
A
B
C
D
E
F
G

UNIVERS ITY OF OULU  P.O.B . 7500   F I -90014  UNIVERS ITY OF OULU F INLAND

A C T A  U N I V E R S I T A T I S  O U L U E N S I S

S E R I E S  E D I T O R S

SCIENTIAE RERUM NATURALIUM

HUMANIORA

TECHNICA

MEDICA

SCIENTIAE RERUM SOCIALIUM

SCRIPTA ACADEMICA

OECONOMICA

EDITOR IN CHIEF

PUBLICATIONS EDITOR

Professor Mikko Siponen

University Lecturer Elise Kärkkäinen

Professor Hannu Heusala

Professor Olli Vuolteenaho

Senior Researcher Eila Estola

Information officer Tiina Pistokoski

University Lecturer Seppo Eriksson

Professor Olli Vuolteenaho

Publications Editor Kirsti Nurkkala

ISBN 978-951-42-8899-9 (Paperback)
ISBN 978-951-42-8900-2 (PDF)
ISSN 0355-3221 (Print)
ISSN 1796-2234 (Online)

U N I V E R S I TAT I S  O U L U E N S I S

MEDICA

ACTA
D

D
 987

AC
TA

 T
heresa M

ajalahti

OULU 2008

D 987

Theresa Majalahti

MECHANISMS OF CARDIAC 
CHAMBER-SPECIFIC
GENE EXPRESSION OF 
NATRIURETIC PEPTIDES

FACULTY OF MEDICINE,
INSTITUTE OF BIOMEDICINE, DEPARTMENT OF PHYSIOLOGY,
DEPARTMENT OF PHARMACOLOGY AND TOXICOLOGY,
UNIVERSITY OF OULU     





A C T A  U N I V E R S I T A T I S  O U L U E N S I S
D  M e d i c a  9 8 7

THERESA MAJALAHTI

MECHANISMS OF CARDIAC 
CHAMBER-SPECIFIC GENE 
EXPRESSION OF NATRIURETIC 
PEPTIDES

Academic dissertation to be presented, with the assent of
the Faculty of Medicine of the University of Oulu, for
public defence in Auditorium F101 of the Department of
Physiology (Aapistie 7), on October 17th, 2008, at 12
noon

OULUN YLIOPISTO, OULU 2008



Copyright © 2008
Acta Univ. Oul. D 987, 2008

Supervised by
Professor Olli Vuolteenaho
Professor Heikki Ruskoaho

Reviewed by
Docent Mika Laine
Professor Matti Poutanen

ISBN 978-951-42-8899-9 (Paperback)
ISBN 978-951-42-8900-2 (PDF)
http://herkules.oulu.fi/isbn9789514289002/
ISSN 0355-3221 (Printed)
ISSN 1796-2234 (Online)
http://herkules.oulu.fi/issn03553221/

Cover design
Raimo Ahonen

OULU UNIVERSITY PRESS
OULU  2008



Majalahti, Theresa, Mechanisms of cardiac chamber-specific gene expression of
natriuretic peptides
Faculty of Medicine, Institute of Biomedicine, Department of Physiology, Department of
Pharmacology and Toxicology, University of Oulu, P.O.Box 5000,  FI-90014 University of
Oulu, Finland 
Acta Univ. Oul. D 987, 2008
Oulu, Finland

Abstract

Clarification of the mechanisms of cardiac-specific gene expression provides not only basic
knowledge about how the gene expression is regulated in the heart, but also about the changes in
the gene expression during the development of cardiovascular diseases. The purpose of this study
was to analyze the mechanisms of cardiac chamber-specific gene expression and cardiac gene
activation induced by mechanical load. 

In the present study, the experiments were carried out by using two cardiac genes, salmon
cardiac peptide (sCP) and rat B-type natriuretic peptide (BNP) genes as models. sCP was
discovered previously in our laboratory and turned out to be extremely cardiac-specific,
representing A-type natriuretic peptide characters in an exaggerated way. In neonatal rat
cardiomyocytes, the sCP promoter activity was shown to be strictly restricted to atrial cells and
the promoter to be inert to cardiac hypertrophy-inducing factors. In order to find out the
mechanisms of earlier proved BNP gene activation by mechanical load, BNP promoter activity
was studied in vivo in adult rat hearts. The tandem GATA transcription factor binding site at
position -80/-91 was shown to be  essential for the BNP gene induction by angiotensin II. To
clarify the possiblity to transfer the characters of the BNP gene into the sCP gene, short BNP
fragments were inserted to the sCP gene promoter. The otherwise atrial-restricted sCP promoter
was shown to be switched on in rat ventricular cardiomyocytes by adding a short BNP proximal
promoter element to the sCP promoter, preferably near to the transcription start site. This activity
was partly dependent on the -80/-91 GATA sites in the BNP promoter. Thus, A-type natriuretic
peptide regulation can be switched to B-type regulation by a short proximal BNP promoter
element. In conclusion, these studies reveal certain basic differences in cardiac atrial and
ventricular gene expression. 

Keywords: cardiac-specific gene expression, cultured cardiomyocytes, luciferase
reporter gene constructs, mechanical load, promoter activity
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ACE angiotensin converting enzyme 
AM adrenomedullin  
Ang angiotensin 
Ang II angiotensin II 
ANOVA analysis of variance 
ANP atrial natriuretic peptide 
AP-1 activator protein-1 
AT1AR angiotensin type 1A receptor 
ATF activating transcription factor 
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AVP arginine8-vasopressin 
BMP bone morphogenetic protein 
BNP B-type natriuretic peptide 
BW body weight 
cGMP cyclic guanosine 3´,5´-cyclic monophosphate 
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Elk-1 ETS-like gene -1 
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ERK extracellular signal regulated kinase 
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FBS fetal bovine serum 
FOG-2 Friend of GATA-2 
β-Gal β-Galactosidase 
G-protein guanine nucleotide binding protein 
GPRC G-protein binding receptor 
HPLC high performance liquid chromatography 
IL-1 interleukin-1 
ir immunoreactive 
luc luciferase 
MAP mean arterial pressure 
MAPK mitogen-activated protein kinase 
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MEF myocyte enhancer factor 
MHC myosin heavy chain 
MLC myosin light chain 
mRNA messenger RNA 
NEP neutral endopetidase 24.11 
NFAT nuclear factor of activated T-cells 
NKE Nkx-2.5 binding element 
NO nitric oxide 
NPR natriuretic peptide receptor 
Oct-1 Octamer-1 
PCR polymerase chain reaction 
PKC protein kinase C 
QPCR quantitative polymerase chain reaction 
RARE  retinoic acid response element 
RAS renin-angiotensin system 
RIA radioimmunoassay 
RT reverse transcriptase 
SAC stretch-activated ion channel 
SC subcutaneous 
sCP salmon cardiac peptide 
SD Sprague-Dawley 
S.D. standard deviation 
SEM standard error of mean 
SMC smooth muscle cell 
SRF serum response factor 
SRE serum response factor binding element 
TBE T-box factor binding element 
TBX T-box factor 
TGFβ transforming factor-β 
TNF-α tumour necrosis factor-α 
UV ultra violet 
VW ventricular weight 
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1 Introduction 

The mechanism of cardiac-specific gene expression has been under intensive 
study during last years. Initially during embryonic development, the heart is 
formed as a linear tube located at the ventral midline of the organism. Series of 
movements and tissue remodeling lead to formation of the mature, four-
chambered organ. There is a different gene expression profile, and therefore 
different physiological properties, in different regions of the heart (Mohun & 
Sparrow 1997, Small & Krieg 2004). Genetic elements and transcription factors 
guiding the gene expression in the heart, or more specifically, in cardiac atria and 
ventricles, have been found. The most typical of these factors are GATA-4, 
myocyte enhancer factor-2 (MEF-2), Nkx-2.5 and serum response factor (SRF), 
and these transcriptional regulators are shared between many different cardiac 
genes (Small & Krieg 2004).  

A- and B-type natriuretic peptides (ANP, BNP) are cardiac hormones, which 
increase water and salt excretion and promote vasodilation thereby lowering the 
blood pressure (Sudoh et al. 1988, Ruskoaho 1992, Stein & Levin 1998). 
Pressure- and/or volume overload-induced cardiac hypertrophy is a consequence 
of increased myocyte size rather than cell number (Lorell & Carabello 2000). 
Pressure overload accumulates sarcomeres and increases the width of myocytes, 
which leads to thickening of left ventricular wall (Lorell & Carabello 2000). 
There are also changes in contractile protein isoforms, energy metabolism, 
intracellular calcium concentration and excitation-contraction coupling (Sugden 
& Clerk 1998, Bers 2000). In addition to the increase in cardiac myocyte size, 
cardiac fibrosis plays a central role in the development of hypertrophy. 
Myocardial fibrosis is a consequence of a number of pathologic processes 
mediated by mechanical, neurohormonal, and cytokine routes (Hayden et al. 2006, 
Berk et al. 2007, Diez 2007).  

Hypertrophic changes have also an effect on gene expression in cardiac 
myocytes. The expression of immediate early genes, such as c-fos, c-jun and 
c-myc, increases rapidly, within an hour in response to hypertrophic stimuli 
(Komuro et al. 1990, Yamazaki et al. 1995). In addition, the cardiac peptides BNP 
and adrenomedullin (AM) are activated rapidly in response to hemodynamic 
stress (Magga et al. 1994, Romppanen et al. 1997). However, after prolonged 
mechanical and neurohumoral stress, the adaptive mechanisms eventually fail and 
further myocardial cellular and extracellular matrix remodeling leads to 
ventricular dilation and diminished cardiac contractile function (Hayden et al. 
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2006). Cardiac apoptosis diminishes the contractile mass, which also leads to 
reduced cardiac output weakening the blood circulation until congestive heart 
failure occurs (Khoynezhad et al. 2007, Anselmi et al. 2008). 

Increased circulating levels of ANP and BNP are associated with volume and 
pressure overload, reduced ventricular systolic or diastolic function, left 
ventricular hypertrophy as well as renal impairment and neurohumoral activation 
(Cody et al. 1986, Thibault et al. 1999). ANP response is acute upon stimulus, 
whereas BNP secretion is increased after more prolonged cardiac overload. 

The aim of the present study was to clarify the mechanisms of cardiac 
chamber-specific gene expression and the in vivo mechanisms of mechanical 
load-induced cardiac gene activation by using two model genes: the extremely 
cardiac-specific salmon cardiac peptide (sCP), representing A-type natriuretic 
peptide regulation, and rat BNP, representing B-type natriuretic regulation. The 
promoter areas of the sCP and BNP genes were also combined in various ways to 
study the importance and the level of autonomous regulation of certain 
transcription factor binding elements. 
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2 Review of literature 

2.1 Natriuretic peptides 

2.1.1 Family of natriuretic peptides 

The mammalian natriuretic peptide family consists of A-, B- and C-type 
natriuretic peptides (ANP, BNP, CNP). ANP is considered as an atrial peptide 
(Ruskoaho 1992). Its isolation was preceded by observing granules in atrial 
myocytes. The amount of the granules was regulated by age or by changes in 
dietary sodium content and water usage of individuals. De Bold and coworkers 
showed the functional role of the granules by injecting atrial extract intravenously 
into rats: the injection caused natriuresis and diuresis (de Bold et al. 1981). Soon 
thereafter the first natriuretic peptide was isolated and characterized from rat 
atrial extracts (de Bold & Flynn 1983), followed by the identification of the other 
members of the family, BNP and CNP (Sudoh et al. 1988, Sudoh et al. 1990). All 
the peptides share a common structural feature, a 17 amino acid cysteine ring 
structure (Yandle 1994). ANP is expressed both in atria and ventricles during the 
development, but in adults it is mainly produced by the atria (Ruskoaho 1992). 
BNP is also synthetized by atria and ventricles, but when related to tissue weight, 
the BNP mRNA expression is 3-fold higher in ventricles (Ogawa et al. 1991). 
Both peptides are also expressed to some extent in extracardiac tissues. For 
example, in adult human tissues BNP mRNA has been detected in the central 
nervous system, thyroid, lung, kidney, adrenal, spleen, small intestine, ovary, 
uterus, and striated muscle (Gerbes et al. 1994). In contrast to the predominant 
cardiac expression of the ANP and BNP, CNP is found mainly in the neural 
system and vascular endothelial cells (Sudoh et al. 1990, Chen & Burnett 1998). 
There are also members in the natriuretic peptide family for which no 
counterparts in mammals have been identified, those including a natriuretic 
peptide of green mamba and salmon cardiac peptide (sCP) (Schweitz et al. 1992, 
Tervonen et al. 1998).  

The main stimuli increasing ANP and BNP gene transcription, peptide 
synthesis and peptide secretion from cardiac myocytes are mechanical stretch of 
the myocytes and certain hormones and vasoactive factors, such as endothelin-1 
(ET-1) and angiotensin II (Ang II) (Ruskoaho 1992). ANP and BNP are 
synthetized as inactive prepropeptides, from which propeptides are formed after 
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cleavage of the signal peptide (Ruskoaho 1992). In case of ANP, the 126 amino 
acid long proANP is stored in granules, and it is processed to the biologically 
active 28 amino acid long C-terminal peptide by a cardiac serine protease, corin, 
during or soon after exocytosis (Yan et al. 2000, Wu et al. 2002). Thus, the same 
amount of the N-terminal 98 amino acid peptide and the biologically active ANP 
is secreted. In contrast to ANP, the main storage form of the BNP is the cleaved 
and biologically active 45 amino acid peptide in rats, and the 32 amino acid 
peptide in humans (Nakao et al. 1992a). It is suggested that the ANP and BNP 
secretion from the atrial myocytes is under active regulation (Mäntymaa et al. 
1993), while the ventricular secretion of the peptides is believed to be constitutive 
(Wei et al. 1993).  

ANP and BNP increase water and salt excretion, promote vasodilation and 
antagonize the effects of many pressor hormones, such as ET-1, Ang II and 
vasopressin. The increased synthesis and release of these peptides therefore 
lowers the blood pressure (Sudoh et al. 1988, Ruskoaho 1992, Stein & Levin 
1998). CNP as well as ANP and BNP causes vasorelaxation through cyclic 
guanosine monophosphate (cGMP) (Barr et al. 1996, Scotland et al. 2005). There 
are three known natriuretic peptide receptors, namely A-, B- and C-receptors 
(NPRA, NPRB and NPRC) (Nakao et al. 1992b, Potter & Hunter 2001). NPRA/B 
are receptor guanylyl cyclases and their activation by ligand binding increases 
sytosolic cGMP levels (Potter & Hunter 2001). NPRA binds primarily ANP and 
BNP, whereas NPRB has the highest affinity for CNP (Koller et al. 1991, Suga et 
al. 1992). Both of the receptors are present in the kidneys and adrenal glands. In 
addition, A-receptor predominates in large blood vessels, while B-receptors are 
most abundant in the brain (Levin et al. 1998). NPRC is suggested to be a 
clearance receptor due to its lack of any guanylyl cyclase domain. C-receptor is 
internalized and degraded after ligand binding. It binds all of the three natriuretic 
peptides (Nakao et al. 1992b). Neutral endopeptidase 24.11 (NEP), a widely 
distributed enzyme, degrades ANP, BNP and CNP (Kenny & Stephenson 1988, 
Kenny et al. 1993).  

Transgenic mouse models support the role of ANP and BNP in the 
maintenance of blood pressure homeostasis. Targeting ANP and BNP 
overexpression to liver results in hypotension (Steinhelper et al. 1990, Barbee et 
al. 1994, Ogawa et al. 1994a). In contrast, inactivation of the endogenous 
proANP gene leads to salt-sensitive hypertension especially in homozygous mice 
(Melo et al. 1998). Inactivation of BNP gene has been found to induce cardiac 
fibrosis without significantly altering heart weight (Tamura et al. 2000). 
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Transgenic mouse models of ANP and BNP suggest that these peptides protect the 
heart and vasculature from volume overload, and prevent cardiac hypertrophy and 
fibrosis (Steinhelper et al. 1990, Barbee et al. 1994, Ogawa et al. 1994a, Tamura 
et al. 2000). On the other hand, CNP gene knock-out induces dwarfism due to 
impaired endochondrial ossification (Chusho et al. 2001). Thus, it appears that at 
least CNP is important for the normal growth of bones.  

Increased circulating levels of ANP and BNP are associated with volume and 
pressure overload, reduced ventricular systolic or diastolic function, left 
ventricular hypertrophy as well as renal impairment and neurohumoral activation 
(Cody et al. 1986, Thibault et al. 1999). ANP response is acute upon stimulus, 
whereas BNP secretion is increased after more prolonged cardiac overload. 
Nowadays especially the human 32-residue long BNP and the 76-residue long 
N-terminal fragment of proBNP (NT-proBNP) can be used as sensitive 
biomarkers of cardiac dysfunction. Increased BNP concentrations are strong 
predictors of heart failure and death (Doust et al. 2004, Doust et al. 2005). The 
measured values can also be used to guide the therapy of heart failure and left 
ventricular dysfunction (Ruskoaho 2003, Clerico & Emdin 2004, Vuolteenaho et 
al. 2005).  

2.1.2  Salmon cardiac peptide 

The salmon cardiac peptide (sCP) was identified in Atlantic salmon (Salmo salar) 
heart (Tervonen et al. 1998). sCP shares structural features with all natriuretic 
peptides, but its regulation and pattern of expression resembles mammalian 
A-type natriuretic peptides. Its expression is strictly restricted to salmon cardiac 
atrium and ventricle (Tervonen et al. 1998). Salmon cardiac ventricle actively 
expresses the gene of sCP, and the mRNA is translated into preprohormone. The 
peptide is stored as a 126 amino acid prohormone in ventricular secretory 
granules (Fig. 1), and the final proteolytic processing into a 29 amino acids, 
biologically active form of sCP, seems to be closely connected to exocytosis of 
the secretory granules, analogously with the secretory mechanism for mammalian 
pro-ANP (Tervonen et al. 1998, Kokkonen et al. 2000).  

The secretion of sCP can be induced rapidly not only by mechanical load but 
by humoral factors, such as ET-1 (Kokkonen et al. 2000, Vierimaa et al. 2002). 
ET-1 is a phylogenetically conserved regulator of cardiac function, and it has 
synergistic action with β-adrenergic stimulation on sCP secretion (Vierimaa et al. 
2006). Later sCP-like peptide was found to be produced and secreted from the 
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heart of several teleosts (Tervonen et al. 2000). The circulating levels of sCP are 
markedly upregulated in salmon during the warm months of the year. In contrast, 
the increase in sCP mRNA levels coincides with low temperature-associated 
hypertrophy of the heart. Ventricular hypertrophy has been observed in many 
teleosts as a response to cold-temperature acclimatisation. At low temperatures 
the cardiac contractility and the heart rate are reduced, and the ventricular 
hypertrophy is likely to be a compensatory mechanism for these changes 
(Tervonen et al. 2001). Salmon cardiac peptide has a similar homeostatic role in 
teleosts than ANP has in mammals by regulating the volume and electrolyte 
balance. It has diuretic and natriuretic properties without contribution to the short-
term regulation of blood pressure (Tervonen et al. 2002).  

Fig. 1. Immunoelectron microscopic localization of sCP in secretory granules (marked 
with letter G) of salmon ventricular myocyte. Due to the methods, membranes and 
myofilaments are visualized less clearly. Bar, 5 μm. (Kokkonen et al. 2000). Within a 
single myocyte, both atrial and ventricular, the staining is stronger near the nucleus, 
but granules were located also near Golgi apparatus, between myofilament bundles, 
and in subsarcolemmal positions (Arjamaa et al. 2000). 

2.2 Cardiac-specific gene expression 

The mechanism of cardiac-specific gene expression has been under intensive 
study during recent years. Initially during embryonic development, the heart is 
formed as a linear tube located at the ventral midline of the organism. Series of 
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movements and tissue remodeling lead to formation of the mature, four-
chambered organ. Different regions of the heart express different genes and adopt 
different physiological properties (Mohun & Sparrow 1997, Small & Krieg 2004). 
The myocardium contains, for instance, distinct isoforms of the myosin light 
chain genes, MLC2a and MLC2v, in the atria and ventricles, respectively. This 
differential expression of the MLC genes contributes to distinct contractile 
properties of the chambers (Chen et al. 1998). Chamber-specific expression of 
regulators of Ca2+ cycling is also responsible for differences in contractile 
properties between the atria and ventricles (Koss et al. 1995, Minamisawa et al. 
2003). Some genetic elements and transcription factors guiding the gene 
expression in the heart, or more specifically, in cardiac atria and ventricles, have 
been found. The most typical of these factors are GATA-4, myocyte enhancer 
factor-2 (MEF-2), Nkx-2.5 and serum response factor (SRF), and these 
transcriptional regulators are shared between many different cardiac genes (Fig. 2) 
(Small & Krieg 2004).  

2.2.1 Atrial-specific gene expression 

MLC2a is initially expressed throughout the linear heart tube and becomes 
restricted to the atrial myocardium later during development (Small & Krieg 
2004). There are a number of known cardiac regulatory factor binding sites, 
including MEF-2, GATA-4 and SRF, in the 5´flanking sequence of the MLC2a 
gene. It appears that atrial expression of MLC2a is achieved through repression of 
MLC2a transcription in the ventricle, although the precise mechanism is not 
known (Small & Krieg 2004). ANP is also expressed initially in both the atrial 
and ventricular chambers, but becomes atrial-specific later during cardiac 
development, at the time of birth in mammals (Gardner et al. 1986, Zeller et al. 
1987, Small & Krieg 2000). It seems that although a number of regulatory 
elements are essential for efficient expression of ANP in the myocardium, 
chamber-specific expression appears to be mediated through binding sites for 
NKx-2.5 and GATA-4 (the NKE and GATA sites, respectively). A mutation either 
at the NKE or the GATA binding site results in both atrial and ventricular ANP 
transcription in Xenopus (Small & Krieg 2004). Durocher and collegues have also 
shown that mutation of NKE in the rat ANP promoter results in upregulation of 
ANP promoter activity in ventricular cells (Durocher et al. 1996).  

These results suggest that the GATA and NKE binding sites serve as 
recognition sequences for a repressor complex that inhibits ANP expression in the 
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ventricular myocardium. In this model, the NKE would initially serve as a 
binding site for the transcriptional activator Nkx-2.5. At the time of atrial 
restriction, a suppressor protein would displace Nkx-2.5 from the NKE and 
inhibit transcription in the ventricle. There are also other atrial-specific genes, for 
instance connexin 40 and sarcolipin, having NKE elements in their gene 
promoters. It is possible that these elements also act as recognition sequences for 
a ventricular-specific repressor (Small & Krieg 2004).  

2.2.2 Ventricular-specific gene expression 

In the mouse, expression of MLC2v is ventricular-specific at all ages (O'Brien et 
al. 1993). MLC2v gene transcription has been studied in transgenic mouse 
models and cardiomyocyte cultures. A 250 bp promoter fragment was found to be 
required for the ventricular expression, and interestingly, it was guiding the 
MLC2v expression only in the right ventricle (Zhu et al. 1991, Lee et al. 1992, 
Ross et al. 1996). Further studies resolved the regulatory region to be a 28-bp 
segment containing a HF-1a site and an AT-rich region capable of binding both 
HF-1b and MEF-2 (Ross et al. 1996). Still, the expression of the trans-acting 
factors binding to the elements of this domain, YB-1 to HF-1a site, HF-1b to HF-
1b site, and MEF-2 to MEF-2 element, is not tissue-restricted similarly to the 
expression of the MLC2v (Navankasattusas et al. 1992, Edmondson et al. 1994, 
Zou & Chien 1995). Thus, it seems that there are additional regulatory proteins 
taking part of the transcriptional regulation of the MLC2v gene. 

The Iroquois family homeobox gene, Irx4, is expressed specifically in the 
ventricular myocardium throughout mouse development (Bao et al. 1999). The 
5´flanking sequence of the mouse Irx4 gene contains three SREs, four TBEs 
(T-box factor binding elements), three GATA sites, and five NKE sites. Clearly, 
the NKEs cannot act as repressor elements of ventricular expression of Irx4, as 
Irx4 expression is ventricular-specific at all ages, and the efficiency of Irx4 
transcription is highly dependent on Nkx-2.5 activity (Bruneau et al. 2000). 
Concerning the ventricular repression of the ANP gene, a GATA binding site 
closely linked to the NKE, has also shown to be important (Small & Krieg 2003). 
Therefore, it is possible that binding of the ventricular repressor to the NKE is 
dependent on interactions with other factors. 
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Fig. 2. Proposed regulation of cardiac chamber-specific gene expression in the 
ventricle. The approximate location of the transcription factor binding sites in the 
5´promoters are marked by nucleotide numbers (not in scale). A, Atrial gene 
expression via ventricular repression. Repression of atrial-specific genes in the 
ventricle. The black bars indicate negative regulation of transcription. ANP, atrial 
natriuretic peptide; GATA, GATA factor binding site; MLC2a, atrial myosin light chain-2; 
NKE, Nkx-2.5 binding site; RARE, retinoic acid response element; slow MyHC, slow 
myosin heavy chain-3; SRE, serum response factor binding site; TBE, T-box factor 
binding site; VDR, vitamin D receptor binding element. B, Ventricular gene exression. 
Ventricular activation of mouse light chain-2v (MLC2v) gene. The arrow indicates 
positive regulation of transcription. Mef-2, myocyte enhancer factor-2 binding site; HF-
1a and -1b, HF-1 and -1b binding sites; Repr, Repressor. (Modified from Small & Krieg 
2004). 
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2.3 GATA factors 

2.3.1 Cardiac GATA factors 

The GATA transcription factor family has six protein members (GATA-1-6). 
GATA-1, -2 and -3 are important in the regulation of hematopoietic cells, whereas 
GATA-4, -5 and -6 are expressed in various mesoderm and endoderm-derived 
tissues (Pikkarainen et al. 2004). During embryonic and fetal development, 
GATA-4 mRNA is found in heart, gut, gonads, and liver in mice. GATA-4 is one 
of the first transcription factors expressed in murine cardiac cells (Heikinheimo et 
al. 1994). GATA-4 mRNA can be detected already at 7.0–7.5 days postcoitum 
(dpc) in mouse precardiac mesoderm and both the mRNA and the protein product 
are found during the heart tube formation and bending (8.0 dpc) in endocardium, 
myocardium and precardiac mesoderm. Abundant GATA-4 transcription 
continues in cardiac myocytes throughout the lifespan of the animal. In adult 
mouse, GATA-4 transcript is additionally expressed in gonads, lung, liver and 
small intestine (Arceci et al. 1993). Interestingly, GATA-4 and GATA-6 have been 
shown to be important in the tumour development for instance in mouse and 
human adrenals and gonads (Ketola et al. 2000, Kiiveri et al. 2004, Parviainen et 
al. 2007, Viger et al. 2008). 

GATA factors belong to zinc finger proteins having a domain of two adjacent 
zinc fingers, that directs preferential binding to a specific nucleotide sequence 
element 5´-(A/T)GATA(A/G)-3´ at the target gene promoters (Evans & Felsenfeld 
1989). GATA-4, -5 and -6 share a high amino acid sequence similarity (80–90%) 
within the two zinc fingers, and the DNA sequence recognition domain of the 
C-terminal zinc finger is well-conserved among all GATA proteins (Tsai et al. 
1989, Ho et al. 1991, Lee et al. 1991, Arceci et al. 1993, Morrisey et al. 1996, 
Morrisey et al. 1997).  

GATA factors, especially GATA-4, control the tissue-specific expression of 
many cardiac genes, e.g. α- and β-myosin heavy chain and troponin I and C, in 
addition to ANP and BNP genes (Grepin et al. 1994, Ip et al. 1994, Thuerauf et al. 
1994, Durocher et al. 1997, Hasegawa et al. 1997, Murphy et al. 1997). 
Transgenic mice lacking the GATA-4 gene die during embryonic development 
due to the failure of ventral morphogenesis and heart tube formation between 8.0 
and 9.0 dpc (Kuo et al. 1997, Molkentin et al. 1997). In GATA-4 deficient mice 
the differentiation of cardiac myocytes is impaired, but cardiac ANP and 
α-myosin heavy chain genes are normally expressed, suggesting that upregulation 
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of endogenous GATA-6 mRNA is partially compensating the deficiency of 
GATA-4 (Kuo et al. 1997, Molkentin et al. 1997). GATA-6 knock-out mice die 
shortly after implantation (at 5.5–7.5 dpc) due to abnormal visceral endoderm 
function and defects in extraembryonic tissue (Koutsourakis et al. 1999). Recently, 
Heineke and collegues demonstrated that GATA-4 acts as a stress-responsive 
transcription factor that induces the expression of angiogenic growth factor in 
murine cardiac myocytes (Heineke et al. 2007). 

The GATA motifs in cardiac promoters have been shown to possess important 
roles in cardiac hypertrophy-induced gene activations. For instance, the full 
induction of β-myosin heavy chain or Ang II type 1 receptor (AT1) expression in 
pressure-overloaded rat hearts requires intact GATA binding elements in the 
promoter regions of the genes (Hasegawa et al. 1997, Herzig et al. 1997). 
Furthermore, functional GATA elements are required for the activation of the rat 
BNP promoter in the hearts of nephrectomized rats (Marttila et al. 2001). The 
presence of GATA binding sites are also required for transcriptional induction of 
rat BNP in mechanically stretched or lipopolysaccharide stimulated neonatal rat 
cardiac myocytes (Tomaru Ki et al. 2002, Pikkarainen et al. 2003b). Furthermore, 
GATA binding sites are necessary for phenylephrine-induced rat preproendothelin 
expression (Morimoto et al. 2000) as well as for the activation of BNP promoter 
by isoproterenol or phenylephrine (Thuerauf & Glembotski 1997, He et al. 2002) 
in neonatal rat cardiac myocytes. Also ET-1 induces ANP and human BNP 
promoter activities in a GATA-dependent manner (He & LaPointe 2001, Morin et 
al. 2001).  

2.3.2 Regulation of GATA-4 

There are three main reasons to increased GATA-4 DNA binding: increased 
amount of GATA-4 protein, increased GATA-4 binding activity by protein 
modification or by co-factors of GATA-4. There are number of studies showing 
that GATA-4 DNA binding activity increases during initiation of hypertrophic 
response of cardiac myocytes in vitro and in vivo. Arginine-vasopressin (AVP) 
infusion in rats causes substantial pressure overload together with activation of 
GATA-4 DNA binding in ventricles. This activation can be blocked with bosentan, 
a mixed ETA/B receptor antagonist (Hautala et al. 2001). In perfused isolated rat 
hearts, the left ventricular wall stretch activates GATA-4 DNA binding through 
endogenous ET-1 and Ang II, and infusion of either of the substances is sufficient 
to induce GATA-4 binding (Hautala et al. 2002).  
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Isolated neonatal rat cardiac myocytes have also been used as a model of 
GATA-4 binding activity. Mechanical stretch (Pikkarainen et al. 2003b), ET-1 
(Pikkarainen et al. 2002) and isoproterenol (Morisco et al. 2001) have shown to 
be potent stimuli for increased GATA-4 DNA binding. In addition, significant 
induction of binding activity is detected in bilaterally nephrectomized rats with 
hemodynamic overload (Marttila et al. 2001) and in aortic banded rats at 2 days 
(Herzig et al. 1997).  

GATA-4 gene may be regulated at the level of transcription and transcript 
stability, and GATA-4 protein can go through posttranslational modifications, 
which affect its DNA binding activity, transactivation or localization within 
cardiac myocytes. Mechanical stretch (Pikkarainen et al. 2003b), pacing (Xia et al. 
2000) and isoproterenol (Morisco et al. 2001) transiently elevate GATA-4 mRNA 
levels in neonatal rat cardiac myocytes. Infusion of isoproterenol, phenylephrine 
or both in adult mice increase cardiac GATA-4 and Nkx-2.5 mRNA levels 
(Saadane et al. 1999). In addition, pressure overload of the right ventricle in 
pulmonary artery banded rats increases protein levels of GATA-4 and some of its 
cofactors including Nkx-2.5, MEF-2 and dHAND (Bar et al. 2003).  

GATA-4 binding activity can increase through protein phosphorylation, for 
instace as a consequence of treating neonatal rat cardiac myocytes with ET-1, 
phenylephrine or isoproterenol (Morimoto et al. 2000, Charron et al. 2001, Liang 
et al. 2001b, Morisco et al. 2001, Kerkelä et al. 2002). In murine GATA-4, one 
key amino acid for phoshorylation is Ser-105 (Liang et al. 2001b). Two members 
of the mitogen activated protein kinase (MAPK) family, extracellular signal-
regulated kinase (ERK) (Liang et al. 2001b) and p38 mitogen-activated protein 
kinase (p38 MAPK) (Charron et al. 2001) have been shown to catalyze Ser-105-
specific phosphorylation of GATA-4 in cardiac myocytes.  

It seems that ERK may act as a regulator of basal GATA-4 DNA binding 
activity in neonatal rat cardiac myocytes, while p38 MAPK may mediate 
activation of GATA-4 by ET-1 (Kerkelä et al. 2002). MAP-kinases and ET-1 can 
also activate other nuclear mediators of cardiac hypertrophy, such as ETS-like 
gene-1 (Elk-1) (Pikkarainen et al. 2003a) and nuclear factor of activated T-cells 
(NFAT) (Braz et al. 2003). GATA-4 phoshorylation can also lead to inhibition of 
GATA-4-dependent transcription. GATA-4 interacts physically with glycogen 
synthase kinase-3β, which phosphorylates N-terminal domain of GATA-4 protein 
(Morisco et al. 2001). Acetylation is another posttranslational modification, that 
can influence on GATA-4 activity (Dai & Markham 2001, Yanazume et al. 2003).  
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2.3.3 GATA-4 interactions with cofactors 

GATA-4 has been shown to possess a pivotal role in cardiogenesis and cardiac 
hypertrophy also through its cooperation with a number of other transcription 
factors and co-activators (Fig. 3). A co-repressor protein Friend of GATA-2 
(FOG-2) interacts with N-terminal zinc finger of GATA-4 (Lu et al. 1999, 
Svensson et al. 1999, Tevosian et al. 1999, Svensson et al. 2000), and GATA-6 
may require both zinc fingers of GATA-4 for its interaction (Charron et al. 1999). 
Some of the interactions may occur simultaneously with or even through 
p300/CBP to regulate transcriptional activation, including those with dHAND 
(Dai et al. 2002), retinoid X-receptor-α (RXRα) (Clabby et al. 2003), and 
YinYang-1 (Bhalla et al. 2001). GATA-4, SRF and Nkx-2.5 are able to form a 
complex and transactivate genes through combinatorial interactions (Nishida et al. 
2002, Sepulveda et al. 2002). There are several examples of mutations affecting 
on the interaction of GATA-4 with its cofactors, that lead to cardiac 
malformations.  

Genetically modified mice lacking the FOG-2 gene have defects in septation 
and coronary vasculature. The same phenotype is seen in mice with a single 
amino acid substitution on GATA-4 protein (V217G), which abolishes interaction 
with FOG-2 (Crispino et al. 2001). In human, mutations of Nkx-2.5 gene are 
associated with cardiac septal defects and atrioventricular conduction 
abnormalities leading to development of congenital heart disease. These 
mutations alter Nkx-2.5 DNA binding activity (Schott et al. 1998, Kasahara et al. 
2000). There is a phenotypic similarity (atrial septal defects) in GATA-4 and 
TBX-5, a member of T-box transcription factor family, haploinsufficiency. 
Mutation in human GATA-4 gene resulting in a Gly to Ser substitution at codon 
296 is associated with septal defects. This mutation decreases GATA-4 DNA 
binding activity and abrogates physical association with TBX-5, but not with 
Nkx-2.5 (Garg et al. 2003). Furthermore, a frame-shift mutation in human GATA-
4 gene resulting in truncation of the last 40 amino acids of the protein is 
associated with atrial septal defects. This mutation renders GATA-4 
transcriptionally inactive (Garg et al. 2003).  

Overexpression of GATA-4 or GATA-6 activates hypertrophic growth in 
cultured rat neonatal cardiac myocytes and in the hearts of transgenic mice (Liang 
et al. 2001a). Certain co-factors of GATA-4, such as Nkx-2.5 and SRF, have been 
shown to be able to recruit GATA-4 to cardiac gene promoters (Sepulveda et al. 
1998, Sepulveda et al. 2002). Mechanical stretch of neonatal rat ventricular 
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myocytes activates rat BNP promoter via combinatorial interaction of GATA-4 
and Nkx-2.5 (Pikkarainen et al. 2003b). Constitutively active calcineurin, a 
phosphatase, activates human BNP promoter synergistically with its substrate 
NFATc4 and GATA-4 (Molkentin et al. 1998). SRF and GATA-4 and/or -6 form a 
ternary complex on a 30-bp cis-element of ANP promoter containing juxtaposed 
GATA/SRF binding motifs, which mediates activation of ANP promoter in ET-1- 
stimulated neonatal cardiac myocytes (Morin et al. 2001).  

Fig. 3. The regulatory network around GATA-4 and its co-factors. Signal transduction 
cascades induced by GPRC agonists, that are typical activators of natriuretic peptide 
gene, are shown. GPRC, G-protein bindind receptor; ET-1, endothelin-1; PE, 
phenylephrine; Ang II, angiotensin II; ISO, isoproterenol; CN, calcineurin; MEK, MAPK 
or ERK kinase-1; ROCK, Rho-associated coiled-coil forming kinase; P13K, 
phosphatidylinositol 3-kinase; MAPK, mitogen-activated protein kinase; ERK, 
extracellular signal-regulated kinase; GSK-3, glycogen synthase kinase-3; NFAT-p, 
phoshorylated nuclear factor of activated T-cells; SRF, serum response factor; MEF-2, 
myocyte enhancer factor-2; CaMK, calcium-calmodulin dependent kinase; HDAC, 
histone deacetylase; HDAC-p, phosphorylated histone deacetylase. (Pikkarainen et al. 
2004). 
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2.4 AP-1 

The activator protein-1 (AP-1) complex is a heterodimer composed of the 
members of fos (v-fos, c-fos, fosB, Fra-1, Fra-2), jun (v-jun, c-jun, junB, junD) 
or activating transcription factor (ATF) protein families. Activated AP-1 complex 
binds to a defined sequence (5´-TGACGTCA-3´) in the regulatory region of its 
target genes (Karin et al. 1997). The different factors of AP-1 complex are 
ubiquitously expressed, and the complex is rapidly activated as a response to 
various growth and stress stimuli. Different dimers have variable effects on cell 
growth, proliferation and survival (Shaulian & Karin 2002).  

Cardiac AP-1 DNA binding affinity has been reported to increase in response 
to Ang II infusion in concious rats (Yano et al. 1998, Suo et al. 2002a) as well as 
in hypertensive rats double transgenic overexpressing the human renin and 
angiotensinogen genes (Muller et al. 2000, Fiebeler et al. 2001). The increase in 
left ventricular AP-1 DNA binding activity can be prevented by AT1 receptor 
antagonism in stroke-prone spontaneously hypertensive rats (Izumi et al. 2000). 
Also in isolated perfused rat hearts, AT1 receptor antagonist losartan inhibits AP-1 
and GATA binding to the BNP promoter that is typically observed as a response to 
direct left ventricular wall stretch (Hautala et al. 2002). A mutation at the ANP 
AP-1 like element has been shown to eliminate the response of the promoter to 
aortic banding-induced pressure overload in dogs (von Harsdorf et al. 1997). The 
AP-1 site of the ANP promoter has also been reported to be an important factor in 
response to acute elevation of cardiac wall stress (Cornelius et al. 1997). AP-1 
functions together with NF-κB, and participates in the activation of human BNP 
promoter by mechanical stretch and ET-1 in cardiac myocytes (Liang et al. 2000). 
Factors of the AP-1 complex regulate gene expression also together with GATA 
and ETS factors (Kawana et al. 1995, Yordy & Muise-Helmericks 2000). 

2.5 Elk-1 

ETS factors are transcription factors regulating hematopoiesis and development 
of the central nervous system, bone and cartilage, mammary glands and 
vasculature (Bartel et al. 2000, Sementchenko & Watson 2000). All ETS factors 
share a highly conserved DNA binding domain called ETS domain, which binds 
to a DNA motif 5´-GGA(A/T)-3´, ETS binding sequence (EBS), on a target gene 
(Nye et al. 1992). Some ETS factors affect proliferation of cells by regulating the 
immediate early response genes and other growth-related genes. Some of them 
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also regulate apoptosis-related genes (Oikawa & Yamada 2003). Several ETS 
family members are expressed in vascular cells, including endothelial and 
vascular smooth muscle cells, where they take part in the regulation of 
angiogenesis, inflammatory response and vascular remodeling (Lelievre et al. 
2001, Oettgen 2006). There are several ETS factors in the heart, one of them 
being ETS-like gene-1 (Elk-1) (Maroulakou & Bowe 2000), and many cardiac 
genes contain potential EBS in their promoters.  

ET-1-induced activation of rat BNP promoter has been reported to depend on 
Elk-1 binding to EBS site on the promoter (Pikkarainen et al. 2003a). Elk-1 has 
been shown to activate c-fos promoter with SRF in response to serum, 
lipopolysaccharide, growth factors and UV irradiation (Treisman 1994, Price et al. 
1996). Mechanical load of the rat heart or phenylephrine in cultured neonatal rat 
cardiac myocytes are also stimuli for c-fos activation, and the interaction between 
Elk-1 and SRF has been reported to be important (Aoyagi & Izumo 1993, Babu et 
al. 2000). Elk-1 and its target gene c-fos are transiently activated through site-
specific phoshorylation of Elk-1 (Yang et al. 1999). The gene of α-MHC has also 
been shown to be regulated via functional EBS in cardiac myocytes (Gupta et al. 
1998).  

2.6 Cardiac hypertrophy at cellular level 

Cardiac hypertrophy is an adaptive response to increased wall stress, but 
sustained stress leads to heart failure. It has been postulated that there are two 
forms of cardiac hypertrophy, physiologic and pathologic. Exercise-induced 
hypertrophy is associated with less fibrosis and better systolic function suggesting 
the involvement of adaptive mechanisms (Toko et al. 2008). Cardiac hypertrophy 
is a consequence of increased myocyte size rather than cell number. Myocardial 
cellular and extracellular matrix remodeling are important in the development of 
left ventricular hypertrophy. Myocyte remodeling seems to include an increase in 
mitochondria and capillaries, convolutions and lengthening of intercalated discs, 
addition of sarcomeres, thickened Z lines, and presence of pericapillary fibrosis 
(Hayden et al. 2006). There are also changes in contractile protein isoforms, 
energy metabolism, intracellular calcium concentration and excitation-contraction 
coupling (Sugden & Clerk 1998, Bers 2000).  

Hypertrophic changes have also an effect on gene expression in cardiac 
myocytes. The expression of immediate early genes, such as c-fos, c-jun and 
c-myc, increases rapidly, within an hour in response to hypertrophic stimuli 
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(Komuro et al. 1990, Yamazaki et al. 1995). In addition, the cardiac peptides BNP 
and adrenomedullin (AM) are also activated rapidly in response to hemodynamic 
stress (Magga et al. 1994, Romppanen et al. 1997). Recently, several novel 
factors of immediate early genetic response to pressure overload have been 
identified, such as growth arrest and DNA damage inducible protein 45 
(GADD45alpha), epidermal fatty acid-binding protein (E-FABP) and Bcl-X (Rysä 
et al. 2006).  

In rodents, two isoforms of myosin heavy chain (MHC) genes, α- and 
β-MHCs, are expressed in the cardiac ventricle, β-MHC predominantly in fetal 
hearts, and α-MHC mainly in healthy adult hearts (Yamazaki et al. 1995). 
Similarly, skeletal α-actin is predominantly active in fetal and neonatal mouse 
heart, and cardiac α-actin in the healthy adult mouse heart (Hewett et al. 1994). In 
addition to β-MHC and skeletal α-actin ANP gene is also considered to be a fetal-
type cardiac gene due to its high expression during fetal development (Sugden & 
Clerk 1998). The expression of these genes is reactivated in response to 
hypertrophic stimulus after expression of immediate early genes (Kim et al. 1995, 
Yokota et al. 1995).  

Pressure overload in vivo by aortic coarctation induces the expression of 
skeletal α-actin within two days (Izumo et al. 1988), while Ang II infusion 
increases left ventricular skeletal α-actin, β-MHC and ANP mRNA levels in 
conscious rats within 24 hours (Kim et al. 1995). Constitutively expressed 
contractile protein genes, MLC-2 and cardiac α-actin, are upregulated in the 
longer term (Sugden 1999). However, after prolonged mechanical and 
neurohumoral stress, the adaptive mechanisms usually eventually fail and further 
myocardial remodeling leads to ventricular dilation and diminished cardiac 
contractile function. Cell loss is also involved in cardiac hypertophy through 
myocardial apoptosis (Anselmi et al. 2008). Heart failure (HF) has traditionally 
been divided into HF with a reduced ejection fraction (systolic HF) and HF with a 
normal ejection fraction. Both groups have reductions in exercise tolerance, 
neurohumoral activation, and abnormal left ventricular filling dynamics as well as 
impaired relaxation (Fukuta & Little 2007). 

2.6.1 Mechanical stretch of cardiac myocytes 

One of the experimental models used to study the effects of mechanical load on 
cardiac cells is the cyclic stretching of ventricular myocytes on silicone dishes 
(Yamazaki & Yazaki 2000, Komuro 2001). Stretching activates second 
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messengers such as protein kinase C (PKC), Raf-1 kinase, and MAP kinases, and 
this activation is followed by increase in protein synthesis (Yamazaki & Yazaki 
2000). In the stretch-conditioned medium the levels of Ang II and ET-1 are 
increased. Mechanical stretch also activates the Na+/H+ exchanger independently 
of these vasoactive factors (Yamazaki & Yazaki 2000).  

The effect of stretch has been suggested to be mediated through stretch-
activated ion channels (SACs) locating in the plasma membrane (Sigurdson et al. 
1992, Tavi et al. 2001). There are at least two types of SACs in neonatal rat atrial 
cells (Kim 1993, Kim & Fu 1993).  

Transmembrane extracellular matrix (ECM) receptors, such as the integrin 
family, are also potent candidates for mechanoreceptors. Integrin receptor 
complex has a large extracellular domain binding various ECM proteins, and a 
short cytoplasmic domain interacting with the cytoskeleton proteins in the cell. 
Cytoskeletal proteins, on the other hand, can regulate the plasma membrane 
proteins. There is evidence, that the effect of mechanical stretch is, at least 
partially, conducted through integrins and cytoskeletal proteins (Komuro 2001). It 
is also reported that the desmin-lamin intermediate filaments transmit the stretch 
message to the nuclear-envelope associated chromatin. The change in the 
chromatin structure, in turn, can activate hypertrophy-associated genes (Bloom et 
al. 1996).  

Mechanical stretch of neonatal rat cardiac myocytes has influence on the 
expression of different cardiac genes. It has been shown to induce 
preproendothelin-1 and to reduce endothelin-converting enzyme-1β gene 
transcription (Pikkarainen et al. 2006). Adrenomedullin mRNA levels are 
increased in response to cardiac myocyte mechanical stretch, partially through 
AT1 receptors (Tsuruda et al. 2000). There is enhanced expression of Ang II 
receptor subtypes and the AT1R-mediated action of Ang II is functionally 
strengthened in stretched cardiac myocytes (Kijima et al. 1996). Stretch-induced 
rat BNP promoter activation has been reported to be dependent on transcription 
factors GATA-4 and Nkx-2.5 interaction (Pikkarainen et al. 2003b). 

2.6.2 Endothelin-1 

ET-1 was the first member of the endothelin peptide family to be discovered. It is 
an endothelium-derived 21 amino acid long peptide with strong vasoconstrictive 
properties (Yanagisawa et al. 1988). Later, ET-2, -3 and -4, also 21 amino acid 
long ET-1 related peptides, were identified (Inoue et al. 1989, Saida et al. 1989). 
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ET-1 is synthetized predominantly in vascular endothelial cells (Yanagisawa et al. 
1988), but also in small quantities in cardiac cells (Suzuki et al. 1993), vascular 
smooth muscle cells (Lerman et al. 1991), kidney and central nervous system 
(Giannessi et al. 2001). ET-2 is a product of kidneys and intestine, and to a lesser 
extent, of myocardium, endothelial cells, placenta and uterus (Levin 1995).  

Mechanical strain (Macarthur et al. 1994) and hypoxia (Kourembanas et al. 
1991) have been reported to stimulate ET-1 production in the endothelial cells. 
Mechanical stretch of rat ventricular myocytes (Yamazaki et al. 1996) as well as 
aortic banding induced pressure overload in rat heart (Ito et al. 1994) have been 
shown to activate ET-1 production. Various vasoactive factors, like Ang II, ET-1, 
interleukin-1 (IL-1), phenylephrine, transforming growth factor-β1 (TGF-β1) and 
tumour necrosis factor-α (TNF-α), upregulate ET-1 production, whereas ANP, 
nitric oxide (NO) and prostacyclin downregulate (Giannessi et al. 2001, Shah 
2007).  

Endothelins exert their cellular effects through ETA and ETB cell membrane 
receptors (Table 1) (Arai et al. 1990, Sakurai et al. 1990). Both receptors consist 
of seven transmembrane α-helices and belong to a family of guanine nucleotide 
binding protein (G-protein) coupled receptors (GPRCs). Cardiovascular ETA 
receptors are located on vascular smooth muscle cells and cardiac myocytes, and 
ETB receptors on endothelial cells, cardiac fibroblasts, vascular smooth muscle 
cells and macrophages (Luscher & Barton 2000). In smooth muscle cells ET 
receptors mediate cell contraction, proliferation and hypertrophy, whereas ETB 
receptors in endothelial cells stimulate the production of NO and prostacyclin, 
thereby, inducing vasorelaxation (de Nucci et al. 1988, Kedzierski & Yanagisawa 
2001, Schiffrin 2001). Due to these contrasting effects, intravenous infusion of 
ET-1 results in a transient decrease in mean arterial pressure and peripheral 
vascular resistance, which is followed by long-lasting vasoconstriction and 
increased blood pressure (Yanagisawa et al. 1988).  

ET-1 has shown to induce hypertrophic changes in cardiac myocytes, such as 
increased protein synthesis and activation of immediate early genes (Shubeita et 
al. 1990, Cullingford et al. 2008) as well as ANP and BNP genes (Shubeita et al. 
1990, Harada et al. 1997), and contractile protein genes (Ito et al. 1991, Wang et 
al. 1992). ET-1 induced rat BNP gene activation has been reported to require a 
responsive Elk-1 binding site on the BNP promoter (Pikkarainen et al. 2003a). 
Elevated ET-1 plasma concentrations have been detected in several cardiovascular 
malfunctions in humans, for instance in severe hypertension, congestive heart 
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failure, advanced atherosclerosis and after myocardial infarction, and in cancer 
(Levin 1995, Schiffrin 2001, Lalich et al. 2007, Shreenivas & Oparil 2007). 

Table 1. Endothelin receptor subtypes. 

Receptor subtypes Localization Effects after ET-1 binding References 

ETA Vascular smooth 

muscle cells (SMCs), 

cardiac myocytes 

In SMCs cell contraction, proliferation, 

hypertrophy/vasoconstriction, 

increased blood pressure 

Luscher & Barton 

2000, de Nucci et al. 

1988, Schiffrin 2001, 

Kedzierski & 

Yanagisawa 2001 

ETB Endothelial cells, 

cardiac fibroblasts, 

vascular smooth 

muscle cells, 

macrophages 

In SMCs cell contraction, proliferation, 

hypertrophy/vasoconstriction,increased 

blood pressure, in endothelial cells 

nitric oxide (NO) and 

prostacyclin↑/vasorelaxation  

Luscher & Barton 

2000, de Nucci et al. 

1988, Schiffrin 2001, 

Kedzierski & 

Yanagisawa 2001  

2.6.3 Renin-angiotensin-aldosterone system 

The renin-angiotensin system (RAS) regulates blood pressure, electrolyte balance 
and volume homeostasis (Kim & Iwao 2000). Renin was first discovered as 
a ”pressor substance” by Robert Tigersted in 1898 (Inagami 1998). Renin is an 
aspartyl protease, which cleaves angiotensinogen into an inactive decapeptide 
Ang I. Angiotensin converting enzyme (ACE), a zinc metallopeptidase, then 
process Ang I to the octapeptide Ang II, which can be further processed to 
produce Ang III and Ang IV. The main site of renin synthesis is the 
juxtaglomerular apparatus formed by specialized cells in the afferent arteriole of 
the glomerulus (Brown 2007), while angiotensinogen is mainly produced by the 
liver (Blume et al. 1999). The principal effector molecule of RAS is Ang II. Its 
main actions are to stimulate the AT1 receptor on arteries and the adrenal cortex to 
cause vasoconstriction and stimulation of aldosterone production (Brown 2007).  

The secretion of renin from the juxtaglomerural cells in the kidney is 
regulated by four mechanisms: arterial blood pressure, sympathetic nervous 
system activity, sodium balance and negative feedback regulation by Ang II 
(Brown 2007). A few years ago, a renin receptor binding both renin and its 
precursor, prorenin, was also found. The renin receptor is expressed in the heart, 
arteries and kidneys (Nguyen et al. 2002, Danser & Deinum 2005).  

In addition to the hormonal effects of Ang II as a circulating factor (Dostal et 
al. 1997), the RAS seems to function as a paracrine/autocrine system for instance 
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in heart, kidney, lung, brain, endothelial cells and vascular smooth muscle cells 
(Dostal & Baker 1999). Cardiac RAS is believed to be regulated by local 
mechanical stress in vivo (Lee et al. 1996). It is suggested, that the circulating 
RAS would be important for acute hemodynamic stability, whereas the tissue 
RAS is involved in long term maintenance of hemodynamics (Stock et al. 1995). 

There are a number of studies showing that RAS is activated in cardiac 
hypertrophy. The gene expression of renin and ACE have been reported to be 
increased in left ventricular tissue in response to volume overload (Boer et al. 
1994). Pressure overload increases left ventricular angiotensinogen and AT1 
receptor gene expression (Wang et al. 1997). Renin, angiotensinogen and ACE 
mRNA levels are elevated in myocardial infarction (Dostal & Baker 1999). 
Mechanical stretch of cardiac myocytes increases the expression of 
angiotensinogen, renin, ACE and AT1A genes (Malhotra et al. 1999), and induces 
the release of Ang II from cardiac myocytes (Sadoshima et al. 1993). AT1 and AT2 
receptors are upregulated in many pathological conditions, including 
atherosclerosis, cardiomyopathy and myocardial infarction (Matsubara 1998, 
Hammoud et al. 2007).  

There are four known Ang II receptor subtypes, which are characterized as 
G-protein coupled receptors (GPCR) containing seven transmembrane domains 
(Chiu et al. 1989, Mukoyama et al. 1993). AT1 receptors are expressed in the 
heart, vasculature, kidney, adrenal gland, liver, brain and lung (Allen et al. 2000). 
AT1 receptors mediate most of the typical Ang II effects including elevation in 
blood pressure, vasoconstriction, aldosterone and catecholamine release, and 
renal sodium and water absorption (Table 2) (Timmermans et al. 1993). There is 
evidence, that endothelial Ang II signaling regulates the NO signaling pathway 
and, thereby, modulates endothelial dysfunction (Higuchi et al. 2007). Ang II is 
suggested to have a central role in myocardial hypertrophy mainly via AT1 
receptors. Enhanced collagen synthesis and cardiac remodeling in myocardial and 
perivascular fibrosis as well as growth of the cardiac muscle can be induced by 
Ang II through AT1 receptors (Atlas 2007, Hammoud et al. 2007). AT1 receptor 
activation stimulates the expression of many immediate early genes (c-fos, c-jun, 
junB, Egr-1, c-myc) and fetal type genes (ANP, skeletal actin) typically activated 
in cardiac hypertrophy (Sadoshima & Izumo 1993). Ang II can induce cardiac 
hypertrophy directly, independently on hypertension. Paradis and collegues 
generated transgenic mice overexpressing the human AT1 receptor gene, which 
develop cardiac hypertrophy and remodeling in absence of blood pressure 
elevation (Paradis et al. 2000). ACE inhibitors and AT1 receptor antagonists have 
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shown to have antihypertrophic effects on cardiac myocytes (Sadoshima et al. 
1993, Stergiou & Skeva 2004, Azizi & Wuerzner 2007).  

AT2 receptors seem to have contrasting effects in the regulation of blood 
pressure, although they are suggested to be involved in the development of 
myocardial hypertrophy (Table 2). AT2 receptors are distributed mainly in the 
uterus, ovary, brain, heart and adrenal medulla in adults (Kim & Iwao 2000). AT2 
receptor knockout mice have elevated blood pressure (Hein et al. 1995, Ichiki et 
al. 1995, Siragy et al. 1999), while mice overexpressing AT2 receptor resist Ang 
II-stimulated vasoconstrictive and blood pressure effects (Tsutsumi et al. 1999). 
The vasodilative and cardioprotective effects of Ang II via AT2 receptors are 
mediated by kinin/nitric oxide (NO)/cyclic guanosine monophosphate (cGMP) 
system (Matsubara 1998). NO-deficient hypertension, and the associated 
activation of ventricular ANP and BNP gene expression in rats, are suggested to 
be at least partly mediated by Ang II (Suo et al. 2002b). Despite the hypotensive 
effects of AT2 receptors, AT2 receptor gene knock-out mice do not develop 
myocardial hypertrophy, left ventricular growth or cardiac fibrosis in response to 
pressure overload as the wild-type animals do, which suggests a role also for the 
AT2 receptors in cardiac hypertrophy (Senbonmatsu et al. 2000, Ichihara et al. 
2001). 

Ang II increases the secretion of aldosterone, a steroid hormone (Takeda et al. 
2000). The main synthesis site of aldosterone is the adrenal cortex (Ratajska et al. 
1994), but the hormone may also be synthetized for instance in vasculature, heart 
and brain (Mellon & Deschepper 1993, Takeda et al. 1995, Takeda et al. 2000). 
Aldosterone regulates myocardial noradrenaline uptake, electrolyte balance and 
cardiac fibrosis (Brilla & Weber 1992, Barr et al. 1995). Peripheral infusion of 
aldosterone induces cardiac hypertrophy and fibrosis without an increase in blood 
pressure in rats (Young et al. 1995). It has been reported, that activation of 
ventricular ANP, BNP and AM expression by Ang II requires factors derived from 
the adrenals (Földes et al. 2001).  
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Table 2. AT1 and AT2 receptors. 

Receptor 

subtype 

Localization Effects (after Ang II binding) References 

AT1 Heart, 

vasculature, 

kidney, adrenal 

gland, liver, 

brain, lung 

Elevation in blood pressure, vasoconstriction, 

aldosterone and catecholamine release, renal 

sodium and water absorption, enhanced collagen 

synthesis and cardiac remodeling, growth of the 

cardiac muscle, activation of immediate early and 

fetal type genes 

Allen et a. 2000, 

Timmermans et al. 1993, 

Atlas 2007, Hammoud et 

al. 2007, Sadoshima & 

Izumo 1993, Kim & Iwao 

2000 

AT2 Uterus, ovary, 

brain, heart, 

adrenal medulla 

Vasodilative  

and cardioprotective effects 

Kim & Iwao 2000, 

Matsubara 1998 
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3 Aims of the research 

The mechanisms of cardiac-specific gene expression and cardiac hypertrophy-
induced gene expression have been subject of intensive research. One of the 
mostly studied group of genes in this field is the natriuretic peptide gene family. 
There are several studies especially of regulation of the ANP and BNP gene 
expression. GATA-4 is shown to be an important transcription factor both in basal 
and induced transcriptional activation of both the ANP and BNP genes in many 
studies. However, the detailed structure of the regulatory network in cardiac gene 
expression is still unsolved. The goal of this research was to clarify the 
mechanisms of cardiac chamber-specific gene expression and the in vivo 
mechanisms of mechanical load-induced cardiac gene activation by using the 
salmon cardiac peptide and rat B-type natriuretic peptide genes and their hybrid 
promoters as models.  

The specific aims of the research were: 

1. to characterize the salmon cardiac peptide gene structure, a model of 
extremely heart-specific gene.  

2. to study the mechanisms of Ang II-induced rat BNP gene expression in vivo. 
3. to study in vitro and in vivo the mechanisms of the induction of cardiac 

chamber-specific gene expression by artificial hybrid promoters containing 
elements from sCP and BNP genes. 
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4 Materials and methods 

The methods used in this thesis are summarized in Table 3. The experimental 
procedures are described in detail in original articles I–III. 

Table 3.  Methods used in original publications I–III. 

Method Original publication 

Genomic DNA cloning I 

Restriction analysis of genomic clones I 

DNA sequencing I 

Primer extension analysis I 

Northern blot analysis I, II 

Quantitative PCR I, III 

Isolation and N-terminal sequence analysis of ir sCP I 

Cell culture and transfection I, II, III 

Preparing of reporter gene constructs I, II, III 

In vivo injections of gene constructs II 

Hemodynamic measurements II 

Radioimmunoassay  II 

Cell manipulation by ET-1 and mechanical stretch III 

Nuclear protein extractions and gel mobility shift assays II, III 

4.1 Experimental animals 

Neonatal, 2- to 4-day old Sprague-Dawley rats of both sexes (I, III) and 2-month 
old SD male rats (270–300 g, II), obtained from the Center for Experimental 
Animals at the University of Oulu, Finland, were used. All rats were kept in 
plastic cages with free access to tap water and regular rat chow in a room with a 
controlled 40% humidity and a temperature of 22 °C. A controlled 12-hour light 
cycle was maintained. The experimental designs were approved by the Animal 
care and use Committee of the University of Oulu, Finland. The Ang II type1 
receptor (AT1R) transgenic mice (line 27) and their wildtype (Wt) littermate used 
in studies (II) are described elsewhere (Paradis et al. 2000).  

4.2 Genomic DNA cloning (I) 

Genomic DNA was prepared from salmon liver. The DNA partially digested with 
Sau3A (10–20 kb) was ligated to λ vector EMBL-3 (Promega Corp., Madison, 
WI) digested with BamHI and EcoRI. DNA was then packaged and used to infect 
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Escherichia coli KW251. The genomic library produced was plated and screened 
with a [32P]deoxy(d)-CTP-labeled sCP cDNA probe (Tervonen et al. 1998) to 
obtain positive genomic clones.  

4.3 Restriction analysis of the genomic clones (I) 

Positive genomic clones hybridizing with the sCP cDNA probe were analyzed by 
restriction enzyme digestion. The products were separated on 0.7% agarose gels, 
blotted to nylon membranes, and hybridized overnight with the sCP cDNA probe. 
The membranes were washed for 60 minutes at 65 °C with 0.2 × SSC (standard 
saline citrate) containing 0.2% SDS.  

4.4 DNA sequencing (I) 

Of the three clones identified the sCP genomic clone 2 was used for sequencing. 
The subclones in pGEM 3Z- (Promega Corp.) and pBluescript SK II+ vectors 
(Stratagene, La Jolla, CA) were sequenced by the dideoxy method, initially 
manually and subsequently by automated sequencing using an ABI Prism 310 
Genetic Analyzer (PE Applied Biosystems, Foster City, CA). The sequences were 
assembled using the Sequencing Analysis (Perkin-Elmer Corp. Nordic, 
Stockholm, Sweden) and GeneJockey II (Biosoft, Cambridge, UK) softwares, 
both run on Macintosh personal computers.  

4.5 Primer extension analysis (I) 

An antisense primer (3´-GCCACCAGCGTCTGTTGACAAAGCAGGAGC-5´) 
corresponding to nucleotides 74–45 of the published sCP cDNA sequence was 
end labeled with 5´-[32P]ATP and T4 polynucleotide kinase, purified with 
Sephadex G-50 (Amersham Pharmacia Biotech, Uppsala, Sweden) gel filtration, 
and hybridized overnight at room temperature with 9 or 30 μg total RNA isolated 
from salmon atrium, ventricle, or kidney. After ethanol precipitation and 
resuspension, avian myeloblastosis virus reverse transcriptase and dNTP were 
added. The primer extension reaction was carried out at room temperature for 2 
hours. After incubation for 30 minutes with deoxyribonuclease-free ribonuclease, 
the reaction mixture was extracted with phenol/chloroform, precipitated with 
ethanol, and resuspended in buffered formamide. The reaction products were 
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separated on a 6% acrylamide/urea sequencing gel together with an sCP genomic 
sequence ladder.  

4.6 Northern blot analysis (I, II) 

Total RNA was isolated from salmon (I) and rat (II) tissues by the guanidine 
isothiosyanate-CsCl method (Chirgwin et al. 1979) or using TRIZOL reagent 
(Invitrogen, Burlington ON, Canada). The membranes were hybridized with 
cDNA fragments for sCP (I) (Tervonen et al. 1998), rat BNP, GATA-4 and 
GATA-6 (II), labeled with [32P]dCTP and with a cDNA probe complementary to 
rat 18S ribosomal RNA (Magga et al. 1997, Hautala et al. 2001).  

4.7 Quantitative RT-PCR (I, III) 

The quantitative PCR reactions were performed with an ABI 7700 Sequence 
Detection System using TaqMan chemistry. The cDNA first strand was 
synthesized from RNA derived from the different salmon tissues using Moloney 
murine leukemia virus reverse transcriptase (I). The forward and reverse primers 
for sCP messenger RNA (mRNA) detection were CATGGCCACCAGAAGTA-
AAGCT and TCCCGATGCGGTCCATC, corresponding to nucleotides 5883–
5904 and 5944–5928 of the sCP gene sequence, respectively. The 62-bp amplicon 
was detected using the bifunctional fluorogenic probe 5´-Fam-TGTCCGGG-
TGCTTCGGAGCC-Tamra-3´. The results were normalized to 18S RNA 
expression quantified from the samples using the forward and reverse primers 
TGGTTGCAAAGCTGAAACTTAAAG and AGTCAAATTAAGCCGCAGGC, 
respectively. The probe for the 18S amplicon was 5´-Vic-CCTGGTGGTGC-
CCTTCCGTCA-Tamra-3´ (I).  

4.8 Isolation and N-terminal sequence analysis of salmon atrium 
immunoreactive sCP (I) 

The isolation of sCP from cardiac tissue was based on monitoring of purification 
with a specific RIA. The assay is based on a goat antiserum against the 29-amino 
acid long synthetic sCP conjugated to bovine thyroglobulin (Tervonen et al. 1998). 
The antiserum was used at the final dilution of 1:8000, and synthetic sCP-29 was 
used as a standard. A synthetic analog of sCP-29 with an extra tyrosine at the 
amino-terminus was radioiodinated with chloramine-T and purified by Sephadex 
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G-25 (Amersham Pharmacia Biotech) followed by reverse phase HPLC applying 
a Vydac C18 column and an acetonitrile gradient in aqueous trifluoroacetic acid as 
the eluent (Vuolteenaho et al. 1992). The sensitivity of the assay was 8 pg/tube, 
and the intra- and interassay coefficients of variation were less than 10% and less 
than 15%, respectively.  

A pool of frozen atria (6.7 g) was ground to powder in liquid N2, added to 4.5 
vol boiling water, and kept in a boiling water bath for 5 minutes. After being 
chilled on ice, 4.5 vol cold 2 mol/liter acetic acid and 0.04 mol/liter HCl were 
added, and the tissue was homogenized with an Ultra-Turrax (Janke & Kunkel, 
Staufen, Germany). The homogenate was centrifuged for 30 minutes at 15,000 × 
g, and the supernatant was lyophilized. The extract was dissolved in 10 ml 1 
mol/liter acetic acid and applied to a 2.6 × 71-cm Sephadex G-75 column eluted 
with the same solvent at 5 °C with a flow rate of 1 ml/min. Fractions of 12 ml 
were collected, and the absorbance at 280 nm was measured with a GeneQuant 
spectrophometer (Amersham Pharmacia Biotech). Aliquots of the fractions were 
diluted for the sCP RIA. To simplify further purification, only the fraction with 
the highest level of immunoreactive sCP in Sephadex G-75 (fraction 5) was used. 
It was pumped into a 1 × 25-cm Vydac C4 HPLC column eluted at 2 ml/min with 
a linear 60-min gradient from 10–40% acetonitrile in aqueous 0.1% 
trifluoroacetic acid. Fractions of 2 ml were collected. Absorbance at 220 nm was 
measured at each step of HPLC to monitor the purity of the products. Fractions 
containing immunoreactive sCP, eluting at 55–56 min, were pooled, diluted, and 
applied into a 0.8 × 10-cm Waters Radio Compression Module (RCM)-phenyl 
column eluted at 2 ml/min with a 30-min linear gradient from 20–50% 
acetonitrile in 0.1% aqueous trifluoroacetic acid. Fractions of 2 ml were collected. 
Fraction 25 with the highest level of immunoreactivity was finally purified in a 
0.46 × 15-cm Vydac C4 column eluted at 1 ml/min wit a 40-min linear gradient 
from 16–48% acetonitrile in aqueous 0.1% trifluoroacetic acid. Fractions of 1 ml 
were collected. Fractions 34 and 37 were dried and subjected to 15 cycles of 
automated Edman degradation using an ABI 477 A gas phase sequencer (PE 
Applied Biosystems).  

4.9 Cell culture and transfection (I, II, III) 

For neonatal rat cardiac cell cultures (I, III) three-day-old Sprague Dawley rats 
were killed by cervical dislocation, and the atria and ventricles were dissected. 
The myocytes were dispersed by collagenase digestion and gentle trituration by 
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repeated aspiration into a Pasteur pipette. The cardiac myocytes were washed 
twice with DMEM-Ham’s F-12 nutrient mix (Biochrom, Berlin, Germany) and 
preplated for 30 minutes to remove most of the contaminating fibroblasts. Cells 
were plated 12-well plates with 1 million cells/well. They were grown in DMEM-
Ham’s F-12 supplemented with 10% FBS, 1.28% L-glutamine, and 1% (100 IU) 
penicillin-streptomycin.  

The transfections were made 18 hours after plating by introducing 0.5 or 1 μg 
gene construct with 1.5 or 3 μg Fugene transfection reagent per 0.5 or 1 million 
cells, respectively, according to manufacturer’s instructions. All of the gene 
constructs were cotransfected with Rous sarcoma virus-β-Gal (0.5–1 μg, I) or 
with the thymidine kinase renilla luciferase vector (0.5 μg, III) to control the 
transfection efficiency. The transfections were allowed to continue for 6 hours in 
DMEM-Ham’s F-12/10% FBS, after which it was stopped by removing the 
medium. The cells were rinsed twice with DMEM-Ham’s F-12, and complete 
serum-free medium (1.15% insulin-transferrin-sodium-selenite, 1.28% 
L-glutamine, 1% penicillin-streptomycin, 1 nmol/liter T3, 2.8 nmol/liter sodium 
pyruvate, and 0.25% BSA in DMEM-Ham’s F-12) was added. The medium was 
replaced daily, and the cells were harvested 48 hours posttransfection. The cells 
were washed twice with PBS and lysed in reporter lysis buffer (Promega Corp.). 
The luciferase and β-Gal activities of the samples were measured with a 
Luminoskan luminometer (Biolabs, Surrey, Canada). 

C2C12 myoblast cells (II) were grown in DMEM supplemented with 20% 
FBS. Transfections and luciferase assays were carried out as previously described 
(Morin et al. 2001). At 16 hours posttransfections, the medium was changed to 
serum free and supplemented with 100.5 μg/liter (100 nmol/l) Ang II for 16 hours.  

4.10 Preparing of reporter gene constructs (I, II, III) 

The sCP luciferase gene constructs (I) were made by subcloning fragments of the 
sCP gene 5´-flanking sequences in pGL3 Basic (Promega Corp.) vector upstream 
of the firefly (Photinus pyralis) luciferase reporter gene. The longest construct 
contained 4958 bp of the sCP gene 5´-flanking sequence to nucleotide 31, and the 
shortest construct contained 321 bp of the sequence to nucleotide 3. The sCP 
5´-flanking fragments for these constructs were obtained by PCR using the 
EcoR1/XbaI fragment of the EMBL-3 clone 2 as a template for the -4958sCP 
construct, and the SphI/SphI fragment as a template for the -321 sCP construct. 
The products were digested with KpnI and BamHI, and the fragments were 
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subcloned to the KpnI/BglII sites in pGL3 Basic. The constructs -1040 sCPluc 
and -1687 sCPluc were obtained by nested deletion of the -4958 sCPluc construct 
using the double stranded nested deletion kit (Amersham Pharmacia Biotech) 
according to the manufacturer’s instructions.  

Rat BNP promoter fragment (II) was generated by PCR using rat genomic 
EMBL-3-λ-clone as a template. Subsequently the PCR product was digested with 
KpnI and BamH1 and cloned to the KpnI-BglII site of pGL3 Basic vector, 
resulting in a -5000/+4 BNP promoter driven luciferase gene construct. This 
construct was used to produce -534/+4 BNPluc by nested deletion (Pikkarainen et 
al. 2002). Mutations (QuickChange site-directed mutagenesis, Stratagene, LaJolla, 
CA) to the -534BNPluc were introduced using oligonucleotides to mutate the 
ETS binding sequence at -498 bp, AP-1 binding sequence at -373 bp and tandem 
GATA binding sequence at -90/-81 bp of rat BNP promoter (GenBank accession 
number M60266) (Pikkarainen et al. 2003a). BNP minimal promoter constructs 
containing one or three copies of a GATA element have been previously described 
(Morin et al. 2000). The expression vector for rat AT1aR was a gift from Dr. 
Sadashiva S. Karnik (Miura et al. 2000). 

The hybrid promoter constructs (III) were made by subcloning parts of the 
sCP and rat BNP gene 5´-flanking sequences in pGL3 Basic vector. The assembly 
and the structure of the gene constructs are presented in figure 4. 
The -846/-134rBNPluc (76 nucleotides nearest of +1 in the -846 sCP promoter 
replaced by 134 nucleotides nearest to +1 in the rat BNP promoter) was obtained 
by PCR using the -1686sCPluc as a template for the sCP part and 
the -534rBNPluc as a template for the BNP part. The -846/-76sCP was first 
subcloned into the pBluescript SK+vector (pBS) and the obtained plasmid was 
then opened with EcoRI and BamH1, and the -134(+4) rBNP fragment was 
subcloned between the sCP and the pBS. Then the whole sCP/BNP insert was 
detached by KpnI and BamH1 and subcloned into pGL3Basic vector digested 
with KpnI and BglII. The respective sCP/BNP construct with mutated 
GATA -80/-91 was obtained by the same way, except that the template for the 
BNP part was the-534rBNPGATAmutluc.  
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Fig. 4. Schematic diagram of the hybrid luciferase gene constructs prepared by 
combining parts of the sCP and BNP gene promoters. 

The -96 sCPluc was obtained by PCR by using the -1686sCPluc as a template, 
and by subcloning the PCR product into pGL3 Basic vector. The 
BNPGATA/sCPluc was obtained by annealing BNP oligonucleotide with its 
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antisense oligonucleotide (overhanging KpnI ends in the double-stranded 
oligonucleotide), and by subcloning the BNP oligo to the KpnI 
digested -96sCPluc (the BNPGATA at the 5´site of the -96sCP). The 
BNPEBS/sCPluc was obtained by annealing BNP oligonucleotide with its 
antisense oligonucleotide (overhanging KpnI ends in the double-stranded 
oligonucleotide), and by subcloning the BNP oligo to the KpnI 
digested -96sCPluc (the BNPEBS at the 5´site of the -96sCPluc).  

The respective GATA and EBS mutated BNP/-96 sCP constructs were 
obtained by the same manner by using BNP oligonucleotides with 
mutated -80/-91 GATA and with mutated -496EBS. The deletion construct 
sCPgapluc was obtained by PCR using the -1686sCPluc as a template, and by 
subcloning the -1426/-957 sCP insert into KpnI digested -96sCPluc. All the gene 
constructs were sequenced for verification. 

4.11 In vivo injections (II, III) 

Rats were anesthetized with an intraperitoneal injection of 250 μg/kg (1.06 
μmol/kg) medetomidine hydrochloride and 50 mg/kg (182 μmol/kg) ketamine 
hydrochloride. Plasmids (in 100 μl of 0.9% NaCl) were injected directly into the 
left ventricular free wall close to the apex (Kass-Eisler & Leinwand 1997, 
Marttila et al. 2001). The plasmid DNA consisted of 50 μg of construct DNA as 
well as 100 μg of β-galactosidase expression vector (pSV-βgal, Promega Corp.). 
Ang II 33.3 μg/kg/h (31.5 nmol/kg/h) or 0.9% NaCl as vehicle were administered 
by SC minipumps for 6 hours or 1 or 2 weeks in conscious rats (Suo et al. 2002a). 
The administration of Ang II was started 1 week after the plasmid injections in the 
6 h experiments, and simultaneously with the injections in the 1- and 2-week 
experiments. In a separate series of experiments, Ang II 33.3 μg/kg/h (31.5 
nmol/kg/h) was administered together with AT1 receptor antagonist losartan 417 
ng/kg/h (0.99 nmol/kg/h) by SC minipumps for 2 weeks. Reporter gene activities 
of the left ventricles were measured by using luciferase and β-galactosidase 
assays with luminometer (Luminoskan RS, Labsystems, Helsinki, Finland). 
Luciferase values were divided by β-galactosidase values to correct for variation 
in transfection efficiency. 
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4.12 Hemodynamic measurements (II) 

For telemetric monitoring of blood pressure, rats were instrumented with a 
catheter in the descending aorta and coupled with a sensor and transmitter 
(TA11PA-C40; Data Sciences). Mean arterial pressure (MAP) and heart rate were 
measured every 10 minutes and averaged every hour during the whole study 
(6 hours–2 weeks) (Suo et al. 2002a). 

4.13 BNP radioimmunoassay (II) 

For the BNP RIA, the ventricular guanidine thiocyanate extracts were diluted 
100- and 50-fold, respectively. Tissue samples were extracted by Sep-Pak C18 
cartridges. Eluates were lyophilized and redissolved in RIA buffer. The sensitivity 
of the BNP assay was 2 fmol/tube. The intra-assay and interassay variations were 
< 10% and < 15%, respectively. Tissue BNP is expressed as a concentration per 
milligram wet weight (Magga et al. 1997). 

4.14 Cell manipulation by ET-1 and mechanical stretch (III) 

Endothelin-1 (10 nM, Sigma) was introduced to the growth medium of neonatal 
rat cardiac cells (cultured as described in chapter 4.9) 24 hours after the 
transfection with the gene constructs and the cells were harvested 24 hours later 
(Pikkarainen et al. 2003a). 

Cyclic mechanical stretch was introduced to attached myocytes after 
culturing the cells for 24 hours in serum-free medium by applying a computer-
controlled vacuum suction under the flexible-bottomed Bioflex collagen plates 
with Flexercell Strain Unit FX-3000 (Flexcell). The vacuum varied in two-second 
cycles at a level sufficient to promote 10–25% elongation of the cardiomyocytes 
at the point of maximal distension of the culture surface (Pikkarainen et al. 
2003b).  

4.15 Nuclear protein extractions and gel mobility shift assays (II, III) 

Nuclear extracts from ventricular tissue were prepared by using a modified 
procedure described by Deryckere and Gannon (Deryckere & Gannon 1994). 
Hearts were broken with a hammer and reduced to powder in a mortar in liquid 
nitrogen. The thawed powder was homogenized in a low salt solution (0.6% 
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Nonidet P-40, 150 mM NaCl, 10 mM HEPES ph 7.9, 1 mM EDTA, 0.5 mM 
phenylmethylsulfonyl fluoride (PMSF), and centrifuged for 30 seconds at 700 g 
to remove any unbroken tissue. The supernatant was incubated on ice and then 
centrifuged for 5 minutes at 2000 g. The pellet containing the nuclei were 
resuspended in a high salt solution (25% glycerol, 20 mM HEPES pH 7.9, 420 
mM NaCl, 1.2 mM MgCl2, 0.2 mM EDTA, 0.5 mM dithiothreitol, 0.5 mM PMSF, 
2 mM benzamidine, and 5 μg/ml of aprotinin, leupeptin and pepstatin), and 
incubated on ice for 20 minutes. Insoluble cellular debris was pelleted by a 15-s 
centrifugation, and the supernatant was aliquoted, frozen in liquid nitrogen and 
stored at −70 °C until assayed. 

Nuclear extracts from neonatal rat cardiac myocytes were prepared as 
described by Schreiber et al. (Schreiber et al. 1989). Briefly, cells were collected, 
washed with Tris buffered saline (TBS) and pelleted by centrifugation for 5 
minutes at 1500 g. The pellet was resuspended in TBS and pelleted again by 
spinning for 15 seconds in a microcentrifuge. The pellet was resuspended in a low 
salt buffer (10 mM HEPES pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 
1 mM DTT, 0.5 mM PMSF), and the cells were allowed to swell on ice for 15 
min. Next, 10% solution of Nonidet NP-40 was added and the tube was briefly 
vortexed. The homogenate was centrifuged for 30 s in a microcentrifuge, the 
pelleted nuclei were resuspended in a high salt buffer (20 mM HEPES pH 7.9, 0.4 
M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF), and the tube 
was vigorously rocked at 4 °C for 15 min on a shaken platform. The extract was 
centrifuged for 5 min at 10000 g and the supernatant was frozen in aliquots in 
liquid nitrogen and stored at −70 °C. Protein concentrations were determined by 
Bio-Rad Laboratories Protein Assay (Bio-Rad Laboratories Inc., Hercules, CA, 
USA).  

4.16 Statistical analysis 

The results are expressed as mean ± S.D. or SEM as indicated. Student’s t-test or 
Mann-Whitney’s U-test were used for comparison between two groups. 
Hemodynamic variables (II) were analyzed with two-way repeated-measures 
analysis of variance (ANOVA), while ventricular weight (VW), body weight (BW) 
and VW/BW ratio were analyzed by one-way ANOVA followed by Student-
Newman-Keuls post hoc test. A value of P < 0.05 was considered statistically 
significant.  
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5 Results 

5.1 Cloning and characterization of the sCP gene and isolation of 
the N-terminal atrial peptide (I) 

5.1.1 Cloning and sequencing of the sCP gene 

The sCP gene was cloned from a salmon genomic library with the aid of a sCP 
cDNA probe. Restriction enzyme mapping was used to to characterize three 
hybridizing recombinants. Together they spanned approximately 26 kb of 
genomic DNA and encoded the entire primary transcript of sCP with 
approximately 10 and 14 kb of 5´- and 3´-flanking sequence, respectively. A 
1.8-kb SphI fragment hybridizing with the sCP cDNA probe, was subcloned into a 
plasmid vector and sequenced. When compared with the previously published 
cDNA sequence (Tervonen et al. 1998), the sCP gene was found to consist of two 
exons and a 387-bp intron bounded by consensus splicing donor and acceptor 
sites. The 3´-sequence in the SphI fragment was, however, incomplete when 
compared with the cDNA. Therefore, and to expand the potentially important 
regulatory 5´-flanking sequence, two additional fragments of the original λ clones 
were subcloned into plasmid vectors and sequenced.  

The sequence of the subclone containing the 3´-region confirmed the 
structure of the cDNA with a consensus polyadenylation signal 745 bp 
downstream from the stop codon. The sequence provided no evidence for a 
second intron, the presence of which was expected on the basis of the known 
structures of ANP and BNP genes. The 3´-untranslated region proved to be AT 
rich, a feature characteristic of mammalian BNP, but not ANP.  

5.1.2 Localizing the transcription start site of the sCP gene 

To study the 5´-flanking sequence, the transcription start site was first localized 
by primer extension analysis. In both salmon atrium and ventricle two adjacent 
sites were found, located 35 and 34 bp upstream from the proposed translation 
initiation codon, the former being the dominant one used in a ratio of 
approximately 3:1. This is in accordance with the known predilection of adenine 
as the starting point of eukaryotic transcription. No primer extension signal was 
detected in the kidney, in keeping with the inability to detect any sCP mRNA in 
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the tissue. Two possible translation initiation codons within 15 bp of the start of 
transcription were detected, which would result in preprohormones of 152 and 
148 amino acids. They both contain a G following the AUG codon, but there is a 
purine at position -3 upstream from the AUG only in the latter candidate, a feature 
required for optimal context in the scanning model of translation. Therefore, it is 
proposed that transcription of the sCP gene starts at -35 bp from the initiation 
codon and results in the primary transcript of 1612 nucleotides, including a 
387-nucleotide intron. The translation product is a preprohormone of 148 amino 
acids.  

5.1.3 Determining the distribution of the expression of the sCP gene 
in salmon tissues 

Northern blot analysis was performed to determine the distribution of the 
expression of the sCP gene in salmon tissues (Fig. 5). Using a sCP cDNA probe, a 
strong 1.3-kb hybridizing signal was detected in the atrium and ventricle; the 
signal was approximately 3–4 times stronger in the former, but no transcripts 
were detected in any other tissues studied. To obtain a more accurate estimate of 
the extent of cardiac specifity of expression, the salmon tissue mRNA samples 
were subjected to quantitative RT-PCR analysis (Fig. 5). The sCP mRNA level in 
the ventricle was 30 ± 4% of that in the atrium, whereas the sCP mRNA level was 
undetectable (less than 0.04% of the atrial level) in all of the other tissues studied. 
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Fig. 5. Cardiac-specific expression of sCP. A, Northern blot analysis of RNA extracted 
from various salmon tissues. A 1.3-kb mNA fragment hybridizing with the sCP cDNA 
probe was detected only in atrial and ventricular samples (upper lanes). 18 S 
ribosomal RNA was used to normalize the RNA amounts in different tissues (lower 
lanes). B, Quantitative RT-PCR analysis of sCP mRNA in various salmon tissues. The 
values were normalized to 18S ribosomal RNA, measured simultaneously, and 
presented as the average level of sCP mRNA in salmon atrium. The data are the 
mean ± SEM (n = 9). 

5.1.4 Isolation and N-terminal sequence analysis of salmon atrium 
immunoreactive sCP 

Isolation of sCP stored in the salmon cardiac atrium by gel filtration and three 
steps of reverse phase HPLC revealed one major immunoreactive product. It had 
the NH2-terminal sequence His-Val-Leu-Gly-Arg-Pro-Tyr-Pro-Asp-Ser-Asp-Leu-
Ala-Gln-Leu, which corresponds exactly to residues 23–37 of prepro-sCP as 
deduced from the nucleotide sequence. The minor peak of immunoreactivity 
detected in the last step of the purification had the same NH2-terminal sequence 
as the major peak. It probably represents a slight variant with posttranslational 
modifications or an isolation artifact. Although COOH-terminal sequence analysis 
was not performed, the facts that the RIA used for monitoring the isolation steps 
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is directed to the COOH-terminus of prepro-sCP, and that isolated perfused 
salmon heart releases the 29-amino acid sCP indicate that the stored peptide 
possesses an intact COOH-terminus. It is, therefore, proposed that sCP is stored in 
the salmon atrium as a 126-amino acid prohormone (prepro-sCP23–148). The NH2− 

terminal 22 amino acids of prepro-sCP would thus form the signal peptide. 

5.1.5 Studying the regulation of the sCP gene by luciferase reporter 
sCP gene constructs 

Attempts to isolate and grow salmon cardiac cells in culture were not succesful 
due to poor viability of the cells even at reduced temperatures (15 °C). Since 
cardiac myocyte primary cell culture is a useful model for studying gene 
expression with transfection of reporter gene constructs, the sCP gene constructs 
were transfected into neonatal rat atrial and ventricular myocytes. To test the 
activity of sCP promoter four fragments were subcloned, from -4958 to 31 
bp, -1687 to 31 bp, -1040 to 31 bp, and -321 to 3 bp relative to the transcription 
start site, in front of the luciferase reporter gene in pGL-3 Basic.  

The sCP gene constructs were able to drive the atrial gene expression very 
effectively, surpassing the level of the simian virus 40 (SV-40) promoter used as a 
positive control. The sCP promoter was, however, weak in rat ventricular cells; 
the luciferase expression barely differed from background (Fig. 6). Thus, 
remarkably, despite the large phylogenetic distance and sequence variance, the 
sCP gene promoter shows similar basal promoter activity as mammalian ANP 
promoters in rat atrial myocytes.  

Attempts to induce the sCP gene promoter by hypertrophic agents that 
typically activate ANP and BNP promoters, such as ET-1, Ang II, phenylephrine 
as well as mechanical stretch of the rat cardiac myocytes, failed to show any 
effect on the sCP promoter in cultured neonatal rat cardiac myocytes. Therefore, 
rat BNP promoter has been used as a model in the second study: the gene 
activation by Ang II in vivo. Some of the sCP gene promoter constructs were also 
injected into adult rat hearts, but in spite of the low but measurable luciferase 
activities they produced, Ang II did not induce the sCP promoter in this model 
either. 
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Fig. 6. Atrial cell-specific activity of sCP gene promoter. A, Activity profile of the sCP 
luciferase constructs in neonatal rat atrial cardiomyocytes. B, Activity profile of the 
sCP luciferase constructs in ventricular cells. The activities were normalized to Rous 
sarcoma virus-β-gal values and presented as percentage of the SV-40 promoter (pGL3 
control) activity. pGL3 Basic (promoterless luciferase gene) reflects the background 
luciferase activity. The data are the mean ± SEM of 4–10 measurements. Similar results 
were obtained in three independent experiments. 
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5.2 Activation of rat BNP promoter by Ang II infusion in vivo (II) 

5.2.1 Rat hemodynamics and left ventricular hypertrophy 

Ang II administration for 6 hours increased MAP by 29% which persisted 
throughout the 2-week infusion period. The heart rate was not changed initially, 
but at 2 weeks it was higher in the Ang II-infused than in the vehicle-infused rats. 
In agreement with the effects of Ang II on food intake and energy expenditure, 
Ang II infusion for 2 weeks decreased body weight. The index of left ventricular 
hypertrophy, ventricular weight/body weight (VW/BW) ratio, was significantly 
increased at 2 weeks in the rats treated with Ang II. The hemodynamics and the 
level of left ventricular hypertrophy were similar in 1-week and 2-week infusions 
of Ang II.  

5.2.2 Rat ventricular BNP, GATA-4 and GATA-6 mRNA and ir-BNP 
levels during Ang II infusion 

To examine the changes in BNP gene expression during Ang II infusion, we 
measured the levels of left ventricular BNP mRNA and BNP immunoreactivity. 
The left ventricular BNP mRNA levels were 4.5-fold higher at 6 hours and 
1.8-fold at 2 weeks in the Ang II-infused rats compared to vehicle-infused 
animals. The ir-BNP levels in the left ventricles increased 3.5-fold at both 6 hours 
and 2 weeks in response to Ang II infusion. The left ventricular GATA-4 and 
GATA-6 mRNA levels were also examined, but there were no changes during 
Ang II infusion. 

5.2.3 Activation of rat BNP promoter in response to Ang II infusion in 
vivo 

Previous in vitro studies have shown that the proximal 5´-flanking region of 534 
bp is sufficient to confer inducibility of the rat BNP promoter by Ang II, ET-1 and 
mechanical stretching in cultured neonatal ventricular myocytes. To determine 
whether Ang II infusion in vivo stimulates the transcription of BNP gene, a 
plasmid construct containing 534 bp of the BNP gene 5´regulatory region linked 
in front of the luciferase reporter gene was injected directly into the left 
ventricular wall, and the rats were infused with the vehicle or Ang II for 6 hours 
and 1 or 2 weeks. Ang II infusion for 6 hours did not activate the 534 bp fragment 
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while the one- or two week infusions resulted in a 2.0-fold and 1.8-fold higher 
ventricular luciferase activity, respectively, compared to infusion with vehicle 
(Fig. 7). These results confirm the previous suggestion that the acute activation of 
BNP by Ang II occurs through stabilization of the mRNA while chronic Ang II 
effect reflects increased BNP transcription.  

5.2.4 GATA motif is needed by Ang II to induce the rat BNP promoter  

To identify which cis-acting elements are involved in vivo in the induction of the 
rat BNP gene by Ang II, point mutations were introduced to the proximal GATA 
(-534GATAmut), AP-1 (-534AP-1mut) and Ets (-534Etsmut) binding sites and the 
responses to the 2-week Ang II infusions were evaluated (Fig. 7). Since the 
presence of the -90 or -81 GATA site is sufficient to maintain the basal BNP 
promoter activity, both of the sites were mutated. The basal activities of the GATA 
and AP-1 mutant constructs were 70% lower than the activity of the 
intact -534rBNPluc, in agreement with previous in vitro and in vivo studies. The 
mutation of the Ets-binding site did not influence on basal transcriptional activity. 
The mutation of the GATA sites completely abolished the induced expression 
caused by Ang II while the mutations of the AP-1 or Ets sites did not have any 
significant effect (Fig. 7). These results indicate that the GATA binding sites are 
essential for Ang II-induced BNP promoter activity while the AP-1 or Ets binding 
sites are not required. 

5.2.5 Ang II-induced rat BNP promoter activity is inhibited by AT1 
receptor antagonist 

To determine whether the activation of rat BNP promoter is mediated by AT1 
receptors, rats were infused with Ang II in the presence or absence of the AT1 
receptor antagonist, losartan. The simultaneous infusion of losartan with the Ang 
II blocked the activation of the rat BNP promoter at 2 weeks, suggesting that Ang 
II-induced in vivo effects on BNP transcriptional activity are mediated by AT1 
receptors (Fig. 7).  
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Fig. 7. Chronic but not acute treatment with Ang II increases the BNP promoter activity 
through a GATA element. A, Rat -534BNP luciferase constructs are presented. Site-
directed mutations of the two GATA motifs and AP-1 and EBS elements are indicated 
by mut. B, The -534rBNP promoter activity (luciferase/β-gal) was determined in the left 
ventricle of rats treated with vehicle or Ang II for 6h, 1 week or 2 weeks, n = 13-23 per 
group, number of experiments = 3-6. Open bars indicate vehicle and solid bars Ang II. 
Results are expressed as mean ± SEM. *P < 0.05, **P < 0.01 Ang II vs. vehicle. C, 
The -534rBNP and mutated promoter activities in the left ventricle of rats treated with 
vehicle or Ang II for 2 weeks are shown, n = 13–29 per group, number of 
experiments = 3–6. Open bars indicate vehicle and solid bars Ang II. Results are 
expressed as mean ± SEM. *P < 0.05, **P < 0.01 Ang II vs. vehicle. D, Ang II 
transactivation of BNP is blocked by AT1 receptor antagonist. The -534rBNP promoter 
activities in the left ventricle of rats treated for 2 weeks with vehicle, losartan, Ang II or 
both are presented. Results are expressed as mean ± SEM. *P < 0.05, n = 6 for each 
group, number of experiments = 2.  
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5.2.6 Transcription factor binding affinity and mRNA levels in the rat 
cardiac ventricles 

A gel mobility shift assay was used to examine the binding of GATA factors, 
AP-1 and Ets-1 to the BNP promoter. BNP GATA but not Oct-1 binding was 
significantly increased during Ang II infusion at 6 hours, indicating a specific 
activation of GATA binding (Fig. 8). Supershift analysis of the GATA binding 
showed antibody-induced supershifts of GATA-4 but not of GATA-5 or GATA-6 
complexes (Fig. 8). The AP-1 binding was also significantly increased at 6 hours, 
whereas the Ets factor binding was not influenced by the Ang II treatment. The 
GATA-4 or the AP-1 binding activities were not increased anymore at 2 weeks. 
Northern blot analysis was performed in order to study the effect of Ang II on 
transcript levels. Since the levels of GATA-4 and GATA-6 mRNA did not change 
in response to 6 h and 2 weeks of Ang II infusions, it is suggested that increased 
GATA-4 binding is due to posttranscriptional regulation.  

5.2.7 Ang II transactivates BNP directly through cardiac AT1 

receptors independently of hypertension 

In order to further determine whether the long term action of Ang II reflects Ang 
II-induced changes in blood pressure or is the consequence of Ang II-induced 
hypertrophy, BNP mRNA levels were examined in the heart of AT1R transgenic 
mice which overexpress the human AT1 receptor specifically in the heart. These 
animals develop cardiac hypertrophy with aging in the absence of any change in 
blood pressure. Furthermore, BNP increased in the ventricles of AT1R mice 
independently of cardiac hypertrophy. BNP mRNA levels increased significantly 
in the ventricles of younger mice without cardiac hypertrophy and of older AT1R 
transgenic mice with cardiac hypertrophy. Although the body weight decreased 
during Ang II infusion in rats, there was no significant difference in the weight of 
the AT1R transgenic and littermate Wt mice. The activation of BNP transcription 
in AT1R mouse ventricles was associated with an increase in GATA-4 binding 
activity in the absence of any changes at the GATA-4 mRNA level. To determine 
whether Ang II directly regulates GATA-4 transcription, GATA-dependent 
heterologous promoter constructs were tested for their response to Ang II. These 
reporters were activated in a GATA-dependent fashion by coexpressing AT1aR 
and Ang II stimulation in C2C12 cells. 
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Fig. 8. Ang II increases the GATA-4 DNA binding to BNP promoter. A, Gel mobility shift 
assay was performed with left ventricular nuclear extracts from rats treated with 
vehicle or Ang II for 6 h using a probe identical to the GATA binding site at the BNP 
promoter. Binding to the BNP GATA probe was competed with 50-fold molar excess of 
cold BNP GATA (lane 3), non-related DNA Oct-1 (lane 4), BNP/mutGATA (lane 5) or 
GATA consensus (lane 6) probes. The specificity of the GATA binding was determined 
by supershift assays by incubating the left ventricular nuclear extracts from Ang II-
infused hearts of lane 7 with anti-GATA-4 (4, line 8), anti-GATA-5 (5, lane 9), or anti-
GATA-6 (6, line 10) antibodies, n = 7 per group, number of experiments = 2. B, BNP 
GATA binding in response to Ang II infusion at 6 h and 2 weeks. Results are expressed 
as mean ± SEM, n = 7 per group, number of experiments = 2. *P < 0.05 Ang II vs. 
vehicle.  
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5.3 Characterization of promoter elements required for basal and 
induced gene expression in ventricular cardiomyocytes (III) 

5.3.1 Activation of sCP promoter by replacing the proximal promoter 
area by BNP promoter 

While sCP 5´promoter is highly active in neonatal rat atrial cells, it is nearly inert 
in ventricular cells. The inefficacy can be due to lack or misplacement of critical 
elements in the sCP promoter, or it could be caused by the presence of repressor 
action. While the sCP gene 5´promoter shares potential elements with that of BNP 
gene, such as GATA and AP-1 consensus binding sites, these elements in the sCP 
gene are located much more distally. Therefore, the low activity of sCP promoter 
in ventricular cells could be due to the suboptimal location of the binding 
elements. To test this hypothesis, a hybrid luciferase construct in which the first 
76 nucleotides upstream from the transcription start site (+1) of the -846 sCP luc 
were replaced by -134 rBNP promoter, was first prepared. This modification 
resulted into a hybrid promoter very active in ventricular cells, a result which 
appears to make unlikely the presence of important repressor mechanisms. The 
hybrid promoter construct was approximately 100 times more active than the 
native sCP promoter. It is also noteworthy to mention that the highly active hybrid 
construct contained (at -117) an intact NKE consensus binding site, an element 
believed to serve as a recognition sequence for a repressor complex that inhibits 
ANP expression in ventricular cardiomyocytes (Durocher et al. 1996). 

5.3.2 GATA motif is important in the proximal BNP promoter 

A prominent feature of -134rBNP is the presence of GATA binding sites at 
positions -80 and -91. They have been shown to be crucial for BNP gene 
expression in the heart. To find out whether these sites are responsible for the 
activation of sCP promoter, we prepared a hybrid sCP-846/-134rBNP luciferase 
construct, in which the GATA sites have been mutated incapable to bind GATA 
transcription factors. The double GATA mutation markedly decreased the 
activation in ventricular cells (by ≈40%). Thus the the GATA sites clearly are 
important, but still account for less that 50% of the activating effect, indicating 
the presence of other major regulatory elements in the -134rBNP promoter 
fragment.  
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5.3.3 GATA-4 binds to the sCP promoter 

Several GATA consensus binding sites as well as other consensus binding sites 
typical for natriuretic peptide promoters, can be identified in the 5´flanking 
sequence of the sCP gene. To study whether they bind transcription factors 
electrophoretic mobility shift and supershift assays with nuclear extracts from 
neonatal rat ventricular myocytes were performed. The following potential 
binding sites were tested: GATA(-) (-148 bp upstream from transcription start 
site), NKE like (-117), MEF-2 (-605), AP-1 (-878), and GATA (-1417). Of these 
only the GATA (-1417) site resulted in a supershift with the appropriate antibody. 
Specific GATA-4 antibody caused the supershift, whereas antibodies against 
GATA-5 or -6 did not nor did the unspecific Octamer-1 (Oct-1) antibody. 

5.3.4 Placing the GATA-, CArG- and AP-1 –rich sequences closer to 
the transcription start site does not activate the sCP promoter 
in ventricular cardiomyocytes 

The results obtained in our previous analyses indicate that for a promoter to be 
active in ventricular cells it requires that the location of certain binding elements 
is in close proximity of the transcription start site. To examine whether the 
location of the elements itself is sufficient for high promoter activity in 
ventricular cells, we prepared a luciferase construct that harbors 
nucleotides -1426/-957 of sCP 5´promoter linked to a minimal sCP promoter 
(-96sCPluc), thus placing the GATA-, CArG and AP-1 –rich sequences in sCP 
promoter close to the transcription start site, within comparable distances as they 
are in mammalian natriuretic peptide promoters. When transfected to neonatal rat 
ventricular cells the construct did not show any higher activity than the 
native -1686 sCPluc promoter construct. In fact, the activity appeared to be even 
lower, although it should be recognized that both are only minimally active 
( < 1%) when compared to the -534rBNP promoter. Thus the inefficacy of the 
native sCP promoter in ventricular cardiomyocytes appears not to be explainable 
by the non-proximity of the key binding elements. 



 65 

5.3.5 Short GATA and EBS BNP fragments inserted to the 5´site of 
the sCP promoter bring activity 

According to our findings described above, the straightforward insertion of the 
proximal promoter of rBNP gene can change the otherwise inactive sCP promoter 
to one with high basal activity in rat ventricular cardiomyocytes. The GATA sites 
have been shown to be important for BNP gene induction by mechanical stretch 
of the cardiomyocytes and the EBS site for induction by endothelin-1 
(Pikkarainen et al. 2003a, Pikkarainen et al. 2003b). On the other hand it is 
previously shown that sCP gene expression does not respond to either of these 
stimuli (Kokkonen et al. 2000). The hypertrophic factors have also been inert in 
rat ventricular cells transfected with sCP luciferase constructs.  

To study whether the inducibility of rat BNP gene can be transferred to the 
sCP promoter with small defined promoter fragments we prepared luciferase 
constructs in which oligonucleotides containing the BNP GATA -91/-80 sites or 
the Ets-binding site (EBS -495) from rBNP gene resided upstream from the inert 
proximal -96 sCPluc promoter fragment. When transfected to neonatal rat 
ventricular cells the addition of either element markedly enhanced the basal 
activity of -96 sCPluc promoter, although only to ≈15% of the level achieved with 
the insertion of -134rBNP. Mutation of the EBS clearly decreased the activating 
effect, while mutation of the GATA consensus sites abolished it totally.  

5.3.6 BNP inserts in the sCP promoter bring inducibility by 
mechanical stretch of the cardiomyocytes 

We also examined the effect of mechanical load by cyclic stretching of neonatal 
rat ventricular cells in culture (10–25%, 0.5 Hz, 24 hours) using a Flexercell 
apparatus. The activities of the constructs after stretching were compared to non-
stretched controls. The -846sCP/-134rBNP, BNP GATA/-96sCPluc and BNP 
EBS/-96sCPluc hybrid constructs were all induced by the cyclic mechanical 
stretch stimulus, although the effect was modest in all cases. The control vector 
pGL3control as well as the minimal -96sCPluc construct and the sCPluc gap 
deletion construct in which the endogenous GATA, AP-1 and CArG elements 
were moved close to the transcription start site, did not show any induction.  
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5.3.7 Proximal BNP promoter in the sCP/BNP construct responds to 
the ET-1 stimulation 

To find out whether the response to endothelin-1 is transferrable from rat BNP 
gene the neonatal rat ventricular cells were transfected with the sCP/BNP hybrid 
promoter constructs, the cells were let to grow for 24 hours and then treated with 
10 nM ET-1 for further 24 h. The luciferase activities were compared with the 
control transfections treated with vehicle. The -846/-134rBNPluc promoter with 
BNP 3´to sCP was induced significantly by ET-1. Mutating the GATA site did not 
affect on the inducibility of this construct. Surprisingly, the EBS/-96sCPluc 
construct was not induced significantly with ET1. 

5.3.8 The sCP promoter shows some ventricular activity in vivo, but 
is not induced by Ang II 

In addition to in vitro analysis of the sCP promoter activity, the most active 
promoter construct, -1686sCPluc, activity has been studied in vivo in adult rat 
cardiac ventricles with or without Ang II infusion. The plasmid construct was 
injected directly in the left ventricular wall and the rats were infused with vehicle 
or Ang II for 2 weeks. In control group, the -534rBNPluc previously shown to 
possess high activity and Ang II-inducibility was injected. The -1686sCP drove 
luciferase expression more effectively in cardiac ventricular tissue than in isolated 
ventricular cells, but its activity level was still ≈15% of the -534rBNPluc activity. 
The sCP promoter was not affected by Ang II, whereas the -534rBNP was.  
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6 Discussion 

6.1 sCP in comparison with other natriuretic peptides (I, III) 

The sequence of the cloned sCP gene was determined from three overlapping λ 
clones isolated from a salmon genomic library. All the known ANP and BNP 
genes have three exons and two introns (Argentin et al. 1985, Seilhamer et al. 
1989, Chiang et al. 1991, Ogawa et al. 1994a, Ogawa et al. 1995), while CNP 
seems to have only one intron (Ogawa et al. 1994b, Huang et al. 1996). In this 
respect the sCP gene resembles that of CNP having only one intron and two exons. 
On the other hand, the biologically active peptide product of the sCP gene clearly 
differs from CNP and resembles ANP and BNP, having both N- and C-terminal 
tails to the cysteine ring structure (Saito et al. 1989, Kambayashi et al. 1990, 
Nakao et al. 1990). Sequencing of the sCP gene revealed its difference in respect 
to other natriuretic peptide genes; it is related to the natriuretic peptides but does 
not belong to any of the known natriuretic peptide families. It is possible that sCP 
represents an ancestral form of mammalian natriuretic peptides. 

Isolation and N-terminal sequence analysis of immunoreactive sCP stored in 
salmon heart confirmed the reading frame deduced from the nucleotide sequence 
of sCP cDNA and gene. It also revealed that the stored peptide in salmon atrium 
is a prohormone of 126 amino acids, which appears to be processed to the mature 
29-amino acid sCP in conjunction with exocytosis (Kokkonen et al. 2000). The 
situation is analogous to that with mammalian ANP (Vuolteenaho et al. 1985). 
Although the size of the mature sCP is longer than that of mammalian ANP by 
one amino acid, the prohormones have exactly the same length. This conservation 
of hormone size is interesting considering the very low homology between the 
amino acid or nucleotide sequences of sCP and mammalian ANP outside the 
carboxy-terminal Cys-Cys ring. 

The 5´flanking sequence of the sCP gene revealed several interesting features. 
Instead of the consensus TATA box and differing from all of the natriuretic 
peptide genes studied, an atypical TATTTAA sequence is found 35 bp upstream 
from the main transcription initiation site. However, according to a study of 
Hoopes and collegues this sequence is as effective as the consensus TATA box 
sequence in driving gene expression (Hoopes et al. 1998). The mammalian 
natriuretic peptide genes studied have all been found to contain binding sites for 
several potentially important transcription factors, such as GATAs and AP-1, at 
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very close proximity to the transcription initiation site (Seidman et al. 1988, Wu 
et al. 1989, Rosenzweig et al. 1991, Wu et al. 1991). The sCP gene, however, 
contains an approximately 800-bp stretch upstream from the TATTTAA sequence 
almost devoid of the consensus binding sites previously detected in natriuretic 
peptide genes. On the other hand, a large number of GATA and AP-1 elements 
can be found further upstream. The putative 10 GATA (+) sites and 8 AP-1 (+) 
sites are loosely clustered in two regions of the 5´-flanking sequence, at 5000–
4400 and 1500–800 bp upstream from the transcription initiation site, respectively. 
In addition, there are several additional GATA and AP-1 consensus binding sites 
in the reverse orientation (-). GATA-4 transcription factor has been found to be 
important in ANP and BNP gene regulation in mammalian cardiomyocytes 
(Thuerauf et al. 1994, Durocher et al. 1998, Durocher & Nemer 1998). AP-1 
consists of a heterodimer of c-fos and c-jun protooncogene products. The 
activation of c-fos and c-jun as well as other immediate early genes is a main 
consequence of cardiac overload. This has led to the studies of the role AP-1 in 
ANP and BNP gene regulation.  

A number of potential CarG- and E2A-binding sites can be found in the 
5´-flanking sequence of the sCP gene. They have previously been suggested to 
have a role in the regulation of natriuretic peptide genes (Argentin et al. 1994, 
Garami & Gardner 1996). Additional elements of potential importance, found 
previously in the promoters of some natriuretic peptide genes, can be found closer 
to the transciption start site of the sCP gene. These include an MEF-2 site 
(CTATTTAT) and an M-CAT-like sequence (CATTCCC) at -606 and -351 relative 
to the main transcription initiation site, respectively. Moreover, the 5´-sequence of 
the sCP gene contains a 96-bp direct CA-repeat at -197-292. The repeat can adopt 
the Z-configuration with potential regulatory function. Shorter CA repeats in the 
5´-regulatory regions have been detected in the genes of rat ANP and mouse CNP. 
An element binding Nkx-2.5 (NKE) has been linked to ANP and BNP gene 
regulation (Durocher et al. 1997, Searcy et al. 1998, Sepulveda et al. 1998). An 
NKE-like element can be found in the sCP gene at -117 upstream from the 
transcription start site, although the sCP sequence differs in 6 positions from the 
16-nucleotide NKE element found in mammalian ANP and BNP genes.  

Transcription factor binding to some selected potential binding sites in the 
sCP promoter sequence was studied by electrophoretic mobility shift assay and 
supershift assays. From the tested GATA(-) -148, NKElike -117, MEF2 -605, 
AP1 -878, and GATA -1417 only the GATA -1417 gave a supershift with the 
corresponding antibody. All the cardiac GATA factors, GATA-4,-5 and -6, were 
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tested, and only the GATA-4 antibody cause a supershift. It is still possible that 
there are other elements in the sCP sequence binding the other factors, and of 
course there most likely are other GATA binding elements in addition to GATA-
1417.  

6.2 sCP gene expression (I) 

The initial goal was to use sCP as a new model of cardiac-specific gene 
expression and as a model by which to define the elements sensitive to 
mechanical stimuli. The gene expression of sCP is extremely cardiac-specific in 
salmon tissues. The level of sCP mRNA was found to be less than 1/2500th of the 
cardiac level in all of the extracardiac tissues studied, far surpassing the cardiac 
specificity of natriuretic peptides in mammals.  

Luciferase reporter constructs were prepared by cloning fragments containing 
the 5´flanking region of the sCP gene and tested their ability to drive luciferase 
expression in neonatal rat cardiac myocytes. The sCP promoter was remarkably 
strong promoter in neonatal rat atrial cells despite the large phylogenetic distance 
between salmon and rat. This indicates that although the apparent homology of 
the sCP 5´-flanking sequence is very low when compared with the corresponding 
regions of mammalian ANP or BNP genes, the sCP gene nevertheless contains 
elements that are crucial to high basal cardiac gene expression in the mammalian 
atrium.  

However, the expression level of the sCP constructs was very low in rat 
ventricular cells. Attempts to induce the activity of the sCP promoter in rat 
ventricular cardiomyocytes in number of ways, by ET-1, Ang II, phenylephrine, 
mechanical stretch of the myocytes, lipopolysaccharide, in rat ventricular cell 
cultures, and also in adult rat hearts by Ang II after sCP gene construct injections, 
were not successful.  

6.3 Rat BNP gene as a model for Ang II induction in vivo (II) 

The mechanisms regulating the genetic reprogramming in cardiac overload have 
been the subject of intensive research. In addition to mechanical stretch, a number 
of neurohumoral factors, such as Ang II, ET-1 and norepinehrine participate in the 
adaptive process and modify cardiac gene expression, myocyte growth and heart 
function (Kim & Iwao 2000, Olson & Schneider 2003). Since the sCP gene 
promoter was not active or inducible neither in neonatal rat ventricular cells nor 
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in adult rat heart in vivo, rat BNP gene promoter was chosen as a model for Ang II 
induction in rat heart in vivo. It has been also previously shown that BNP gene 
expression is activated in Ang II induction, and that the BNP promoter was 
activated (Suo et al. 2002a). Now it was interesting to show more specifically 
which transcription factors and transcriptional elements in the BNP promoter 
were responsible for this induction.  

It was shown in this study that the well conserved proximal GATA element of 
the rat BNP promoter mediates the in vivo transcriptional response to Ang II. 
Evidence that Elk-1 and AP-1 elements are not essential for the adaptive response 
of the BNP gene to Ang II in conscious rats was also provided. These results were 
extended by studies of BNP activation by Ang II in the cardiac ventricles of AT1R 
transgenic mice with cardiac hypertrophy and without hypertension and by in 
vitro analysis of direct effect of AT1R on GATA-dependent transcription and 
GATA-4 activity.  

Cardiac AP-1 DNA binding activity has been reported to increase in response 
to Ang II infusion in conscious rats (Yano et al. 1998, Suo et al. 2002a) as well as 
in hypertensive rats double transgenic for the human renin and angiotensinogen 
genes (Muller et al. 2000, Fiebeler et al. 2001). The increase in left ventricular 
AP-1 DNA binding activity can be prevented by AT1 receptor antagonism in 
stroke-prone spontaneously hypertensive rats (Izumi et al. 2000). In addition, Ang 
II has been suggested to be required for the activation of AP-1 as well as for 
GATA BNP binding since an AT1 receptor antagonist losartan inhibited these 
DNA binding activities in response to direct left ventricular wall stretch in 
isolated perfused rat hearts (Hautala et al. 2002). Previously, site-specific 
mutation of the ANP AP-1-like element has been shown to eliminate the response 
of the promoter to aortic banding-induced pressure overload in dogs (von 
Harsdorf et al. 1997). The AP-1 site of the ANP promoter has also been reported 
to be an important factor in response to acute elevation of cardiac wall stress 
(Cornelius et al. 1997). In this study, mutation of the AP-1 element at -372 bp 
significantly decreased the basal activity of the rat BNP promoter, but it did not 
affect the BNP gene activation in response to Ang II infusion.  

A novel Ets binding sequence has been previously identified in the rat BNP 
gene proximal region on which nuclear protein binding is increased in ET-1-
treated cultured cardiac myocytes (Pikkarainen et al. 2003a). This sequence binds 
Ets-like gene-1 transcription factor (Elk-1) and mediates ET-1-specific activation 
of transcription but does not contribute to Ang II-or mechanical stretch-induced 
promoter activity in vitro (Pikkarainen et al. 2003a, Pikkarainen et al. 2003b). In 
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agreement with these findings, the present study in vivo demonstrates that the 
binding affinity of the Ets factors to the BNP promoter did not change nor did the 
mutation of the Ets have any effect on the activation of the promoter in response 
to Ang II-induced hypertension. Despite these results, a role for these in BNP 
gene regulation that would be independent of their binding to DNA cannot be 
excluded. Indeed, several transcription factors have been shown to have dual 
mechanisms of action either directly through DNA binding or through protein-
protein interactions.  

GATA-4 is one the first transcription factors expressed in developing murine 
cardiac cells (Heikinheimo et al. 1994). It continues to be expressed in adult 
cardiac myocytes and also, for instance, in gonads, lung, liver, and small intestine 
(Arceci et al. 1993). GATA-4 knockout mice die during embryonic development 
due to failure of ventral morphogenesis and heart tube formation (Kuo et al. 1997, 
Molkentin et al. 1997). GATA factors, especially GATA-4, control the tissue-
specific expression of many cardiac genes, e.g. β-myosin heavy chain and 
troponin I, in addition to ANP and BNP genes (Grepin et al. 1994, Thuerauf et al. 
1994, Hasegawa et al. 1997, Murphy et al. 1997). In this study, mutation of the 
GATA elements located at -90 and -81 bp in -534rBNP promoter completely 
abolished the activation of the promoter by Ang II. The binding of the three 
cardiac GATA factors to these sites in the BNP promoter was also studied by gel 
mobility shift assays. Supershifts show that GATA-4 is the predominant GATA 
protein bound to the -90 and -81 bp sites in the BNP promoter. The results also 
demonstrate that GATA-4 binding activity was increased in response to 6 h but 
not 2 weeks of Ang II infusion. Indeed, the mechanisms of GATA-4 activation are 
complex and may involve posttranslational modifications. It has been reported 
that phosphorylation can enhance both DNA binding (Wang et al. 2005) and 
regulatory activity (Charron et al. 2001). Recruitment of co-factors, such as Fos, 
Jun, STATs, is another potential mechanism of GATA-4-dependent transcriptional 
activation (Pikkarainen et al. 2004, Peterkin et al. 2005, Temsah & Nemer 2005). 
The interaction of GATA-4 with members of the AP-1 family may be especially 
relevant to Ang II response.  

It has been previously shown that GATA-4 is able to recruit c-Fos to target 
promoters such as BNP (McBride et al. 2003). Thus, c-Fos and possibly other 
AP-1 members, may act as Ang II-induced co-activator(s) of GATA-4 and may 
well modulate gene transcription via GATA binding sites. Therefore, these results 
do not exclude the participation of AP-1 members or Elk-1 in cardiac BNP gene 
activation in vivo, although mutations of AP-1 or Ets binding sites had no effect 
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on the activation of the promoter in response to Ang II-induced hypertension. 
GATA-4 and GATA-6 mRNA levels in the left ventricles did not differ between 
the vehicle and Ang II groups, showing that the enhanced phosphorylation and the 
acute increase in DNA binding affinity of GATA-4 rather than its increased 
expression or synthesis result in the activation of BNP promoter. Thus, as has 
been shown in other experimental models previously, rBNP gene is highly active 
and inducible in rat ventricular cells. Therefore sCP and rBNP appear to have 
very different profiles with regard to chamber-specific expression.  

6.4 The basal activity of sCP/BNP hybrid promoters in neonatal rat 
ventricular cells (III) 

Salmon cardiac peptide (sCP) belongs to the family of A-type natriuretic peptides 
on the basis of its expression profile as well as functional properties (Tervonen et 
al. 1998, Kokkonen et al. 2000, Tervonen et al. 2001, Tervonen et al. 2002, 
Vierimaa et al. 2002, Vierimaa et al. 2006). Typical for all the A-type natriuretic 
peptides is a low expression level in the ventricles during the adult period, which 
can be induced by chronic overload (Ruskoaho 1992). This is a marker of the 
reappearance of fetal pattern of cardiomyocyte gene expression associated with 
ventricular overload, hypertrophy and dysfunction (Lorell & Carabello 2000). It 
was found in the present study that the inert 5´promoter of sCP can be activated in 
rat ventricular cardiomyocytes simply by adding a short proximal promoter 
fragment from another natriuretic peptide, rat BNP. -134 rBNP introduced 
between -846/-76 sCP and the luciferase reporter gene brought an enormous 
activation in rat ventricular cardiomyocytes. Point mutation of -80/-91 GATA 
sites previously shown to bind GATA-4 (Pikkarainen et al. 2004) decreased the 
activation by approximately 40%, showing that the GATA sites are important but 
not the sole elements involved. These results strongly suggest that the low activity 
of sCP promoter in ventricular cells, as compared to atrial cells, is not due to 
repressor action. Instead it appears to be due to the lack of binding elements in the 
native sCP 5´promoter required for efficient transcription in ventricular 
cardiomyocytes. If generally applicable as a model of A-type natriuretic peptides, 
the results would then indicate that the switch to the fetal pattern may not be due 
to release of specific activators but rather due to a general change of ventricular 
cardiomyocytes towards the atrial type.  

sCP proximal promoter contains a consensus NKE site at -117 relative to the 
transcription start site. NKE has been implicated to play a major role in the 
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regulation of chamber-specific expression of ANP (Small & Krieg 2003, Small & 
Krieg 2004). It seems that although a number of regulatory elements are essential 
for efficient expression of ANP in the myocardium in general, chamber-specific 
expression appears to be mediated through binding sites for Nkx-2.5 and GATA-4 
(the NKE and GATA sites, respectively). Mutation of either the NKE or the GATA 
site results in both atrial and ventricular ANP transcription in Xenopus (Small & 
Krieg 2003, Small & Krieg 2004). Durocher et collegues have also shown that 
mutation of NKE in the rat ANP promoter results in upregulation of ANP 
promoter activity in ventricular cells (Durocher et al. 1996). These results suggest 
that the GATA and NKE sites serve as recognition sequences for a repressor 
complex that inhibits ANP expression in the ventricular myocardium. In this 
model, the NKE would initially serve as a binding site for the positive 
transcription factor Nkx-2.5 at the time for the atrial restriction, the negative 
regulatory protein would displace Nkx-2.5 from the NKE and inhibit transcription 
in the ventricle. There are also other atrial-specific genes, for instance connexin 
40 and sarcolipin, having NKE elements in their gene promoters (Small & Krieg 
2004). It is possible that these elements also function as recognition sequences for 
a ventricular-specific repressor. In the case of the sCP promoter, the addition of 
the proximal promoter element from rat BNP gene was capable of activating the 
sCP promoter (-846/-134rBNPluc) in ventricular cardiomyocytes, even though an 
intact NKE element was present at position at -117. Thus, in this setting NKE 
does not seem to work with GATA to repress the promoter activity in ventricular 
cells.  

The results with the hybrid promoter constructs provided a rather complex 
picture about the importance of the location of the specific binding elements in 
the promoter sequence. It could be shown that the elements transferred from the 
rat BNP proximal promoter activate the sCP promoter, but much more effectively 
if they are located downstream with respect to the sCP elements. On the other 
hand, placing the native GATA, AP-1 and CArG elements closer to the 
transcription start site (sCP luc gap deletion construct harboring 
nucleotides -1426/-957 linked to a -96 sCP minimal promoter), as they are in the 
BNP promoter, was not sufficient to activate the sCP promoter in neonatal rat 
ventricular cardiomyocytes. This indicates that the non-proximity of the sCP 
binding elements is not the primary reason for the inefficacy of the native sCP 
promoter in ventricular cells.  



 74 

6.5 The activity of sCP/BNP hybrid promoters in rat ventricular 
cells treated with ET-1 or mechanical stretch (III) 

The proximal GATA sites at -80/-91 of rat BNP promoter have been shown to be 
important not only for the basal activity of the BNP promoter, but also for its 
induction by various stimuli, such as mechanical stretch (Pikkarainen et al. 
2003b). GATA-4 in co-operation with Nkx-2.5 regulates BNP promoter induction 
by mechanical stretch in ventricular myocytes (Pikkarainen et al. 2003b). On the 
other hand, GATA factors appear to not to have a major role in ET-1-induced BNP 
promoter activation (Pikkarainen et al. 2002), whereas BNP EBS and pElk-1 are 
important (Pikkarainen et al. 2003a).  

In this study, the addition of the proximal -134 rBNP fragment brought 
inducibility by ET-1 and mechanical stretch of the myocytes. Similarly, an even 
simpler modification, insertion of the BNP GATA oligonucleotide to the 5´site of 
the sCP promoter carried inducibility by stretch. A summary of the structures and 
activities the sCP/BNP hybrid promoters is presented in figure 9.  
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Fig. 9. The assembly and the structure of the hybrid sCP/BNP luciferase gene 
constructs. The luciferase activities of the gene constructs, relative to the activity 
of -846sCP/-134rBNP, in neonatal rat ventricular cells, are presented in the table. 
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7 Conclusions 

In the present study, the mechanisms of cardiac chamber-specific gene expression 
and the in vivo mechanisms of mechanical load-induced cardiac gene activation 
were clarified by using the salmon cardiac peptide and rat B-type natriuretic 
peptide genes as models. The sCP and BNP promoters were also combined in 
various ways to study the importance of certain transcription factor binding 
elements. Rat BNP gene was used as a model in mechanical-load induced cardiac 
gene activation in vivo due to its rapid responsiveness to load.  

1. Characterization of the extremely cardiac-specific sCP gene revealed its 
divergency from the other natriuretic peptide genes, but still some similarities 
were found. The strict atrial-cell specific activity of the sCP promoter in 
neonatal rat cardiomyocytes led us to identify the possible genetic 
mechanisms guiding ventricle-specific expression and gene activation in 
ventricular cells. However, the sCP promoter itself remained inactive in spite 
of any attempts to induce it in rat ventricular cardiomyocytes.  

2. The well conserved proximal GATA element of the rat BNP promoter 
mediated the in vivo transcriptional response to Ang II. It is evident that Elk-1 
and AP-1 elements were not essential for the adaptive response of the BNP 
gene to Ang II in conscious rats. These results were extended by studies of 
BNP activation by Ang II in the cardiac ventricles of AT1R transgenic mice 
with cardiac hypertrophy and without hypertension and by in vitro analysis of 
direct effect of AT1R on GATA dependent transcription and GATA-4 activity.  

3. The otherwise atrial-specific (-846) sCP promoter can be activated in rat 
ventricular cardiomyocytes by adding a short (-134) BNP proximal promoter 
element to the promoter. The placement of the element relative to the 
transcription start site was crucial; the BNP as a proximal part (nearest to +1) 
resulted in the highest activity, and it is partially dependent on the -80/-91 
GATA sites in the BNP promoter. Inserting smaller BNP promoter fragments, 
containing GATA or Ets binding sites important for the inducible activity of 
the intact BNP promoter, to the sCP promoter was necessarily not enough for 
the induction by ET-1 and mechanical stretch. 
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