (Figure 6-1) which, when activated by a sustained increase in intracellular
Ca®* concentration, dephosphorylatess MEF2C carboxyl-terminus promoting its
translocation from the cytoplasm into the nucleus (Figure 6-1). Among its many effects,
Ca®* released from the ER also activates CaMKs. These kinases are known to influence
MEF2C function in the heart, likely via phosphorylation of HDACs (McKinsey er al.,
2001a; McKinsey et al., 2001b). In the absence of calreticulin, agonist-dependent Ca*'
release from the ER is inhibited (Mesaeli et al., 1999; Nakamura ef al., 2001b) and, as a
result, calcineurin is not fully activated and MEF2C is not translocated into the nucleus
efficiently in calreticulin-deficient cells (Li et a/., 2002b). Therefore, calreticulin is an
upstream regulator of CaN and MEF2C in cardiac Ca**-dependent signaling cascades
(Figure 6-1). As the calreticulin promoter is targeted by MEF2C, it is probable that a
positive feedback mechanism exists in cells (Figure 6-1) where MEF2C targets the gene
of an upstream Ca** buffer protein to ensure an adequate supply of Ca®" remaisn in the
intracellular stores for CaN and MEF2C activation. Mutually reinforcing feedback loops
are common in cardiomyocytes (Srivastava and Olson, 2000).

The hypothesis of a link between CaN and MEF2C has been proposed previously
(Passier et al., 2000), but this is the first study to have evidence establishing this Ca**-
dependent signaling pathway component. The finding that calreticulin is an upstream
regulator of CaN and MEF2C in early cardiac development provides a molecular
explanation as to why calreticulin-deficiency is lethal and how activated CaN rescues the
calreticulin-deficient phenotype. Thus, the hypothesis of this investigation has been

supported and the objectives fulfilled.
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Figure 6-1. Model of a hypothetical cell depicting the calcineurin-dependent
transcriptional pathway essential for MEF2C nuclear translocation and cardiac

** released from calreticulin enters the cytoplasm and

development. In this model, Ca
activates calmodulin (CaM). Ca**-bound CaM binds to and activates CaN. Activated
CaN functions to dephosphorylate the carboxyl-terminal of MEF2C and this post-
translational modification allows MEF2C to translocate to the nucleus to impact
transcription of target genes. Since the calreticulin promoter is a target for MEF2C, a
positive feedback mechanism exists. The role of CaMKII* in this model is to
phosphorylate HDACs thereby facilitating their nuclear export and preventing HDAC
repression of MEF2C activity. Abbreviations: CaM, calmodulin; CaMKII, calmodulin-

dependent protein kinase II; CaN, calcineurin; HDACS, histone deacetylase 5; and

MEF2C, myocyte enhancer factor 2C.
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Future directions

MEF2C was found to activate the calreticulin promoter-controlled luciferase
reporter gene. Numerous luciferase experiments confirmed this observation and the
MEF2C site was identified by EMSA and confirmed by ChIP. However, it could have
been interesting to mutate the identified MEF2C site within the calreticulin promoter and
perform the EMSA or ChIP experiments. It can be hypothesized that mutation of the
MEF2C site would likely have resulted in MEF2C being unable to bind to site within the
probe or promoter. Although this experiment was not necessary, it could have been a nice
addition.

In calreticulin-deficient fibroblasts MEF2C was unable to activate the calreticulin
promoter-controlled luciferase reporter gene unless the cells were treated with Ca*
ionophore or co-transfected with CaN*. Results of this investigation suggested that
activation of CaN was compromised in absence of calreticulin. As such, a reporter gene
(e.g., 9X NFATc consensus binding sites upstream of a minimal promoter) could have
been utilized to show that CaN was inactive (Bueno et al., 2004; Wilkins et al., 2004) in
calreticulin-deficient cells. Therefore, additional experiments with reporter genes could
have been beneficial.

MEF2C nuclear localization was compromised in absence of calreticulin, but
nuclear localization of another MEF2 isoform, MEF2A, was not. To further demonstrate
that MEF2C carboxyl-terminal was responsible for the impaired nuclear localization, it
would have been interesting to create MEF2A and MEF2C chimera proteins. In this
experiment, the carboxyl-terminal of one could have been substituted for the other and

cloned into a GFP plasmid thereby permitting cellular localization to be observed.
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The model that I have proposed (Figure 6-1) suggests that a feedback mechanism
exists within cells where MEF2C increases expression of calreticulin (Appendix Figure
7). Although calreticulin promoter-controlled luciferase reporter gene experiments
demonstrated that MEF2C targets the calreticulin promoter, it would have been
interesting to have transfected MEF2C plasmid into fibroblasts and: 1) performed a
western blot for calreticulin to see if calreticulin protein concentration increased; as well
as 2) performed Fura-2 Ca ** measurements of these cells to determine if ER Ca®* content
was enhanced. Results from these experiments could have provided support for the
positive feedback aspect of the model. In addition, experiments using hearts isolated from
13-day-old mice over-expressing calreticulin (Nakamura et al., 2001a) suggests that
when there is more calreticulin there is more MEF2C (Appendix Figure 9). The reason
for this observation requires further investigation.

The novel pathway proposed in this thesis (Figure 6-1) creates new scientific
questions and in so doing identifies areas requiring further research. As such, future
investigation will be necessary to determine what proteins participate in post-translational
modification of MEF2C. In addition, further studies are necessary to precisely determine
a timeline as to when calreticulin is expressed in the developing heart as well as
determine if expression of proteins other than CaN can rescue the calreticulin-deficient
phenotype.

This investigation found that MEF2C is dephosphorylated by activated CaN. It
would be interesting to utilized mass spectrometry to specifically identify the
phosphorylation sites in the carboxyl-terminal of MEF2C as well as identify the residues

dephosphorylated by CaN. Phosphorylation sites have been mapped for MEF2A (Cox et
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al., 2003) and although undertaking such a project is an enormous task the technology is
available. Once the sites of phosphorylation have been identified, sites could be mutated
and incorporated into GFP fusion proteins to examine cellular localization. An additional
future project that would be more difficult than mapping the phosphorylation sites would
be to identify the kinase(s) responsible for phosphorylation of MEF2C carboxyl-terminal.
Therefore, two large future directions for MEF2C research involve identifying kinases
responsible for phosphorylating MEF2C and residues dephosphorylated by CaN.

If a feedback mechanism exists between MEF2C and calreticulin then a question
that arises 1s: Which of these proteins appears first in the heart during development? To
answer this question the cardiac expression of these factors as well as others must be
considered (Figure 6-2). MEF2C has been reported to be in the heart at E7.5 (Edmondson
et al., 1994; Molkentin et al., 1996b) while mice with calreticulin promoter controlling
expression of GFP had GFP expressed in the heart at E9 (Mesaeli et al., 1999). The
calreticulin promoter is targeted by Nkx2.5, myocardin, and MEF2C which means that
calreticulin should be expressed extremely early during heart development. Thus, it is
unfortunate that calreticulin promoter-controlled GFP expression was not examined
earlier than E9 because it is probable that it would have been observed. Therefore, one
future study could involve re-establishing the calreticulin promoter-controlled GFP
reporter mouse line and precisely determining when calreticulin is expressed during early
heart development. In addition another future investigation could involve establishing a
new calreticulin promoter-GFP transgenic mouse line which has the MEF2C site (-836 to
-845) in the calreticulin promoter mutated and examine cardiac GFP expression in these

animals.
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Figure 6-2. Timeline of genes expressed in the developing heart. Nkx2.5 (Searcy et
al., 1998), MEF2C (Edmondson et al., 1994), cardiac a-actin (Sassoon et al., 1988),
MHC (Lyons et al., 1990), and calreticulin (Mesaeli et al., 1999). Cardiac expression of
calreticulin was investigated from E9.0 to 3-weeks-old; hence, calreticulin expression in
the heart may be earlier than E9.0, but this has not been investigated, so is indicated by a

dashed line.
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Fibroblast studies have shown that removal of calreticulin from a cell causes a
decrease in ER Ca®" concentration. If calreticulin-deficiency lethality occurs as a result of
decreased ER Ca’* content then perhaps substituting another ER Ca®* buffer such as
calsequestrin for calreticulin may rescue the calreticulin-deficient phenotype. Preliminary
experiments could be conducted in fibroblasts and ER Ca®* concentration measured
and/or MEF2C localization examined. If fibroblasts results are favorable then
calsequestrin could potentially be used to create a calreticulin-deficient rescue mouse.

In this chapter a few future directions for this research have been suggested and
no doubt numerous other possibilities exist. Now that this novel signaling pathway
linking calreticulin to CaN and MEF2C has been established, it will be interesting to see

what direction the science will take.
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CONCLUSIONS

Heart disease and heart development are closely linked processes as both utilize
similar molecular aspects. Thus, it is believed that an understanding of Ca**-dependent
signaling cascades involved in one process likely occurs in the other. This study focused
on the relationship between calreticulin, CaN, and MEF2C in cardiac development. The
purpose of this investigation was to: 1) determine which cardiac transcription factors
regulate calreticulin gene; and 2) provide a molecular explanation as to why calreticulin-
deficiency is lethal and why cardiac expression of calcineurin rescues the calreticulin-

deficient phenotype. The major findings of this investigation were:

[am—

MEF2C is a transcription factor that activates the calreticulin promoter.
2. MEF2C does not localize efficiently to the nucleus in theabsence of calreticulin
and this can be corrected by enhancement of cytoplasmic Ca®" or presence of

activated CaN.

3. CaN was found to dephosphorylate MEF2C and this post-translational

modification enabled MEF2C to localize in the nucleus.

4. This study provides a molecular explanation as to as to why calreticulin-

deficiency is embryonic lethal.

5. This investigation also provides a molecular explanation why expression of

activated CaN in the heart rescues calreticulin-deficient embryos.

The results of this study add to the current understanding of cellular pathways

responsible for cardiac development. Since cardiac development and cardiac disease
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utilize similar signaling cascades and require expression of similar genes, the results of
this investigation suggest that disruption of function of Ca**-storage proteins or proteins
that permit Ca’" release from the SR/ER, are potential targets for pharmacological
intervention to disrupt CaN, NFATc, and MEF2C function in an attempt to treat or
prevent cardiomyopathies. By deducing Ca”*-dependent signaling pathways involved in

heart development and heart disease it is hoped that heart ailments may one day be

prevented, treated, or perhaps even cured.
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Supplementary Chapter

SUPPLEMENTARY CHAPTER 1:
GATAG activates the calreticulin promoter
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INTRODUCTION

Calreticulin promoter-controlled luciferase reporter gene data indicated that
GATAG activated reporter gene activity. To further investigate GATAG6 influence on the
calreticulin-promoter it was necessary to determine if GATAG6 activated the reporter
gene: 1) in a dose-dependent manner; 2) by direct interaction with the calreticulin
promoter; 3) in other cell types such as cardiomyocytes; and, 4) in a synergistic manner
with Nkx2.5 as previously reported for GATA4. Additionally, the influence of repressors
(Evi-1 and COUP-TF1) on the calreticulin promoter was to be considered in the GATA6
investigation.

Y 1H results found that GATA6 bound to the calreticulin promoter (Dr. Lei Guo,
unpublished data). Additional evidence was necessary to demonstrate the interaction of
these factors with the calreticulin promoter and so ChIP assay was completed. EMSA for
GATAG6 has been previously described (Hautala et al., 2001; Liang et al., 2001;
Weidenfeld et al., 2002; Yaar et al., 2002) while ChIP assay has been completed for
GATA4 (Brown et al., 2004), but not for GATA6. As Y1H was one piece of evidence
showing protein-DNA interaction it was decided that the second piece would be ChIP as
it provides evidence from an in vivo condition.

Nkx2.5 binds to a site (-1217 to -1223) within the calreticulin promoter and
activates gene expression (Guo et al., 2001). Synergistic interaction of Nkx2.5 with
GATA on promoters of fetal cardiac genes (e.g., ANF, BNP) is well documented

(Durocher et al., 1997; Molkentin, 2000; Molkentin et al., 1998). The Nkx2.5 binding
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site on calreticulin promoter is in close proximity to the double GATA site (-981 to -
1000). As such, these two transcription factors were to be studied.

Nkx2.5 binding to the calreticulin promoter is disrupted in a dose-dependent
manner by COUP-TF1 as these two factors compete for the same DNA binding site (Guo
et al., 2001). If there is synergistic interaction between Nkx2.5 and GATAG6 on the
calreticulin promoter then the question arises as to whether this interaction can be
disrupted by increasing amounts of COUP-TF1. As such, experiments involving Nkx2.5
and COUP-TF1 were included in the GATAG investigation.

Y1H findings suggested that Evi-1 bound to the same site as GATA6 within the
calreticulin promoter (Dr. Lei Guo, unpublished data). EMSA for Evi-1 has previously
been completed (Takahashi and Licht, 2002) whereas ChIP assay for Evi-1 has not been
reported. As YIH was one piece of evidence showing Evi-1 interaction with the
calreticulin promoter it was decided that additional evidence would be ChIP assay. From
the Evi-1 luciferase experiments it was known that Evi-1 was a repressor of calreticulin
promoter-controlled luciferase reporter gene (Figure 1-9). To determine if GATA6 and
Evi-1 competed for the same DNA binding site, experiments with the calreticulin

promoter controlled-luciferase reporter gene were necessary.
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MATERIALS & METHODS

Isolation of cardiomyocytes from neonatal rats

Hearts were removed from 5-day-old neonatal rats and placed in ImL of a
solution containing: Hanks Buffered Salt Solution (HBSS), 20mM HEPES, and 1%
penicillin/streptromycin. Heart atria were removed and tﬁe ventricles were minced with a
scalpel. Ventricular pieces were transferred to an Erlenmeyer flask and 15mL of HBSS
supplemented with 0.1% collagenase (358U/mg; Worthington Biochemical Corporation,
Lakewood, New Jersey, USA) added. The flask was placed on a magnetic stirrer and
gentle heat applied for approximately 20 minutes. After which time, liquid in the flask
was decanted and put in a tube with 15mL of a solution containing HBSS, 20% FBS, and
1% penicillin/streptromycin. The 30mL of solution was placed on ice and the incubation
procedure with the minced heart pieces repeated three more times. At the end, there were
four tubes each containing cardiomyocytes in a volume of 30mL. Solutions were gently
vortexed and the mixture was filtered through cell strainers (Falcon; Cat. 35 2350) into
new tubes. Cells were centrifuged at room temperature at 2000rpm for 5 minutes and
then re-suspended in 25mL a solution containing: DMEM F12, 29mM NaHCOs, 1%
BSA, 1% penicillin-streptomycin, 0.7mM CaCl,, 0.1mM L-ascorbic acid, 1% MEM-
nonessential amino acids (Sigma; Cat. A-4403), 0.1% Vitamin 100X (Gibco; Cat.
11120052), and final pH of 7.4. Three pre-plating steps for 20 minutes at 37°C in a
humidified atmosphere (5% CO,, 95% air) were necessary to reduce the number of
fibroblasts. Following pre-incubation, cells were plated onto primaria easy grip surface
modified polystyrene 35mm primary culture plates (Falcon; Cat. 353801). This protocol

was developed in the Fliegel lab (University of Alberta, Edmonton, Alberta, Canada) and
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produces several confluent 35mm culture plates each having a monolayer of
spontaneously beating cardiomyocytes.

Cardiomyocytes are difficult cells to transfect and efficiency is often quiet low.
Effectene reagent was utilized according to manufacturer instructions to transfect
cardiomyocytes with 10ug of either GATA6 or Nkx2.5 plasmid. 48 hours after
transfection cells were harvested and luciferase and [-galactosidase measurements

recorded.

Chromatin Immunoprecipitation (ChIP)

cDNA encoding GATA6 was amplified by PCR and 5’ Xhol and 3° BamHI sites
incorporated so that it could be ligated into pcDNA3.1/myc-His(-)A cloning vector. Evi-1
plasmid was a generous gift from Dr. Archibald S. Perkins (Yale School of Medicine,
New Haven, Connecticut, USA) that had been constructed with a HA-tag.

For GATAG6 and Evi-1 ChIP analysis, the same protocol as described for MEF2C
in Chapter 2 was utilized. For this experiment GATA6 antibody was a monoclonal anti-
His (Santa Cruz Biotechnology, Cat. SC-8036) while Evi-1 antibody was monoclonal
anti-HA (Roche Diagnostics, Cat. 1 867 423). A change to the method previously
described was that different forward (5’-CAGGTACTGTTCTTCCTCCTCC-3’) and
reverse (5’- GCTGTCCACGGTTCAAGAGC-3’) PCR primers were necessary. The

ChIP PCR product was 332bp.
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RESULTS

GATAG activated the calreticulin promoter controlled luciferase reporter gene in
NIH3T3 fibroblasts (Figure 1-9). When GATAG ability to activate the reporter gene was
examined in neonatal rat cardiomyocytes (Figure S-1), similar results to that observed in
NIH3T3 cells were observed.

Dose-response experiment provides an indication as to how strongly a
transcription factor activates gene expression. In this particular instance, calreticulin-
promoter controlled luciferase reporter gene was co-transfected with between 1.5ug and
4ug of GATAG plasmid DNA. The results indicate that calreticulin promoter-controlled
luciferase reporter gene activity increased proportionally to the amount of ¢cDNA
encoding GATA6 co-transfected (Figure S-2). Therefore, activation of calreticulin
promoter by GATAG is dose-dependent.

Deletion mutants of the calreticulin promoter were necessary to provide insight as
to the location of the GATAG6 binding site within calreticulin promoter. CPF as well as
the eight deletion mutants were co-transfected into NIH3T3 cells with GATA6 plasmid.
In presence of GATAG6, CPF activity was increased by approximately 80% (Figure S-3).
Deletion mutants CP5 to CP8 had activity comparable to CPF whereas activity for CP1 to
CP4 mutants was greatly reduced (Figure S-3). The difference between CP4 and CP5 is
one tentative GATAG6 binding site (Figure S-3). Thus, it would seem that GATA6 was
binding to a GATA site within the double GATA region of the promoter. However, from
this experiment it is difficult to determine which of the two GATA sites was being bound.

ChIP assay demonstrates an in vivo interaction between a transcription factor and

DNA. With ChIP it was possible to isolate GATA6 bound to DNA and later utilize this
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Figure S-1. GATAG6 activated calreticulin promoter-controlled luciferase reporter gene
in cardiomyocytes. Neonatal rat cardiomyocytes were co-transfected with a reporter gene
plasmid and a plasmid containing cDNA for GATA6. Mean data are plotted relative to
activity of the control. Although only a single control bar is present, it represents control data

collected for each transcription factor. Mean +/- standard deviation is indicated.
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Figure S-2. GATAG6 activation of the calreticulin promoter is dose-dependent. A
constant amount (2ug) of CPF was transfected with increasing amounts of GATAG6 plasmid.
Mean data are plotted relative to activity of the control. Although only a single control bar is
present, it represents control data collected for each transcription factor. Data is
representative of a minimum of three independent experiments. Mean +/- standard deviation

is indicated.
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Figure S-3. Schematic diagrams of the calreticulin promoter and promoter deletion
mutants as well as reporter gene activity in response to GATAG6. The schematics indicate
identified DNA binding site of Nkx2.5 (red), and tentative locations of MEF2C (green) and
GATAG6 (blue) DNA binding sites. Vectors contained the following DNA fragments of the
calreticulin promoter: CPF: 1722bp; CP8: 151bp; CP7: 1234bp; CP6: 1009bp; CP5: 992bp;
CP4: 907bp; CP3: 862bp; CP2: 371bp; CP1: 172bp. The calreticulin promoter deletion
mutants were co-transfected with GATA6 and luciferase reporter gene activity measured.
Mean data are plotted relative to activity of the control. Although only a single control bar is
present, it represents control data collected for each deletion mutant. Data are representative

of a minimum of three independent experiments. Mean +/- standard deviation is indicated.
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DNA for PCR analysis. In this investigation, mouse embryonic fibroblasts were first
transfected with a plasmid containing cDNA encoding His-tagged GATA6. When the
DNA was analyzed, a PCR product was present for the plasmid positive control, but not
for the negative control (Figure S-4, lanes 2 and 3, respectively). When ChIP DNA
isolated from GATAG transfected cells was utilized as the template for PCR a PCR
product of identical size to the positive control was observed (Figure S-4, lane 4). Thus,
ChIP provided in vivo evidence of GATAG6 binding to calreticulin promoter. Therefore,
ChIP findings supported the unpublished Y1H results and confirmed that GATA6 binds
to calreticulin promoter at the region -981 to -1000 which included the double GATA site
(Figure S-5).

The calreticulin promoter is synergistically activated by GATA6 and Nkx2.5.
Individually GATA6 and Nkx2.5 activated reporter gene by approximately 80% and
50%, respectively; however, when GATA6 and Nkx2.5 were co-transfected the reporter
activity was over 300%. Interestingly, the presence of COUP-TF1 repressed this
synergism in a dose-dependent manner (Figure S-6).

Y1H indicated that GATA6 and Evi-1 bound to the same region of calreticulin
promoter. Luciferase reporter gene experiments suggested that GATA6 was a
transcriptional activator while Evi-1 was a transcriptional repressor. When equal amounts
of GATAG6 and Evi-1 plasmids were co-transfected into cells, there was a 34% reduction
in GATAG induced reporter activity (Figure S-7). Thus, it would seem that GATA6 and
Evi-1 compete for binding to the same region of the calreticulin promoter. ChIP assay
(Figure S-8) confirmed that Evi-1 bound to the same region (i.e. likely the double GATA

site) of the calreticulin promoter as GATAG6 (Figure S-5).
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Figure S-4. ChIP demonstrated in vivo binding of GATAG6 to calreticulin promoter. PCR
products using ChIP isolated DNA as template were loaded onto an agarose gel. Lane I: 1
kb+ DNA ladder; Lane 2: Calreticulin promoter plasmid (positive control); Lane 3: ChIP
analysis with no His-antibody utilized (negative control); and, Lane 4: ChIP sample in which

His-antibody was utilized. PCR product size was 332bp.
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Figure S-5. Schematic figure of the calreticulin promoter indicating the position of
identified GATA6 DNA binding region. GATA6 binding sites (underlined text) in the
calreticulin promoter are located from -981 to -1000. Location of identified Nkx2.5 DNA

binding site (red), MEF2C DNA binding site (green), and TATA box (yellow) are indicated.
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Figure S-6. GATA6 and Nkx2.5 synergistically activate the calreticulin promoter
controlled luciferase reporter gene activity and COUP-TFI disrupted the synergism.
CPF plasmid was co-transfected with cDNA encoding GATA6, Nkx2.5, COUP-TFI and
luciferase reporter gene activity measured. GATA6 and Nkx2.5 synergistically activated
reporter gene activity and presence of COUP-TFI diminished the synergism in a dose-
dependent manner. Mean data are plotted relative to activity of the control. Although only a
single control bar is present, it represents control data collected for each transcription factor.

Data are representative of a minimum of three independent experiments. Mean +/- standard

deviation is indicated.
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Figure S-7. Evi-1 repressed activity of the calreticulin promoter controlled reporter
gene. CPF plasmid was co-transfected with cDNA for GATA6 and/or Evi-1 and reporter
gene activity measured. Mean data are plotted relative to activity of the control. Although
only a single control bar is present, it represents control data collected for each transcription
factor. Data are representative of a minimum of three independent experiments. Mean +/-

standard deviation is indicated.
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Figure S-8. ChIP demonstrated in vivo binding of Evi-1 to calreticulin promoter. PCR
products using ChIP isolated DNA as template were loaded onto an agarose gel. Lane I: 1
kb+ DNA ladder; Lane 2: Calreticulin promoter plasmid (positive control); Lare 3: ChIP
analysis with no HA-antibody utilized (negative control); and, Lane 4: ChIP sample in which

HA-antibody was utilized. PCR product size was 332bp.
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DISCUSSION

The calreticulin promoter possesses three tentative GATA6 binding sites and
GATAG6 activated the calreticulin promoter-controlled luciferase reporter gene in
fibroblasts and cardiomyocytes. Y1H data (Lei Guo, unpublished) and ChIP analysis
indicated that GATA6 bound to the calreticulin promoter in the region of the double
GATAG6 site, -981 to -1000. Thus, it can be concluded that GATA6 binds to the
calreticulin promoter and activates calreticulin gene.

Evi-1 was found to repress the calreticulin controlled-luciferase reporter gene in
fibroblasts. The observation that Evi-1 was a transcriptional repressor has been
previously reported (Bartholomew et al., 1997; Kreider et al., 1993). Y1H data (Lei Guo,
unpublished) and ChIP analysis indicated that Evi-1 bound to a similar DNA nucleotide
region of the calreticulin promoter as GATAG6. As the DNA binding site for GATA
factors is contained within the binding site for Evi-1 (Funabiki et al., 1994), it is probable
that Evi-1 represses GATAG activation of the calreticulin promoter.

Several additional experiments are necessary to determine the significance of
GATAG6 and Evi-1 binding to the calreticulin promoter. In particular, it will be necessary
to conduct reporter gene experiments using calreticulin promoter reporter gene in which
the double GATAG site within the calreticulin promoter has been mutated. In addition,
EMSA for both factors is required to specifically identify both the GATA6 and Evi-1
DNA binding sites.

GATA4 has been reported to synergistically interact with Nkx2.5 (Durocher et
al., 1997), but no synergism has been reported to exist between GATA6 and Nkx2.5. As

previously observed, COUP-TF1 is a repressor of calreticulin promoter (Figure 1-9) and
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presence of COUP-TF1 disrupted GATA6/Nkx2.5 synergistic activation of the
calreticulin promoter-controlled luciferase reporter gene. It is likely that COUP-TF1
disrupts this synergism by binding to the Nkx2.5 site within the calreticulin promoter
(Guo et al., 2001). Therefore, this study has evidence suggesting existence of a
synergistic relationship between GATA6 and Nkx2.5, but additional experiments are
necessary to specifically demonstrate this protein-protein interaction.

It can be concluded that GATAG is an activator of the calreticulin promoter.
Although the GATAG investigation has produced some interesting findings, the study is
not finished. Therefore, future investigations will be necessary to provide a complete
understanding of the significance of GATAG6 activation of the calreticulin promoter and

how this may be of significance to heart development and heart disease.
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Appendix Figure 1. Competition EMSA of non-labeled probed competing for
binding to ideal MEF2C site. Lane I: MEF2C with probe for ideal MEF2C consensus
binding site (positive control); Lane 2: MEF2C with probe for ideal MEF2C consensus

binding site; and Lanes 3 to 6: MEF2C with labeled and unlabeled probe for predicted

MEF2C binding site within calreticulin promoter.
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Appendix Figure 2. ChIP assay for MEF2C conducted in 5-day-old neonatal rat
cardiomyoctyes. Lane I: 1 kbp+ DNA ladder, Lane 2: Positive plasmid control, Lane 3:
Negative control, Lane 4: ChIP isolated DNA, Lane 5: Negative control (no antibody
treatment). PCR product size was 310bp. For this experiment, hearts were removed from
5-day-old neonatal rats and cardiomyocytes isolated as described in Supplementary
Chapter 1. Effectene reagent (Qiagen, Cat. 301425) was utilized according to
manufacturer instructions to transfect cardiomyocytes with 10ug of ¢cDNA encoding
mouse MEF2C (432 amino acids; GenBank Accession: NM_025282) which had been
cloned in pcDNA3.1/myc-His(-)A (Invitrogen) cloning vector. ChIP protocol for

cardiomyocytes was completed as previously described for fibroblasts in Chapter 2.
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Appendix Figure 3. Schematic figure of the calreticulin promoter indicating the
mutation made to the identified MEF2C DNA binding site. Locations of the identified
Nkx2.5 DNA binding site (red), MEF2C DNA binding site (green), and TATA box
(yellow) are indicated. To mutate the MEF2C DNA binding site within the calreticulin
promoter (AAAAAAAATC at position -836 to -845) a block mutation was introduced by
PCR method which enabled the MEF2C site and some addition bases to be changed

(CCCCGGAATTCCGQG; former MEF2C DNA binding site is underlined). For PCR a

GeneAmp PCR System 9700 was utilized and two primer pairs were necessary (5°-
TCCGAGCTCGTTAATTTTTATTTTATTTGTATAGA-3’ and 5°-
CCGGAATTCCGGGGTTTCTCTTTCTCTTAAGCTGG-3> as  well as  §-
CCCCGGAATTCCGGAAACCCCTACTTCTCACCCAAGAAAACACGC-3’ and 5°-
CCCAAGCTTGGGGCTCTGCGGTATTGACGGACGCGGCC-3’).  Utilizing these
primer sets permitted two PCR products to be produced. The first PCR product had a 5’
Sstl site and a 3 EcoR1 site while the second PCR product had a 5° EcoR1 site and a 3’
HindIII site. The PCR products were cut with restriction enzymes (Gibco) and ligated
into 5°Sstl and 3’ HindIlII sites of pXP1 using T4 ligase (NEB; Cat. M0202L). Mutation
of the MEF2C site was confirmed by nucleotide sequencing performed by the DNA Core

Facility at the University of Alberta (Edmonton, Alberta).
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Appendix Figure 4. MEF2C activation of calreticulin promoter did not occur when
MEF2C site within the promoter was mutated. NIH3T3, wild-type and calreticulin-
deficient mouse embryonic fibroblasts were transfected with plasmid ¢cDNA in an
identical manner as described in Chapter 1. Data for luciferase and S-galactosidase
activity assays were collected as described previously (Guo et al., 2001; Waser et al.,
1997) using Lumat LB9501 and Molecular Devices microplate reader machines,
respectively. In NIH3T3s as well as wild-type and calreticulin-deficient cells, MEF2C
did not activate the reporter gene even when co-transfected with CaN*. Mean data are
plotted relative to activity of the control. Data are representative of a minimum of three

independent experiments. Mean +/- standard deviation is indicated.

References:

See Chapter 7.
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Appendix Figure 5. Activity of 6X MEF2C luciferase reporter gene in mouse
embryonic fibroblasts is strongly influenced by the presence of CaN*. In wild-type
mouse embryonic fibroblasts, MEF2C strongly activated the 6X MEF2C luciferase
reporter gene and activation by MEF2C was synergistically enhanced by presence of
CaN*, In comparison, in calreticulin-deficient cells MEF2C did not activate the 6X
MEF2C reporter gene unless the cells were co-transfected with cDNA for CaN*. Mean
data are plotted relative to activity of the control and respective control bars are present.
Data are representative of a minimum of three independent experiments. Mean +/-
standard deviation is indicated. The reporter plasmid had six ideal MEF2C binding sites
upstream of a minimal promoter controlling a luciferase reporter gene. The 6X MEF2C

reporter plasmid was a generous gift from Dr. Jeffrey Molkentin (Cincinnati’s Children’s

Hospital, Cincinnati, Ohio, USA).
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Appendix Figure 6. GFP-MEF2C immunoblot analysis indicated that GFP-MEF2C
was predominantly nuclear in wild-type mouse embryonic fibroblasts and
predominantly cytoplasmic in calreticulin-deficient mouse embryonic fibroblasts. In
wild-type cells over 90% of GFP-MEF2C was found to be in nuclear extracts. In
comparison, in calreticulin-deficient cells the majority of GFP-MEF2C was cytoplasmic
and the amount of GFP-MEF2C in the nuclear extracts was much lower and varied from
15 to 38%. Wild-type and calreticulin-deficient mouse embryonic fibroblasts were
transiently transfected with plasmid DNA containing cDNA encoding MEF2C using
FuGENE 6 according to manufacturer instructions. 48 hours after transfection,
cytoplasmic and nuclear proteins were isolated by a nuclear extraction kit (Panomics,
Inc.; Cat. AY2002) as described by the manufacturer. Protein concentration of the
extracts was determined by DC Protein Assay (Bio-Rad Laboratories, Hercules,
California, USA) according to manufacture instructions. 30ug of each extract were
loaded onto a 10% SDS-PAGE gel and separated at room temperature at 140 volts for 1
hour. Proteins were transferred to nitrocellulose membranes (Bio-Rad Laboratories,
Hercules, California, USA; Cat. 162-0115) and immunoblotted with polyclonal goat anti-
GFP (1:5000 dilution) (generous gift from Dr. Luc Berthiaume, University of Alberta).
Antibody binding was detected with peroxidase-conjugated rabbit anti-goat secondary
antibody (Jackson ImmunoResearch Laboratories, Inc.; Cat. 305-035-003) at a dilution of
1:10000 followed by ECL development reaction. Quantitative analysis was completed
using a Kodak Digital Science Image Station 440CF with Kodak 1D v3.5.4 software

(Kodak Scientific Imaging Systems, 4 Science Park, New Haven, Connecticut, USA).
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Appendix Figure 7. Two-month-old mice with cardiac over-expression of MEF2C
have an increased concentration of calreticulin in the heart. Panel A:. Gross
morphology of two-month-old wild-type and MEF2C transgenic mouse hearts, and Panel
B: Immunoblot with anti-calreticulin or anti-MEF2C antibodies indicated that the mice
over-expressing MEF2C had approximately 53% more calreticulin and approximately
60% more MEF2C in the heart. Mouse MEF2C ¢DNA was cloned in the a-MHC
promoter vector by blunt-end ligation. The vector was digested and a
fragment containing the promoter and c¢DNA was purified and injected
into newly fertilized oocytes for the standard generation of transgenic
mice. The MEF2C transgenic line used in this study was created in the laboratory of Dr.
Jeffery Molkentin and over-expresses approximately 50% more MEF2C compared with
endogenous levels (unpublished results, Jian Xu and Jeffery D. Molkentin). These
animals develop severe cardiac hypertrophy. For this investigation, hearts from two-
month-old wild-type and MEF2C over-expresser male mice were isolated and
immediately frozen in liquid nitrogen. Hearts were stored in 2mL eppendorf tubes at -
80°C until time of use. Hearts were homogenized in using a buffer described in Chapter 5
and protein concentration determined by DC Protein Assay (Bio-Rad Laboratories,
Hercules, California, USA) according to manufacture instructions. 30ug of each extract
was mixed loaded onto a 10% SDS-PAGE gel and proteins were transferred to
nitrocellulose membranes and immunoblotted. The primary antibody utilized was either
polyclonal goat anti-calreticulin antibody or polyclonal rabbit anti-MEF2C antibody at a
dilution of 1:500 and 1:1000, respectively. Following ECL development reaction,

intensity of bands was determined.
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Appendix Figure 8. HEK293 cells expressing more calreticulin have enhanced
MEF2C activation of 6X MEF2C reporter gene. Panel A: Immunoblot of HEK293 and
HEK293-ON (calreticulin over-expressing cells) shows an approximate 12% increase in
calreticulin following 4 hours of induction and a 150% increase after 24 hours of
induction, and Panel B: Ability of MEF2C to activate 6X MEF2C luciferase reporter
gene increased following doxycycline induction of calreticulin. HEK293 cells inducible
for full-length calreticulin have previously been described Arnaudeau et al., 2002). These
HEK293-ON cells as well as HEK293 cells were transiently transfected with cDNA
encoding mouse MEF2C using FuGENE 6 reagent. 24 hours after transfection
doxycycline (final concentration: 2 ug/mL) was added to some of the plates and 20 hours
later doxycycline was added to additional plates of cells. 48 hours after the initial time of
transfection, doxycycline treated and untreated HEK293 and HEK293-ON cells were
harvested. Protein concentration was determined by Bio-Rad DC Protein Assay. 30ug of
protein was loaded onto 10% SDS-PAGE gels and later transferred to nitrocellulose.
Immunoblotting was performed using polyclonal rabbit anti-MEF2C antibody at a
dilution of 1:1000 or polyclonal goat anti-calreticulin antibody at a dilution of 1:500. The
secondary antibodies utilized for these imunoblots were diluted 1:10000 and were goat
anti-rabbit horse radish peroxidase and rabbit anti-goat horse radish peroxidase (Jackson
ImmunoResearch Laboratories, Inc.), respectively. ECL development reaction was

completed and the intensity of bands determined by Kodak 1D v3.5.4 software.

Reference:
Arnaudeau, S., Frieden, M., Nakamura, K., Castelbou, C., Michalak, M., Demaurex, N.

(2002). Calreticulin differentially modulates calcium uptake and release in the
endoplasmic reticulum and mitochondria. J Biol Chem 277, 46696-46705.
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Appendix Figure 9. 13-day-old mice with cardiac over-expression of calreticulin
have an increased concentration of MEF2C. Panel A: Gross morphology of 13-day-old
wild-type and calreticulin transgenic mouse hearts, and Panel B: Immunoblot with anti-
calreticulin or anti-MEF2C antibodies indicated that the mice over-expressing calreticulin
had approximately 80% more calreticulin and approximately 50% more MEF2C in the
heart. Calreticulin transgenic mice have previously been described (Nakamura et al.,

2001a). This experiment was completed in a similar manner as described for Appendix

Figure 7.

Reference:

See Chapter 7.
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