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Introduction 
 

Heart failure (HF) is the end stage of many heart diseases. The most common 

causes include hypertension, ischemic heart disease, obesity and congenital 

cardiomyopathies. About 23 million people worldwide live with HF and the prevalence is 

growing. Although health care has advanced, morbidity and mortality remains high after 

a diagnosis of HF. Currently, several biomarkers including natriuretic peptides are used 

in clinical practice to predict the risk for development of HF as well as to monitor its 

progression. In patients with developing HF, elevation of plasma levels of BNP, its N-

terminal fragment NT-proBNP and mid-regional MR-proANP is evaluated. These 

peptides are released into the circulation by the strained myocardium to act as 

hormones and counteract the stress by inducing diuresis, natriuresis and vasodilation. 

However, increased plasma concentrations of these (pro)hormones are not able to 

differentiate the clinical diagnosis. Usually, a set of multiple biomarkers, genetic and 

morphological parameters are evaluated to make a more accurate prediction, diagnosis 

and prognosis of HF development. Therefore, earlier in disease progression and more 

specific biomarkers will improve HF outcome and will have a great impact on population 

survival. In turn, the development of new biomarkers requires insights in the mechanism 

of HF development and progression. 

In this thesis, we focused on the regulation of expression of Nppa and Nppb, 

genes encoding atrial and brain natriuretic peptides, respectively. By understanding the 

mechanism of their up-regulation in the stressed and failing heart, one can identify new 

molecular players, potential biomarkers, in a complex network of intracellular cascades 

involved in stress response. Reactivation of Nppa and Nppb expression is considered to 

be a part of the induction of a “fetal gene program”. Triggered by hypoxic conditions and 

mechanical stretch during hypertrophy, ischemia and atrophy, the heart experiences 

extensive remodeling to ensure cell survival. Energy supply switches from fatty acids to 

carbohydrates, expression of early response genes such as c-myc and c-fos as well as 

Nppa and Nppb is increased, and the sarcomeric protein myosin switches its isoform 

expression. All these hallmarks of the prenatal heart contribute to the commonly used 

term the “fetal gene program”. 

Nppa and Nppb are conserved genes originating from a common ancestral gene 

during evolution. They are located in a cluster in the mouse, rat and human genomes. 

Both Nppa and Nppb are expressed in the embryonic heart, and Nppa expression is 

greatly reduced in the murine ventricular myocardium after birth. But upon stress, 

expression of Nppa is reactivated and expression of Nppb is increased in the ventricles. 

It has been shown that the regulatory sequences responsible for embryonic and for the 

stress-induced expression of Nppa are different. While the Nppa promoter drives atrial 

expression in the developing and adult heart, it lacks the regulatory elements necessary 

for the correct embryonic ventricular transmural pattern, ventricular down-regulation 
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after birth and for the stress response. Distal enhancers and regulatory mechanism 

involved in these processes remain unknown and became the object of our research in 

this thesis. We also explored the potential co-regulation of Nppa and Nppb, based on 

their common origin, clustered gene location, similar expression pattern, stress 

reactivation and protein function. 

To simultaneously study the mechanisms of Nppa and Nppb regulation during 

development and disease, we analyzed the potential enhancer activity of the sequences 

surrounding the Nppa-Nppb locus in double reporter transgenic mice. In addition, we 

studied the overall chromosome conformation and epigenetic features of the locus 

known to be involved in gene regulation. The combination of these different approaches 

allowed us to obtain a global comprehensive view on the complexity of the organization 

of the Nppa-Nppb locus and its regulation during development and stress. 

Chapter 1 describes the expression pattern of Nppa and Nppb, and their time-

dependent up-regulation in animal models of HF-related diseases in comparison with 

the release of the secreted peptides in the blood circulation. The cellular mechanisms 

as well as transcriptional regulation of Nppa and Nppb up-regulation are discussed 

showing its complexity and lack of full understanding of the mechanisms of stress-

response reactivation. To study these mechanisms, we generated a double reporter 

transgenic mouse model for in vivo monitoring of disease progression, described in 

Chapter 2. We used this model to find the enhancers of Nppa and Nppb, regulating 

their expression during development and stress. First, the role of chromosome 

conformation and epigenetic modifications of the Nppa-Nppb locus in the regulation of 

their expression was analyzed in Chapter 3. Then, several double-reporter BAC 

transgenic lines have been generated and the activity of the reporter genes was 

analyzed to find the regulatory regions responsible for the expression of Nppa and Nppb 

in the fetal, adult and stressed ventricular myocardium. Together, these data allowed us 

to propose a model of Nppa and Nppb regulation, described in Chapter 4. In Chapter 

5, the thesis is summarizes in English and Dutch. 
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Abstract 

The mammalian heart expresses two closely related natriuretic peptide (NP) hormones, 

atrial natriuretic factor (ANF) and brain natriuretic peptide (BNP). The excretion of the 

NPs and the expression of their genes strongly respond to a variety of cardiovascular 

disorders. NPs act to increase natriuresis and decrease vascular resistance, thereby 

decreasing blood volume, systemic blood pressure and afterload. Plasma levels of BNP 

are used as diagnostic and prognostic markers for hypertrophy and heart failure (HF), 

and both ANF and BNP are widely used in biomedical research to assess the 

hypertrophic response in cell culture or the development of HF related diseases in 

animal models. Moreover, ANF and BNP are used as specific markers for the 

differentiating working myocardium in the developing heart, and the ANF promoter 

serves as platform to investigate gene regulatory networks during heart development 

and disease. However, despite decades of research, the mechanisms regulating the NP 

genes during development and disease are not well understood. Here we re-view 

current knowledge on the regulation of expression of the genes for ANF and BNP and 

their role as biomarkers, and give future directions to identify the in vivo regulatory 

mechanisms. 

  



Regulation of ANF and BNP expression 
 

16 

 

Introduction 

The heart of mammals expresses atrial natriuretic factor (ANF, ANP, a-type 

natriuretic peptide) and brain natriuretic peptide (BNP, b-type natriuretic peptide). Both 

proteins and their encoding genes have been identified decades ago1-6, and their 

various physiological functions and expression in different organs have been studied 

extensively7-11. The overall effect of their function is to lower blood volume, reducing 

cardiac output and systemic blood pressure. In studies of vertebrate cardiogenesis, 

ANF and BNP have proven to be very useful and sensitive markers that discriminate 

chamber myocardium of the atria and the ventricles (positive) from primary, non-

chamber myocardium such as the atrioventricular canal and pacemaker tissues 

(negative).12 Use of ANF regulation as a model system has led to the discovery of 

transcriptional mechanisms that control chamber and conduction system 

development.11,13 

Ventricular expression of the genes for ANF and BNP is down-regulated after birth 

(Figure 1A–D). However, in the adult mammalian heart, their levels strongly increase 

during hypertrophy and HF (Figure 1E, F). HF occurs when the heart is unable to 

provide sufficient pump action to distribute blood flow to meet the needs of the body, 

and is the end stage of a variety of cardiac diseases. HF is a common, disabling 

condition that can lead to death. Development of HF can result from hypertension 

causing increased ventricular wall stress and left ventricular hypertrophy, an important 

intermediate stage in transition to HF.14 Other causes of HF include myocardial 

infarction (MI) and muscle loss, cardiomyopathy (the deterioration of muscle function), 

valve insufficiency and single-gene mutations.15-24 Plasma levels of BNP and the N-

terminal fragment of its prohormone, NT-proBNP, are used as diagnostic and prognostic 

markers for hypertrophy and HF.25 Normal levels rule out acute HF in the emergency 

setting, whereas increased levels are associated with ventricular dysfunction. ANF is 

widely used in biomedical research to assess the hypertrophic response in cell culture 

or the development of HF-related diseases in animal models. 

While a large body of knowledge is available on ANF and BNP function, and on 

conditions in which they are induced, little is known about the actual transcriptional 

mechanisms responsible for their regulation and induction in the heart. For example, the 

induction of ANF in the ventricle during hypertrophy is considered to be part of the 

induction of a “fetal gene program”.26 This fetal program is a common feature of different 

pathological conditions including hypertrophy, ischemia, hypoxia, atrophy, where the 

heart experiences extensive remodeling and returns from utilization of fatty acids to 

carbohydrate for energy provision in increased hypoxic conditions. Other hallmarks are 

the induction of ANF and BNP, early response genes, such as c-myc and c-fos, and 

switches in isoform expression of genes for metabolic enzymes and sarcomeric proteins 

(e.g. induction of Myh7 and Acta1 in mouse). Triggered by increased mechanical load 

and hypoxic environment, all these changes until a certain point ensure cell survival 
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Figure 1. Expression of ANF and BNP 

mRNA in sections of mouse 

embryonic, adult and diseased hearts. 

A,B, In E14.5 mouse embryos, ANF 

and BNP are expressed in both atrial 

and trabecular ventricular 

myocardium. The atrioventricular 

canal and out-flow tract myocardium 

do not express ANF/BNP. C,D, 

Expression of ANF in the adult heart is 

restricted to the atria and the Purkinje 

fibers of ventricular myocardium, 

whereas BNP is expressed in atrial 

myocardium and in ventricular 

myocardium in a transmural gradient 

from the endocardial side. E,F, ANF 

and BNP mRNA are up-regulated in 

the ventricles during hypertrophy. 

G,H, ANF and BNP are reactivated in 

the border zone after myocardial 

infarction. ra, right atria; la, left atria; 

rv, right ventricle; lv, left ventricle; ivs, 

interventricular septum; iz, infarct 

zone; bz, border zone. 
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under stress.27 The regulatory DNA sequences of ANF controlling fetal ventricular 

expression on the one hand, and induction during disease on the other are different28,29 

and have not yet been identified. As a consequence, the transcriptional mechanisms 

remain to be elucidated. Insight into these mechanisms will help us to understand the 

pathology of hypertrophy and HF at the molecular level, and to understand the link 

between phenotype and ANF/BNP expression to use these molecules as biomarkers for 

cardio-vascular disease more effectively. In this review we will discuss current insight 

into the expression patterns of ANF and BNP during development and cardiac disease, 

and the underlying mechanisms of gene regulation, focusing on the regulatory DNA 

sequences and interacting factors. 

 

 

ANF and BNP expression profiles during development and disease 
 

ANF was the first natriuretic peptide to be identified and purified from atrial extracts 

in 1981, when it was shown to increase natriuresis, diuresis and vasodilation.30 But the 

spectrum of action was not limited to cardiovascular and renal systems. Receptors for 

ANF were identified in different organs including the kidney, lung, liver, adrenal cortex, 

and the small intestines, where it could regulate salt and water balance as well.31 

Moreover, ANF receptors31 as well as bioactive peptide were also found in the brain.32-34 

Extensive work on the purification of a variety of active peptides in the 1980s revealed 

that in addition to ANF the brain contains another NP, therefore called BNP [2]. One of 

the actions of NPs in the brain is to inhibit release of adrenocorticotropic hormone, 

thereby decreasing aldosterone release and enhancing natriuresis. Furthermore, the 

ANF-ergic neurons inhibit arginine vasopressin release leading to diuresis.35 Therefore, 

NPs expressed in the brain also serve to maintain optimal liquid homeostasis. Although 

isolated from the brain, BNP is predominantly expressed in the heart ventricles and 

mimics the pharmacological activity of ANF in regulation of blood pressure. Isolated 

ANF and BNP proteins were found to have a remarkably similar structure.2,30 These 

NPs are encoded by natriuretic peptide A (Nppa) and -B (Nppb), respectively, which are 

positioned adjacent to each other and in close proximity (<15 kilo base pairs (kb) 

distance) in the vertebrate genome.6,36,37 Both genes are expressed in specific patterns 

in the developing and adult heart, and induced in particular cardiovascular pathological 

conditions. 

 

Temporal expression patterns of NPs in the heart 

Expression of ANF is initiated in the tubular murine heart (mouse embryonic day 

(E) 8) at the level of the future left ventricle. Thereafter, it is activated in the developing 

atria and the ventricles of the looping and ballooning heart.12,38 When compact 

myocardium of the ventricles begins to form between E10-12, expression of ANF 

becomes restricted to the trabeculated layer, higher in the left ventricle than in the right. 
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The expression of ANF is limited to differentiating chamber (future working) 

myocardium. The myocardium flanking the chambers, the sinus venosus, including the 

sinus node, the atrioventricular canal including the future atrioventricular node, and the 

outflow tract never express ANF.12 Because of this property, ANF has been used 

extensively as a marker for differentiating chamber myocardium during cardiogenesis, 

which has led to the identification of transcriptional mechanisms for chamber and 

conduction system development.39 In human fetuses, ANF mRNA is more abundant in 

the atria than in the ventricles,40 whereas in the ovine fetal heart atrial expression is 

lower than that of the ventricles during the last two-third of the gestation period.41 

In mammals during gestation and after birth, ventricular ANF expression 

decreases from 50% of atrial expression in human and 4% in mouse fetuses to about 

1% in adult mammalian hearts.29,42,43 Ventricular ANF expression becomes restricted to 

the subendocardial ventricular conduction system.44 Progressive decline in ventricular 

ANF expression during development was reported in Xenopus, mouse and sheep.41,45 

However, in contrast to mammals, adult zebrafish and Xenopus frogs maintain ANF 

expression in their trabecular ventricles.46 Taken together, the relative contribution of 

ventricular ANF is more pronounced in the embryo than in the adult heart. 

The spatio-temporal expression profile of BNP mimics that of ANF.47 BNP 

expression in the embryonic mouse heart exhibits a peak of expression at midgestation 

(E12.5) with the ventricles being the dominant source of expression.48 Neither BNP 

mRNA nor BNP peptide was detected in human 12–17 week fetuses.49,50 After birth 

BNP mRNA level increased in both mouse atrium and ventricle, but still did not reach 

the mid-gestation level.48 In rat, bovine and human hearts ANF and BNP were restricted 

to the ventricular conduction system.51-53 

Four C-type natriuretic peptide (CNP) genes, CNP-1–4, were generated by 

chromosomal duplications. Of these, CNP-3 was tandemly duplicated to give rise to 

ANF and BNP before the divergence of tetra-pods and teleosts. Later in evolution, 

specific lineages of CNP genes were lost in different vertebrate classes. For example, 

frogs have lost CNP-1 and CNP-2 [54]. Chicken (birds) has lost the ANF gene, but 

retained BNP and their predecessor CNP-3. Mammals have lost the CNP-3 gene, but 

retained CNP-4 as the only CNP gene. Although CNP was not detected in the mouse 

heart55 or in the human fetal, normal adult and failing myocardium with Northern blot 

analysis,49 difference in plasma CNP levels between aortic root and coronary sinus 

indicates its production in the human heart.56 Moreover, CNP was detected in the rat 

and pig cardiomyocytes and endothelial cells within the heart.57 

 

Induction of NP levels and gene expression in response to heart disease 

Upon cardiac cell stress, ANF and BNP are rapidly released from pre-stored 

granules. ANF and BNP are stored in the same secretory granules in the atria58 and 

their concentration in the blood is expected to rise simultaneously and to the same 

extent. Indeed, studies show synchronous elevation of plasma ANF and BNP during the 
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time-course of acute volume or pressure overload59-61 as well as presence of both 

elevated ANF and BNP in chronic models of hypertension62,63 (Figure 2). However, in 

these studies, the rise of BNP in plasma in the period of 2–24 h after induction of 

volume overload is inferior compared to that of ANF.59,64 More short-term experiments 

were performed with isolated atria or ventricles to estimate secretion of NPs in minutes 

after stimulation, which showed that both ANF and BNP were acutely secreted with a 

peak at about 20–30 min after atrial pacing65,66 and already in 1–5 min after ventricular 

stimulation.67 These results indicate the ability of both atrial and ventricular myocytes to 

rapidly respond to stress. The mechanisms of predominantly atrial secretion of ANF 

after mechanical or neurohumoral stimulation are discussed by Thibault et al.68   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Response of ANF and BNP in different animal models of cardiomyopathy. Plasma levels of NPs 

are depicted in red, ventricular mRNA levels are depicted in blue and immunoreactive proteins in the 

ventricles are presented in green. The measured levels are plotted against the time after disease 

initiation. 
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Long term experiments with chronic overload revealed some differences in atrial 

and ventricular secretion of the NPs. Secretion of ANF from the overloaded left ventricle 

of spontaneously hypertensive rats (SHR) was accompanied by the decrease in 

ventricular concentration of immunoreactive ANF, whereas atrial protein concentration 

was not changed compared to the control rats. In vitro studies with the isolated hearts 

showed that hypertensive ventricles contributed 28% of the total ANF released, while 

normotensive ventricles contributed only 8%. These experiments suggest that excess 

ANF is released from the ventricular stores.69 However, in the settings of right 

ventricular hypertension, right atrial content as well as whole heart content of ANF was 

decreased,70 indicating atrial secretion of ANF. The difference can be explained by the 

differences in complex regulation of NPs release from the secretory granules and their 

de novo synthesis from an increased pool of mRNA. 

In addition to the greater response of ANF to stress, its plasma levels are also 

more sensitive to hemodynamic changes in the heart. Volume overload in dogs caused 

by furosemide showed rapid and gradual elevation of plasma ANF, which correlated 

with heart rate and left ventricular end-diastolic pressure (LVEDP), and was rapidly 

diminished 1 h after induced diuresis. In contrast, while elevated to a lesser extent, BNP 

could not diminish to the original level in 1 h after preload reduction.61 Supporting this 

idea, the ACE inhibitor alacepril administered in patients with congestive heart failure 

was shown to decrease plasma ANF already 1 h after treatment, whereas it took more 

than 6 h for plasma BNP to decrease.87 These findings are in agreement with the view 

that secretion and clearance of ANF and BNP are regulated differently.88 The regulatory 

mechanism involves several neuro-humoral factors including renin–angiotensin system. 

In one of the hypertension models in rat, overexpression of the renin gene led to 

impaired induction of BNP release after volume or pressure overload.62 Thus, plasma 

ANF levels may be a more sensitive marker than BNP in fast response to hemodynamic 

changes in the blood. 

Stress not only induces secretion of stored NPs, but also enhances their gene 

expression both in atrial and ventricular myocardium. Up-regulation of ANF and BNP is 

initiated in the cardiomyocytes subjected to stress and, therefore, can be localized in the 

myocardium surrounding only right ventricular lumen after pulmonary trunk banding,89 

only left ventricular lumen after aortic banding (Figure 1E, F) or in the border zone after 

coronary artery ligation (Figure 1G, H). Temporal regulation of ANF and BNP enhanced 

expression is also different in various conditions of cardiac disorders (Figure 2). After 

myocardial infarction induced by isoproterenol injections in rats, BNF mRNA was up-

regulated in both ventricles at 18 h after injection, whereas ANF mRNA gradually 

increased until significant levels 3 days after isoproterenol administration.59 The same 

trend was observed in rats with aortocaval shunt, where both ANF and BNP plasma 

levels were steady elevated at 1 day and 7 days after surgery. Expression of BNF was 

induced only at 1 day after volume overload, but up-regulation of ANF mRNA followed 

that of BNP only in 7 days after surgery.59,80 Acute ventricular overload after MI,60,80 
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hypertension86 and volume overload80 leads to rapid and sometimes transient up-

regulation of BNP mRNA in the affected ventricular myocardium, whereas ANF up-

regulation follows BNP at later time points. These studies present BNP as a marker of 

acute myocardial stress on the gene expression level. However, measurements of ANF 

and BNP in some animal models of volume overload are contradictory - both ANF and 

BNP mRNA can be up-regulated at the same time in the border zone of MI90 or in the 

right ventricle of the hearts with pulmonary hypertension caused by aortocaval shunt 

before ventricular hypertrophy becomes evident.91 BNP also showed increase in mRNA 

level during the transition from compensated to overt HF, since its expression was 

increased only during fibrosis development at the late stages of hypertrophy.85 In 

patients with chronic volume overload caused by regurgitant heart valvular lesion, BNP 

mRNA was up-regulated in the ventricles, whereas ANF mRNA levels were similar to 

the control group.78 Therefore, BNP gene expression can serve as a marker of 

hypertrophy progression. 

In the embryonic heart, NPs respond similarly to pathological stimuli compared to 

the adult heart. Experiments with fetal rats, sheep and goats demonstrated that ANP 

plasma levels were increased not only after stimulation with vasoconstrictors such as 

phenylephrine (PE), angiotensin II (AngII) and endotelin-1 (ET-1),10 but also responded 

to systemic stress such as volume overload92 and hypoxia.93,94 Human fetuses 

increased their plasma concentration of ANF in anemic, acidemic, and hydropic 

conditions.95 Both adult and embryonic mice deficient for the NPR-A receptor developed 

concentric hypertrophy, and fetuses produced more ANF and BNP mRNA already at 

E15.5.96  
Taken together, completely different stimuli leading to cardiac hypertrophy, 

remodeling and HF are accompanied by increased ANF and BNP mRNA levels in the 

heart and protein levels in the heart and plasma. How such different pathophysiological 

stimuli cause similar induction of ANF and BNP expression, however, is not well 

understood. 

 

ANF and BNP as markers of heart failure 
For decades, plasma levels of the NPs have been used as a diagnostic marker in 

clinical settings to monitor the severity of hypertrophy and HF events.25 ANF appeared 

to be less prognostic then BNP because of its shorter half-life in the blood.97,98 

Furthermore, levels of the amino-terminal fragment of the precursor peptide (NT-

proBNP) were shown to be a more accurate marker in early diagnosis of HF99 and more 

stable in frozen blood samples100 compared to the mature carboxy-terminal BNP 

hormone. This makes NT-proBNP a widely used and reliable clinical marker. More 

recently, mid regional pro-ANP (MR-proANP) was evaluated for detection of 

cardiovascular diseases.101 Together, both peptides are used as prognostic and 

diagnostic markers in many cardiovascular abnormalities such as hypertension, HF, left 

ventricular diastolic dysfunction, valvular stenosis and coronary artery disease.25 BNP 
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and NT-proBNP were elevated not only in the general symptomatic population, but also 

in patients with structural congenital heart defects such as systemic right ventricle, 

tetralogy of Fallot and univentricular heart, although the prognostic value of the markers 

in these cases has to be confirmed in a larger cohort.102 Obesity is an independent risk 

factor for hypertension, left ventricular hypertrophy and HF. Studies linking obesity and 

hypertension suggest that activation of sympathetic and renin–angiotensin systems in 

obese individuals result in renal water and sodium retention, blood volume expansion 

and hypertension.103 In parallel, lipid accumulation in the heart inhibits NPs mRNA and 

protein synthesis,104 the adipose tissue exhibits elevated expression of the clearance 

receptor NPR-C. Consequently, low levels of ANF and BNP reduce NP-dependent 

lipolysis in adipocytes, therefore perpetuating obesity and sustaining decreased plasma 

levels of NPs.105 Although hypertension is marked by elevated levels of ANF and BNP, 

both healthy subjects and patients with cardiovascular diseases can have lower levels 

of measured NPs, which in this case predicts development of diabetes.103,106 This 

paradox is a result of a complex physiological neuro-humoral response of the heart and 

was named ‘natriuretic handicap’.105 

Although ANF and BNP are produced by the heart in response to a broad range of 

heart-related disorders, a differential diagnosis still requires assays in addition to NP 

level measurements. Combining myocytes injury marker cardiac troponin T and 

myocardial stretch marker NT-proBNP improves prognosis of mortality risk in patients 

with chronic HF.107 Stressed myocardium is susceptible not only to mechanical stretch 

and injury, but also to inflammation and ventricular remodeling, and can be associated 

with renal dysfunction. Over the last decades, novel sets of biomarkers have emerged 

that represent specific molecular pathways and physiological processes.108,109 Such 

multimarker approaches will help clinicians to phenotype and predict a particular 

disease, monitor and guide the treatment of HF patients. 

 

 

Mechanisms of ANF and BNP gene regulation 
 

Several signal transduction pathways have been identified that mediate the 

response of ANF and BNP to various stimuli. In the vast majority of cases, the proximal 

promoter sequences, just upstream of the transcription start site, were found to contain 

transcription factor binding elements or response elements that are involved in the 

transcriptional response. In this section we summarize these pathways and elements, in 

the next section the in vivo relevance of these elements will be discussed. 

 

Regulation of ANF and BNP expression by mechanical stress 
Soon after the normal function of the heart changes due to hypertension, valve 

insufficiency or loss of myocardial muscle after infarction, cardiomyocytes experience 

additional load and stretch. Mechanisms of stretch-activated expression of ANF and 
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BNP were studied in isolated cardiomyocytes, and atrial and ventricular preparation to 

separate the response of cardiomyocytes to strain from systemic response induced by 

neurohumoral factors. Mechanical stretch induces ANF, BNP and skeletal alpha-actin 

mRNA expression in neonatal ventricular cardiomyocytes110 and atrial 

preparations.65,110,111 The signal from mechanically-strained extracellular matrix 

propagates through the integrins and a cascade of intracellular kinases to activate p38 

MAP kinase and NF-kappa-B111-114 and promote binding of the latter to shear stress-

responsive elements (SSREs) in the BNP promoter. In parallel with direct activation of 

BNP through p38 MAPK, mechanical strain stimulated synthesis of AngII and ET-1, 

which induced the ERK-signaling pathway acting on the BNP promoter.113,115 

Involvement of integrins and FAK (focal adhesion kinase) was also shown for activation 

of ANF expression both in vitro116 and in vivo.117 The sequences responsible for the 

stretch- and FAK-mediated activation are located within the 700 bp rANF promoter.118 

Two GATA binding sites at −84 and −95 bp as well as an NKE element at −387 bp 

in the rBNP promoter were found to mediate the stretch-induced response in ventricular 

myocytes and overloaded ventricles.110,119,120 Mechanical strain activates ET-1 

synthesis in cardiomyocytes,113 which in turn causes induction of ANF and BNP 

expression.111 Increased GATA4 binding activity induced by pressure overload was 

inhibited by ET-1 receptor antagonist bosartan, suggesting an autocrine/paracrine 

regulatory mechanism after overload in ventricles.119 

 
Regulation of ANF and BNP expression through growth factors 

Transforming growth factor beta (TGFβ) regulates multiple cellular processes in 

both adult and embryonic organisms including heart development and hypertrophy. 

Ligand binding leads to phosphorylation of receptor-regulated SMAD proteins, their 

association with SMAD4 and translocation of this transcriptional complex to the nucleus. 

TGFβ stimulates ANF and BNP mRNA expression in neonatal cardiac myocytes121 and 

in rat hearts after MI.122 The signal is transferred to the transcriptional machinery by 

downstream targets of TGFβ, TAK1-MKK3/6-p38MAPK. Later it was shown that the 

BNP promoter is differentially regulated by p38 isoforms. While p38α acts through AP-1 

sites at −373 bp in the rBNP promoter, p38β activates BNP expression through the 

−90/−81 bp GATA sites.123  
Fibroblast growth factor (FGF) and insulin-like growth factor (IGF-1) are known to 

be involved in the organization of cytoskeletal and contractile structures of 

cardiomyocytes.124 IGF-1, a circulatory hormone produced mostly by the liver, promotes 

growth of many cell types. However, it was shown to inhibit cardiomyocyte elongation 

and cardiac hypertrophy, and control Ca2+ homeostasis.125,126 In accordance with these 

functions during HF progression, IGF-1 was shown to down-regulate ANF expression in 

rat ventricular cardiomyocytes both in culture127 and in vivo,128 whereas FGF increased 

ANF mRNA levels.127 However, contradictory studies demonstrated pro-hypertrophic 

effects of IGF-1. Similar to its function in skeletal muscle hypertrophy,129 IGF-1 
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promoted hypertrophy of adult rat ventricular myocytes and induced ANF mRNA 

expression through a calcineurin-dependent mechanism and activation of the 

transcription factor Mef2C.130,131 
 

Role of G protein-coupled receptors in NP gene regulation 
Several neurohumoral factors are involved in the hypertrophy response of the 

heart, including activation of ANF and BNP expression and secretion. AngII, ET-1, 

norepinephrine and epinephrine function through G protein-coupled receptors AT1 and 

AT2, ET-A and α- and β-adrenergic receptors, respectively. AngII is the main effector of 

the renin–angiotensin system, and was found to be involved in hypertrophy remodeling 

through activation of AT1 receptors on cardiomyocytes, fibroblasts and smooth muscle 

cells within the heart, which triggers G protein-coupled and non-G protein-coupled 

signaling pathways including MAP kinases (ERK 1/2, JNK, p38MAPK), receptor tyrosine 

kinases (PDGF, EGFR, insulin receptor), non-receptor tyrosine kinases (Src, 

JAK/STAT, FAK) and reactive oxygen species.132-135 Recently, the AT2 receptor has 

received more attention because of its protective role in regeneration and repair 

processes involving c-kit(+) progenitor cells after MI.136 However, AT2 was not involved 

in hypertrophy-related up-regulation of ANF, since its expression in AT2−/− mice after 

aortic banding was not different from that of wild-type mice.137 Besides direct activation 

of ANF expression through the AT1 receptor, AngII stimulated production of TGFβ in 

cardiac myocytes and fibroblasts,138 thereby influencing the regulation of NPs through 

TGFβ-GATA4 pathway.139 AngII also stimulated ET-1, another pro-hypertrophic agent in 

the heart.140 

Vasoconstricting peptide ET-1 is produced primarily by the endothelium, but also 

by cardiomyocytes. Mechanical stretch induces up-regulation of the ET-A receptor and 

ET converting enzyme-1 in stretched atrial myocardium, which in turn leads to 

enhanced ET-1 signaling and activation of ANF and BNP expression through 

stimulation of Ca2 +/calmodulin-dependent kinase II (CaMKII), extracellular signal-

regulated kinase (ERK) and possible inhibition of transcriptional repressor REST activity 

at the NRSE sites.111,141,142 Normally, REST in complex with HDACs maintains low level 

of acetylation at the NRSE regions within the promoter of BNP and the 3′-UTR of ANF. 

After ET-1 stimulation, the level of H3 and H4 histone acetylation increased within ANF 

and BNP promoters142 and around NRSE in the 3′-UTR of ANF,143 thereby increasing 

the activity of ANF and BNP transcription. Moreover, ET-1 activates binding of Yin Yang 

1 (YY1) at position −62 bp in the hBNP promoter144 and enhances cooperation between 

GATA4 and SRF, which interact with the −137/109 bp region in the rANF promoter.145 

Catecholamine hormones epinephrine and norepinephrine produced by the 

adrenal medulla stimulate the sympathetic nervous system, resulting in increased heart 

rate, muscle contraction, cardiac output and blood pressure. Adrenergic agonists 

phenylephrine (PE) and isoproterenol (ISO) are widely used to study the activation of 

NP expression during hypertrophy through adrenergic receptors α and β (ARα and 
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ARβ), respectively.146,147 The diversity of G proteins coupled to AR, activation of second 

messengers (IP3, DAG and cAMP) and protein kinases (PKC, PKA, MAPK), 

desensitization of the receptors and the beneficial role of β-blockers in the treatment of 

HF has been reviewed by Barry et al.148 Further studies provided many details 

regarding canonical and noncanonical activation of ERK1/2 through ARβ149 and 

negative regulation of ARα-mediated ANF up-regulation by ARβ-mediated signaling.150 

Together, these studies describe the broad range of G protein-coupled receptors 

and their effectors on ANF and BNP regulation, where some of the pathways and DNA 

binding elements may still be unknown. 

 

Other regulators of NP expression 
Elevated levels of Ca2+ and Ca2+-dependent phosphatase calcineurin have been 

reported to play an important role in the development of hypertrophy and HF.151 L-type 

Ca2+ channels152 and transient receptor potential subfamily C proteins (TRPCs) were 

shown to be involved in the elevation of cytoplasmic Ca2+, increase of ANF and BNF 

gene expression and development of HF. Knockdown of TRPC1 with siRNA prevented 

PE-, ET-1- and AngII-dependent up-regulation of ANF and BNP.153 Ca2+ elevation can 

also be a secondary effect of rising intracellular Na+ due to the up-regulation of the 

Na+/H+ exchanger (NHE) during hypertrophy. Increased Na+ induces the reverse mode 

of the Na+/Ca2+ exchanger (NCX) and increases Ca2+, which in turn induces 

hypertrophy.154 

Increased thyroid hormone level is an independent risk factor for development of 

hypertrophy and HF. Triiodothyronine (T3) mediates ANF mRNA expression through the 

Akt/GSK-3beta/mTOR signaling pathway, which was shown to be dependent on AT1 

receptors,155 exhibiting a cross-talk between T3 and renin–angiotensin systems. 

Heart function relies on the balanced status and cross-talk between hormones, 
growth factors, signaling peptides and ion homeostasis. For example, AngII can directly 

stimulate expression of ANF and BNP through the AT1 receptors, but is also involved in 

up-regulation of ET-1, which in turn is able to drive the hypertrophic program through 

the ET-A receptors on cardiomyocytes. T3 signaling was shown to be dependent on the 
AT1 receptor-mediated hypertrophic pathway,155 but also independently can activate 

synthesis of TGFβ in cardiomyocytes and intensify the effect.156 Mechanical strain acts 

dually as well - direct activation of mechano-sensitive integrins and up-regulation of 
autocrine hormones AngII and ET-1 are involved in ANF and BNP production. Thus, 

any deviations from normal homeostasis can lead to initialization and further 

acceleration of the hypertrophic program and ANF/BNP production. 
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In vivo mechanisms of ANF and BNP gene regulation: identifying the 

regulatory DNA elements 

 

From decades of investigation, the regulation of ANF and BNP through their 

promoter elements has yielded a wealth of information regarding gene regulation during 

heart development and disease. However, the in vivo importance of the NP promoter 

elements was not well understood. In vivo studies, and especially those using 

transgenic reporter animals, proved to be very revealing in the actual capacities and 

roles of the NP regulatory sequences, and have provided reliable information regarding 

the regulation of ANF and BNP in development and disease. 

The proximal promoter fragments of ANF (0.5 to 3.4 kb) derived from various 

species including human, mouse, rat and frog (Xenopus) drive expression in the 

developing and adult atria of transgenic mice (Figure 3). Habets et al. showed that the 

proximal promoter drives correct developmental expression of ANF in the heart, 

including activation in atria and ventricles and repression in the atrioventricular canal. 

This repression was found to be mediated by a T-box factor binding site (element) and 

an NK2-homeobox element in vivo, recognized by Tbx2 and Nkx2-5, respectively.13 

Moreover, Tbx2 mutants had atrioventricular canal defects and ectopically expressed 

ANF in the atrioventricular canal,157,158 whereas Tbx5 mutants completely failed to form 

chambers and to activate ANF.11 The ANF promoter has thus been exceptionally useful 

in identifying the mechanism underlying atrioventricular canal and chamber 

development, and indirectly the development of the conduction system.39 However, 

ventricular expression from this promoter fragment varied strongly between different 

transgenic lines, and on average was very low. Moreover, the expression pattern was 

not completely recapitulated in transgenic mice—it was ectopically expressed in the left 

and right sinus horns,13,29 mediastinal myocardium and compact ventricular myocardium 

even in the context of transcriptionally accessible Hprt locus.29 Moreover, perinatal 

down-regulation of the reporter gene in the ventricles was non-specific or not triggered 

at all in various independent transgenic lines. 

The up-regulation of ANF and BNP ventricular expression after divergent stimuli is 

commonly referred to as the “fetal program”. But how similar is the regulation of ANF 

and BNP during development and disease? One of the first in vitro studies showed a 

positive response of both 638 bp and 3003 bp rANF 5′-promoter fragments after 

stimulation of cultured cardiomyocytes with PE.167 Moreover, injection of promoter–

reporter plasmids in the ventricles of failing dog hearts also showed a positive response 

of these fragments.162 These experiments suggested that these fragments contain 

stress-response regulatory elements of ANF. Later studies, however, revealed that this 

capability is not maintained in vivo, implicating more distal elements in the induction of 

ventricular reactivation of the reporter after TAC28 (Figure 3). 
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Figure 3. Overview of the ANF-BNP genomic locus and the activity of regulatory sequences in vivo. 

Overlap of the gene positions with ChIP-seq data sets for Polymerase II, p300
175

 and Tbx3
173

 is shown in 

black, magenta and blue, respectively. The Nppb locus is depicted in red and the Nppa locus in green. 

Regulatory fragments studied in transgenic mice are depicted in black. m, mouse; r, rat; h, human; x, 

xenopus; A, atria; V, ventricle, Em, embryonic heart; HCM, hypertrophic cardiomyopathy; +, expression; -, 

no expression; +/-, expression in some lines; nd, not determined. 
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In vivo studies of BNP stress-responsive regions revealed that −408/+100 bp 

hBNP and −534/+4 bp rBNP promoter fragments are able to increase luciferase reporter 

activity after acute MI and AngII infusion, respectively.139,160 In both cases, the level of 

the reporter activation was consistent with up-regulation of endogenous BNP. These 

studies addressed the stress-response region of BNP, but the developmental activity 

profile of the promoter fragments was not investigated, making it difficult to conclude 

that all necessary information for BNP regulation is present in the proximal promoter. 

The BNP promoter fragment coupled to additional regulatory sequences had very 

limited activity in vivo.159 Consistently, we also found that mouse BNP promoter 

fragments in transgenic mice did not show any activity in the hearts of several 

independent transgenic mouse lines (unpublished observations). The data suggest that 

the BNP promoter contains only a fraction of the regulatory information of BNP, possibly 

including response to hypertrophy, and that additional distal regulatory DNA regions are 

required to regulate its complete spatio-temporal expression pattern. 

Three natriuretic peptide genes have been identified in vertebrates that are derived 

from an ancestral CNP-3 gene by duplication.54 Mammals maintained two of these 

genes, Nppa and Nppb, positioned at a distance of only a few kb from each other in the 

genome. Upstream of the BNP gene a large non-coding region is present. The 

regulatory sequences of ANF and BNP could be present anywhere in this locus, at 

distances from a few to hundreds or even thousands of kb. Moreover, considering the 

very similar expression patterns and hypertrophy responses of ANF and BNP, these 

genes may share the same regulatory sequences. Similar examples could be found in 

the regulation of expression of other clustered genes such as iroquois (Irx) genes and 

the myosin heavy chain (MHC) genes. 

The Irx genes are found from nematodes to humans. Comparative studies propose 

independent duplication events in ancestors of the insect and vertebrate lineages, 

resulting in three-gene clusters. More recently, the whole ancestral three-gene cluster 

was duplicated in vertebrates giving rise to paralogous clusters IrxA and IrxB, located 

on different chromosomes. Both clusters display conserved orientation of the three 

transcripts and distribution of highly conserved non-coding regions, playing a role of cis-

regulatory elements.168,169 Physical interaction of the promoters of the first two genes in 

each cluster suggests co-regulation of these genes and explains their similar expression 

pattern, whereas the third genes in the clusters stand apart and usually have divergent 

expression patterns.170 It has been discussed that the sharing of regulatory elements by 

the genes has kept them together in a cluster during long course of vertebrate 

evolution.168 

The two cardiac myosin heavy chain (MHC) genes, α- and β-MHC, form a cluster 

of adjacently positioned genes formed by a genome duplication event. The two genes 

are reciprocally regulated in the ventricle during development and in adult conditions 

such as hypothyroidism and pathological cardiac hypertrophy. The β-MHC is the major 

isoform expressed in the fetal ventricle, but is down-regulated to very low levels around 
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birth. In contrast, α-MHC is strongly induced around birth and becomes the major 

isoform in the mouse heart (note that in human β-MHC is the major isoform in the 

postnatal ventricle). During conditions of hypertrophy, hypothyroidism or aging, 

expression of the two isoforms is reversed, so that β-MHC is re-expressed in the 

cardiac myocytes while α-MHC is down-regulated.171 Their distinct spatio-temporal 

profiles are independently controlled by the promoters of the duplicated genes, but the 

isoform switch is coordinately regulated by thyroid hormone and response elements in 

the promoters. In addition, three miRNAs encoded by intrones of the MHC genes, miR-

208a, miR-208b and miR-499, regulate a set of transcription factors which modulate 

thyroid hormone signaling and govern the MHC switch.172 Thus the α-MHC/β-MHC 

gene cluster contains information required for the coordinated regulation of these genes 

by shared pathways. The examples of the Irx clusters and the α-MHC/β-MHC locus 

suggest that the ANF/BNP gene locus also harbors cis-regulatory elements 

simultaneously regulating ANF and BNP, or that ANF and BNP are coordinatedly 

regulated by shared signaling mechanisms or non-coding RNAs. 

The use of bacterial artificial chromosomes (BAC) allows the functional testing of 

over 200 kb of genomic DNA. Studies with BAC transgenic mice showed that the 

regulation of ANF in the developing heart is controlled by distal regulatory elements in 

addition to the basic 0,7 kb promoter. Fetal ventricular activity was found to require 

enhancer(s) between −141 and −27 kb relative to the ANF gene, and the ventricular 

transmural pattern sequences within −27 to + 58 kb. Interestingly, the stress response 

region for the transgene was also found to require the −27 to + 58 kb region [29]. Three 

distal elements, −34 kb, −31 kb and −21 kb upstream of ANF, were shown to be 

involved in ANF regulation. A construct in which all three fragments were fused provided 

correct ventricular activity and transmural pattern of the transgene, potentially through 

the repression by the Hey2 transcriptional repressor in the compact myocardium. This 

−34-31-21-ANF-LacZ construct recapitulated embryonic and adult expression of ANF, 

which was dependent on Nkx2.5 expression, but, consistently with the findings of 

Horsthuis et al.29 did not contain regulatory elements that respond to pressure overload 

and perinatal heart failure.159 

Regulatory elements of the ANF/BNP gene cluster can probably be identified by 

their co-occupancy by transcription factors and particular histone modifications in heart 

tissue.173,174 Chromatin immunoprecipitation followed by massive parallel sequencing 

(ChIP-seq) allows mapping of the sites occupied by these factors across the whole 

genome. Promoter regions of ANF and BNP as well as more distal elements within the 

locus have been shown to be occupied by Gata4, Nkx2-5, Tbx3, enhancer-associated 

factors p300 and Polymerase II in vivo.173,175 Moreover, ChIP-seq revealed the 

occupancy of the Nppa/Nppb by several transcription factors in HL-1 cells.174 

Transcriptional activator Tbx5 in cooperation with Nkx2.5 activates expression of ANF in 

the embryonic ventricles.11 Tbx5 and Tbx3 belong to the same subfamily of the T-box 

transcription factors expressed in the heart and were shown to occupy the same binding 
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sites.173 Therefore, available Tbx3 ChIP-seq data can be used for analysis of ANF and 

BNP regulatory regions (Figure 3). 

Genome-wide association studies of genetic variants associated with levels of NT-

proBNP identified variants in the CLCN6 gene adjacent to ANF.176 CLCN6 protein 

function could influence NT-proBNP levels. Alternatively, the CLCN6 region may harbor 

regulatory sequences for BNP. We currently use a BAC transgenesis approach to 

identify the regulatory sequences, and preliminary data indicates that the region from 

−141 to +2 kb relative to ANF gene contains all information required for correct spatio-

temporal expression of BNP during heart development and its ventricular up-regulation 

in TAC model of hypertrophy and after MI. 

 

 

Conclusion and future directives 
 

Analysis of ANF expression and regulation during development of the heart has 

provided important mechanistic insights into the development of the chamber 

myocardium and the conduction system of the heart. The ANF promoter has proven to 

be a useful tool for unraveling the mechanisms of transcriptional regulation in the heart, 

showing for example the importance of the T-box factors in heart patterning. Analysis of 

transcriptional regulation of ANF and BNP in different animal models of cardiomyopathy 

demonstrated the use of NPs in biomedical research to assess hypertrophic response in 

the development of HF, which is in agreement with their extensive application as 

biomarkers in a broad range of cardiovascular diseases in clinical practice. However, 

the regulation and regulatory sequences of ANF and BNP proved to be more complex 

than initially thought. Proximal regulatory sequences are not sufficient to control either 

correct spatio-temporal expression or stress-induced up-regulation of these genes. 

Future research may focus on the identification and functional analysis of the regulatory 

sequences of ANF and BNP involved in these processes in vivo. Chromatin 

immunoprecipitation-sequencing and chromatin conformation capture technologies 

combined with reporter mice should allow the identification and functional assessment 

of these regulatory sequences in the near future. Thereafter, the composition of the 

transcriptional complexes acting through these sequences and the upstream signaling 

networks can be identified, which will provide the insights necessary to effectively use 

the NP genes as tools to study disease mechanisms and as predictable biomarkers. 

 

Acknowledgements 
 

This work was supported by Center for Translational Molecular Medicine (CTMM) 

project “Translational Initiative on Unique and novel strategies for Management of 

Patients with Heart failure” (TRIUMPH 01C-103). 

 



Regulation of ANF and BNP expression 
 

32 

 

References 
 

1.  K. Kangawa, H. Matsuo, Purification and complete amino acid sequence of alpha-human atrial natriuretic 
polypeptide (alpha-hANP), Biochem. Biophys. Res. Commun. 118 (1984) 131–139. 

2.  T. Sudoh, K. Kangawa, N. Minamino, H. Matsuo, A new natriuretic peptide in porcine brain, Nature 332 

(1988) 78–81. 
3.  M.E. Steinhelper, Structure, expression, and genomic mapping of the mouse natriuretic peptide type-B 

gene, Circ. Res. 72 (1993) 984–992. 
4.  K. Maekawa, T. Sudoh, M. Furusawa, N. Minamino, K. Kangawa, H. Ohkubo, S. Nakanishi, H. Matsuo, 

Cloning and sequence analysis of cDNA encoding a precursor for porcine brain natriuretic peptide, Biochem. 
Biophys. Res. Commun. 157 (1988) 410–416.  

5.  B.D. Greenberg, G.H. Bencen, J.J. Seilhamer, J.A. Lewicki, J.C. Fiddes, Nucleotide sequence of the gene 
encoding human atrial natriuretic factor precursor, Nature 312 (1984) 656–658. 

6.  N. Tamura, Y. Ogawa, A. Yasoda, H. Itoh, Y. Saito, K. Nakao, Two cardiac natriuretic peptide genes (atrial 
natriuretic peptide and brain natriuretic peptide) are organized in tandem in the mouse and human genomes, 
J. Mol. Cell. Cardiol. 28 (1996) 1811–1815.  

7.  T. Nishikimi, N. Maeda, H. Matsuoka, The role of natriuretic peptides in cardioprotection, Cardiovasc. Res. 

69 (2006) 318–328. 
8.  I. Kishimoto, T. Tokudome, K. Nakao, K. Kangawa, Natriuretic peptide system: an overview of studies using 

genetically engineered animal models, FEBS J. 278 (2011) 1830–1841. 
9.  A.C. Houweling, M.M. van Borren, A.F.M. Moorman, V.M. Christoffels, Expression and regulation of the 

atrial natriuretic factor encoding gene Nppa during development and disease, Cardiovasc. Res. 67 (2005) 

583–593. 

10.  V.A. Cameron, L.J. Ellmers, Minireview: natriuretic peptides during development of the fetal heart and 
circulation, Endocrinology 144 (2003) 2191–2194. 

11.  B.G. Bruneau, G. Nemer, J.P. Schmitt, F. Charron, L. Robitaille, S. Caron, D.A. Conner, M. Gessler, M. 
Nemer, C.E. Seidman, J.G. Seidman, A murine model of Holt-Oram syndrome defines roles of the T-box 
transcription factor Tbx5 in cardiogenesis and disease, Cell 106 (2001) 709–721. 

12.  V.M. Christoffels, P.E.M.H. Habets, D. Franco, M. Campione, F. de Jong, W.H. Lamers, Z.Z. Bao, S. 
Palmer, C. Biben, R.P. Harvey, A.F.M. Moorman, Chamber formation and morphogenesis in the developing 
mammalian heart, Dev. Biol. 223 (2000) 266–278. 

13.  P.E.M.H. Habets, A.F.M. Moorman, D.E.W. Clout, M.A. van Roon, M. Lingbeek, M. Lohuizen, M. Campione, 
V.M. Christoffels, Cooperative action of Tbx2 and Nkx2.5 inhibits ANF expression in the atrioventricular 
canal: implications for cardiac chamber formation, Genes Dev. 16 (2002) 1234–1246. 

14.  M.H. Drazner, The progression of hypertensive heart disease, Circulation 123 (2011) 327–334. 
15.  R.S. Vasan, D. Levy, The role of hypertension in the pathogenesis of heart failure. A clinical mechanistic 

overview, Arch. Intern. Med. 156 (1996) 1789–1796. 
16.  A.W. Haider, M.G. Larson, S.S. Franklin, D. Levy, Systolic blood pressure, diastolic blood pressure, and 

pulse pressure as predictors of risk for congestive heart failure in the Framingham Heart Study, Ann. Intern. 

Med. 138 (2003) 10–16. 
17.  J.P. Hellermann, S.J. Jacobsen, B.J. Gersh, R.J. Rodeheffer, G.S. Reeder, V.L. Roger, Heart failure after 

myocardial infarction: a review, Am. J. Med. 113 (2002) 324–330. 

18.  R.A. Weir, J.J. McMurray, E.J. Velazquez, Epidemiology of heart failure and left ventricular systolic 
dysfunction after acute myocardial infarction: prevalence, clinical characteristics, and prognostic importance, 
Am. J. Cardiol. 97 (2006) 13F–25F. 

19.  F. Bursi, M. Enriquez-Sarano, S.J. Jacobsen, V.L. Roger, Mitral regurgitation after myocardial infarction: a 
review, Am. J. Med. 119 (2006) 103–112. 

20.  F.J. Schoen, Cardiac valves and valvular pathology: update on function, disease, repair, and replacement, 
Cardiovasc. Pathol. 14 (2005) 189–194. 

21.  R. Bekeredjian, P.A. Grayburn, Valvular heart disease: aortic regurgitation, Circulation 112 (2005) 125–134. 
22.  H. Morita, J. Seidman, C.E. Seidman, Genetic causes of human heart failure, J. Clin. Invest. 115 (2005) 

518–526. 
23.  C.C. Liew, V.J. Dzau, Molecular genetics and genomics of heart failure, Nat. Rev. Genet. 5 (2004) 811–825. 
24.  B.J. Maron, M.S. Maron, Hypertrophic cardiomyopathy, Lancet 381 (2013) 242–255. 
25.  A. Battistoni, S. Rubattu, M. Volpe, Circulating biomarkers with preventive, diagnostic and prognostic 

implications in cardiovascular diseases, Int. J. Cardiol. 157 (2012) 160–168. 

26.  A.M. Feldman, E.O. Weinberg, P.E. Ray, B.H. Lorell, Selective changes in cardiac gene expression during 
compensated hypertrophy and the transition to cardiac decompensation in rats with chronic aortic banding, 



 Chapter 1 

33 

 

Circ. Res. 73 (1993) 184–192. 
27.  M. Rajabi, C. Kassiotis, P. Razeghi, H. Taegtmeyer, Return to the fetal gene program protects the stressed 

heart: a strong hypothesis, Heart Fail. Rev. 12 (2007) 331–343. 
28.  K.U. Knowlton, H.A. Rockman, M. Itani, A. Vovan, C.E. Seidman, K.R. Chien, Diver- gent pathways mediate 

the induction of ANF transgenes in neonatal and hyper- trophic ventricular myocardium, J. Clin. Invest. 96 
(1995) 1311–1318. 

29.  T. Horsthuis, A.C. Houweling, P.E.M.H. Habets, F.J. de Lange, H. el Azzouzi, D.E.W. Clout, A.F.M. 
Moorman, V.M. Christoffels, Distinct regulation of developmental and heart disease induced atrial natriuretic 
factor expression by two separate distal sequence, Circ. Res. 102 (2008) 849–859 

30.  A.J. de Bold, H.B. Borenstein, A.T. Veress, H. Sonnenberg, A rapid and potent natriuretic response to 
intravenous injection of atrial myocardial extract in rats, Life Sci. 28 (1981) 89–94. 

31.  C. Bianchi, J. Gutkowska, G. Thibault, R. Garcia, J. Genest, M. Cantin, Radioautographic localization of 
125I-atrial natriuretic factor (ANF) in rat tissues, Histochemistry 82 (1985) 441–452. 

32.  D.M. Jacobowitz, G. Skofitsch, H.R. Keiser, R.L. Eskay, N. Zamir, Evidence for the existence of atrial 
natriuretic factor-containing neurons in the rat brain, Neuroendocrinology 40 (1985) 92–94. 

33.  I. Tanaka, K.S. Misono, T. Inagami, Atrial natriuretic factor in rat hypothalamus, atria and plasma: 
determination by specific radioimmunoassay, Biochem. Biophys. Res. Commun. 124 (1984) 663–668. 

34.  S. Ueda, T. Sudoh, K. Fukuda, K. Kangawa, N. Minamino, H. Matsuo, Identification of alpha atrial natriuretic 
peptide [4–28] and [5–28] in porcine brain, Biochem. Biophys. Res. Commun. 149 (1987) 1055–1062. 

35.  J. Gutkowska, J. Antunes-Rodrigues, S.M. McCann, Atrial natriuretic peptide in brain and pituitary gland, 

Physiol. Rev. 77 (1997) 465–515. 
36.  K.C. Arden, C.S. Viars, S. Weiss, S. Argentin, M. Nemer, Localization of the human B-type natriuretic 

peptide precursor (NPPB) gene to chromosome 1p36, Genomics 26 (1995) 385–389. 
37.  H. Huang, S.W. John, M.E. Steinhelper, Organization of the mouse cardiac natriuretic peptide locus 

encoding BNP and ANP, J. Mol. Cell. Cardiol. 28 (1996) 1823–1828. 
38.  R. Zeller, K.D. Bloch, B.S. Williams, R.J. Arceci, C.E. Seidman, Localized expression of the atrial natriuretic 

factor gene during cardiac embryogenesis, Genes Dev. 1 (1987) 693–698. 
39.  V.M. Christoffels, G.J. Smits, A. Kispert, A.F. Moorman, Development of the pace- maker tissues of the 

heart, Circ. Res. 106 (2010) 240–254. 
40.  D.G. Gardner, B.K. Hedges, J. Wu, M.C. LaPointe, C.F. Deschepper, Expression of the atrial natriuretic 

peptide gene in human fetal heart, J. Clin. Endocrinol. Metab. 69 (1989) 729–737. 
41.  D.D. Johnson, T.A. Tetzke, C.Y. Cheung, Gene expression of atrial natriuretic factor in ovine fetal heart 

during development, J. Soc. Gynecol. Investig. 1 (1994) 14–18. 
42.  J.J. Mercadier, M.A. Zongazo, C. Wisnewsky, G. Butler-Brown, D. Gros, A. Carayon, K. Schwartz, Atrial 

natriuretic factor messenger ribonucleic acid and peptide in the human heart during ontogenic development, 
Biochem. Biophys. Res. Commun. 159 (1989) 777–782. 

43.  M. Nemer, J.P. Lavigne, J. Drouin, G. Thibault, M. Gannon, T. Antakly, Expression of atrial natriuretic factor 
gene in heart ventricular tissue, Peptides 7 (1986) 1147–1152. 

44.  A.F.M. Moorman, V.M. Christoffels, Cardiac chamber formation: development, genes and evolution, 
Physiol. Rev. 83 (2003) 1223–1267. 

45.  E.M. Small, P.A. Krieg, Expression of atrial natriuretic factor (ANF) during Xenopus cardiac development, 
Dev. Genes Evol. 210 (2000) 638–640. 

46.  B. Jensen, B.J. Boukens, A.V. Postma, Q.D. Gunst, M.J. van den Hoff, A.F. Moorman, T. Wang, V.M. 
Christoffels, Identifying the evolutionary building blocks of the cardiac conduction system, PLoS One 7 

(2012) e44231. 
47.  A.C. Houweling, S. Somi, M.P.G. Massink, M.A. Groenen, A.F.M. Moorman, V.M. Christoffels, Comparative 

analysis of the natriuretic peptide precursor gene cluster in vertebrates reveals loss of ANF and retention of 
CNP-3 in chicken, Dev. Dyn. 233 (2005) 1076–1082. 

48.  V.A. Cameron, G.D. Aitken, L.J. Ellmers, M.A. Kennedy, E.A. Espiner, The sites of gene expression of 
atrial, brain, and C-type natriuretic peptides in mouse fetal development: temporal changes in embryos and 
placenta, Endocrinology 137 (1996) 817–824. 

49.  T. Takahashi, P.D. Allen, S. Izumo, Expression of A-, B-, and C-type natriuretic peptide genes in failing and 
developing human ventricles, Circ. Res. 71 (1992) 9–17. 

50.  A. Pucci, J. Wharton, E. Arbustini, M. Grasso, M. Diegoli, P. Needleman, M. Viganт, G. Moscoso, J.M. 
Polak, Localization of brain and atrial natriuretic peptide in human and porcine heart, Int. J. Cardiol. 34 

(1992) 237–247. 
51.  M. Cantin, G. Thibault, H. Haile-Meskel, J. Ding, R.W. Milne, M. Ballak, C. Charbonneau, M. Nemer, J. 

Drouin, R. Garcia, J. Genest, Atrial natriuretic factor in the impulse conduction system of rat cardiac 
ventricles, Cell Tissue Res. 256 (1989) 309–325. 



Regulation of ANF and BNP expression 
 

34 

 

52.  M. Hansson, S. Forsgren, Immunoreactive atrial and brain natriuretic peptides are co-localized in Purkinje 
fibres but not in the innervation of the bovine heart conduction system, Histochem. J. 27 (1995) 222–230. 

53.  J. Wharton, R.H. Anderson, D. Springall, R.F. Power, M. Rose, A. Smith, R. Espejo, A. Khagani, J. 
Wallwork, M.H. Yacoub, J.M. Polak, Localization of atrial natriuretic peptide immunoreactivity in the 
ventricular myocardium and conduction sys- tem of the human fetal and adult heart, Br. Heart J. 60 (1988) 

267–274. 

54.  K. Inoue, K. Naruse, S. Yamagami, H. Mitani, N. Suzuki, Y. Takei, Four functionally distinct C-type 
natriuretic peptides found in fish reveal evolutionary history of the natriuretic peptide system, Proc. Natl. 

Acad. Sci. U. S. A. 100 (2003) 10079–10084. 
55.  G.W. Snedecor, W.G. Cochran, Statistical Methods, Statistical Methods, Iowa State University Press, 

Ames, 1982. 274–276. 
56.  P.R. Kalra, J.R. Clague, A.P. Bolger, S.D. Anker, P.A. Poole-Wilson, A.D. Struthers, A.J. Coats, Myocardial 

production of C-type natriuretic peptide in chronic heart failure, Circulation 107 (2003) 571–573. 

57.  R.S. Del, M. Cabiati, F. Vozzi, B. Battolla, C. Caselli, F. Forini, C. Segnani, T. Prescimone, D. Giannessi, L. 
Mattii, Expression of C-type natriuretic peptide and its receptor NPR-B in cardiomyocytes, Peptides 32 

(2011) 1713–1718. 
58.  G. Thibault, C. Charbonneau, J. Bilodeau, E.L. Schiffrin, R. Garcia, Rat brain natri- uretic peptide is 

localized in atrial granules and released into the circulation, Am. J. Physiol. 263 (1992) R301–R309. 
59.  H. Shimoike, N. Iwai, M. Kinoshita, Differential regulation of natriuretic peptide genes in infarcted rat hearts, 

Clin. Exp. Pharmacol. Physiol. 24 (1997) 23–30. 
60.  N. Hama, H. Itoh, G. Shirakami, O. Nakagawa, S. Suga, Y. Ogawa, I. Masuda, K. Nakanishi, T. Yoshimasa, 

Y. Hashimoto, Rapid ventricular induction of brain natriuretic peptide gene expression in experimental acute 
myocardial infarction, Circulation 92 (1995) 1558–1564. 

61.  Y. Hori, N. Sano, K. Kanai, F. Hoshi, N. Itoh, S. Higuchi, Acute cardiac volume load-related changes in 
plasma atrial natriuretic peptide and N-terminal pro-B-type natriuretic peptide concentrations in healthy dogs, 
Vet. J. 185 (2010) 317–321. 

62.  M. Marttila, O. Vuolteenaho, D. Ganten, K. Nakao, H. Ruskoaho, Synthesis and secretion of natriuretic 
peptides in the hypertensive TGR(mREN-2)27 transgenic rat, Hypertension 28 (1996) 995–1004. 

63.  A.J. de Bold, B.G. Bruneau, M.L. Kuroski de Bold, Mechanical and neuroendocrine regulation of the 
endocrine heart, Cardiovasc. Res. 31 (1996) 7–18. 

64.  H. Leskinen, O. Vuolteenaho, J. Leppaluoto, H. Ruskoaho, Role of nitric oxide on cardiac hormone 
secretion: effect of NG-nitro-L-arginine methyl ester on atrial natriuretic peptide and brain natriuretic peptide 
release, Endocrinology 136 (1995) 1241–1249. 

65.  P. Mantymaa, O. Vuolteenaho, M. Marttila, H. Ruskoaho, Atrial stretch induces rapid increase in brain 
natriuretic peptide but not in atrial natriuretic peptide gene expression in vitro, Endocrinology 133 (1993) 

1470–1473. 
66.  B.G. Bruneau, A.J. de Bold, Selective changes in natriuretic peptide and early response gene expression in 

isolated rat atria following stimulation by stretch or endothelin-1, Cardiovasc. Res. 28 (1994) 1519–1525. 
67.  P. Kinnunen, O. Vuolteenaho, H. Ruskoaho, Mechanisms of atrial and brain natriuretic peptide release from 

rat ventricular myocardium: effect of stretching, Endocrinology 132 (1993) 1961–1970. 
68.  G. Thibault, F. Amiri, R. Garcia, Regulation of natriuretic peptide secretion by the heart, Annu. Rev. Physiol. 

61 (1999) 193–217. 

69.  H. Ruskoaho, P. Kinnunen, T. Taskinen, O. Vuolteenaho, J. Leppaluoto, T.E. Takala, Regulation of 
ventricular atrial natriuretic peptide release in hypertrophied rat myocardium. Effects of exercise, Circulation 

80 (1989) 390–400. 
70.  G. Agnoletti, A. Cornacchiari, A.F. Panzali, S. Ghielmi, G.F. De, R. Ferrari, Effect of congestive heart failure 

on rate of atrial natriuretic factor release in response to stretch and isoprenaline, Cardiovasc. Res. 24 (1990) 

938–945. 
71.  H. Bayat, J.S. Swaney, A.N. Ander, N. Dalton, B.P. Kennedy, H.K. Hammond, D.M. Roth, Progressive heart 

failure after myocardial infarction in mice, Basic Res. Cardiol. 97 (2002) 206–213. 
72.  V.A. Cameron, M.T. Rademaker, L.J. Ellmers, E.A. Espiner, M.G. Nicholls, A.M. Richards, Atrial (ANP) and 

brain natriuretic peptide (BNP) expression after myocardial infarction in sheep: ANP is synthesized by 
fibroblasts infiltrating the infarct, Endocrinology 141 (2000) 4690–4697. 

73.  M. Kaiser, O. Kahr, Y. Shimada, P. Smith, M. Kelly, H. Mahadeva, M. Adams, D. Lodwick, C. Aalkjaer, M. 
Avkiran, N.J. Samani, Differential regulation of ventricu- lar adrenomedullin and atrial natriuretic peptide 
gene expression in pressure and volume overload in the rat, Clin. Sci. (Lond.) 94 (1998) 359–365. 

74.  V. Franco, Y.F. Chen, S. Oparil, J.A. Feng, D. Wang, F. Hage, G. Perry, Atrial natriuretic peptide dose-
dependently inhibits pressure overload-induced cardiac remodeling, Hypertension 44 (2004) 746–750. 

75.  L.S. Spruill, C.F. Baicu, M.R. Zile, P.J. McDermott, Selective translation of mRNAs in the left ventricular 



 Chapter 1 

35 

 

myocardium of the mouse in response to acute pressure overload, J. Mol. Cell. Cardiol. 44 (2008) 69–75. 
76.  N. Koitabashi, M. Arai, K. Niwano, A. Watanabe, M. Endoh, M. Suguta, T. Yokoyama, H. Tada, T. Toyama, 

H. Adachi, S. Naito, S. Oshima, T. Nishida, S. Kubota, M. Takigawa, M. Kurabayashi, Plasma connective 
tissue growth factor is a novel potential biomarker of cardiac dysfunction in patients with chronic heart 
failure, Eur. J. Heart Fail. 10 (2008) 373–379. 

77.  Y. Zhang, D. Carreras, A.J. de Bold, Discoordinate re-expression of cardiac fetal genes in N(omega)-nitro-
L-arginine methyl ester (L-NAME) hypertension, Cardiovasc. Res. 57 (2003) 158–167. 

78.  N. Dzimiri, A. Moorji, B. Afrane, Z. Al-Halees, Differential regulation of atrial and brain natriuretic peptides 
and its implications for the management of left ventricular volume overload, Eur. J. Clin. Invest. 32 (2002) 

563–569. 

79.  C. Ocampo, P. Ingram, M. Ilbawi, R. Arcilla, M. Gupta, Revisiting the surgical creation of volume load by 
aorto-caval shunt in rats, Mol. Cell. Biochem. 251 (2003) 139–143. 

80.  W. Lear, P.H. Boer, Rapid activation of the type B versus type A natriuretic factor gene by aortocaval shunt 
induced cardiac volume overload, Cardiovasc. Res. 29 (1995) 676–681. 

81.  K.R. Hutchinson, A. Guggilam, M.J. Cismowski, M.L. Galantowicz, T.A. West, J.A. Stewart Jr., X. Zhang, 
K.C. Lord, P.A. Lucchesi, Temporal pattern of left ventricular structural and functional remodeling following 
reversal of volume overload heart failure, J. Appl. Physiol. 111 (2011) 1778–1788. 

82.  L.A. Brown, D.J. Nunez, M.R. Wilkins, Differential regulation of natriuretic peptide receptor messenger 
RNAs during the development of cardiac hypertrophy in the rat, J. Clin. Invest. 92 (1993) 2702–2712. 

83.  M.L. Kuroski de Bold, Atrial natriuretic factor and brain natriuretic peptide gene expression in the 
spontaneous hypertensive rat during postnatal development, Am. J. Hypertens. 11 (1998) 1006–1018. 

84.  H. Kawakami, H. Okayama, M. Hamada, K. Hiwada, Alteration of atrial natriuretic peptide and brain 
natriuretic peptide gene expression associated with progression and regression of cardiac hypertrophy in 
renovascular hypertensive rats, Clin. Sci. (Lond.) 90 (1996) 197–204. 

85.  Y. Sakata, K. Yamamoto, T. Masuyama, T. Mano, N. Nishikawa, T. Kuzuya, T. Miwa, M. Hori, Ventricular 
production of natriuretic peptides and ventricular structural remodeling in hypertensive heart failure, J. 

Hypertens. 19 (2001) 1905–1912. 
86.  K. Wolf, A. Kurtz, M. Pfeifer, K. Hocherl, G.A. Riegger, B.K. Kramer, Different regulation of left ventricular 

ANP, BNP and adrenomedullin mRNA in the two-kidney, one-clip model of renovascular hypertension, 
Pflugers Arch. 44 (2001) 212–217. 

87.  M. Yoshimura, H. Yasue, H. Tanaka, K. Kikuta, H. Sumida, H. Kato, M. Jougasaki, K. Nakao, Responses of 
plasma concentrations of A type natriuretic peptide and B type natriuretic peptide to alacepril, an 
angiotensin-converting enzyme inhibitor, in patients with congestive heart failure, Br. Heart J. 72 (1994) 

528–533. 
88.  E. Suzuki, Y. Hirata, O. Kohmoto, T. Sugimoto, H. Hayakawa, H. Matsuoka, T. Sugimoto, M. Kojima, K. 

Kangawa, N. Minamino, Cellular mechanisms for synthesis and secretion of atrial natriuretic peptide and 
brain natriuretic peptide in cultured rat atrial cells, Circ. Res. 71 (1992) 1039–1048. 

89.  R.H. Lekanne Deprez, M.J.B. van den Hoff, P.A.J. de Boer, J.M. Ruijter, A.A.W. Maas, R.A.F.M. 
Chamuleau, W.H. Lamers, A.F.M. Moorman, Changing patterns of gene expression in the pulmonary trunk-
banded rat heart, J. Mol. Cell. Cardiol. 30 (1998) 1877–1888. 

90.  T. Langenickel, I. Pagel, K. Hohnel, R. Dietz, R. Willenbrock, Differential regulation of cardiac ANP and BNP 
mRNA in different stages of experimental heart failure, Am. J. Physiol. Heart Circ. Physiol. 278 (2000) 

H1500–H1506. 
91.  X. Su, G. Brower, J.S. Janicki, Y.F. Chen, S. Oparil, L.J. Dell'Italia, Differential expression of natriuretic 

peptides and their receptors in volume overload cardiac hypertrophy in the rat, J. Mol. Cell. Cardiol. 31 

(1999) 1927–1936. 
92.  T. Walther, H. Stepan, R. Faber, Dual natriuretic peptide response to volume load in the fetal circulation, 

Cardiovasc. Res. 49 (2001) 817–819. 
93.  J. Yamada, K. Fujimori, T. Ishida, M. Sanpei, S. Honda, A. Sato, Plasma endothelin-1 and atrial natriuretic 

peptide levels during prolonged (24-h) non-acidemic hypoxemia in fetal goats, J. Matern. Fetal Med. 10 

(2001) 409–413. 
94.  C. Zhou, J. Zhuang, X. Zhang, J. Zhang, Changes in atrial natriuretic peptide levels during cardiac bypass 

in the fetal goat, Artif. Organs 32 (2008) 956–961. 
95.  Y. Ville, A. Proudler, A. Abbas, K. Nicolaides, Atrial natriuretic factor concentration in normal, growth-

retarded, anemic, and hydropic fetuses, Am. J. Obstet. Gynecol. 171 (1994) 777–783. 
96.  N.J. Scott, L.J. Ellmers, J.G. Lainchbury, N. Maeda, O. Smithies, A.M. Richards, V.A. Cameron, Influence of 

natriuretic peptide receptor-1 on survival and cardiac hypertrophy during development, Biochim. Biophys. 
Acta 1792 (2009) 1175–1184. 

97.  L.R. Potter, S. Abbey-Hosch, D.M. Dickey, Natriuretic peptides, their receptors, and cyclic guanosine 



Regulation of ANF and BNP expression 
 

36 

 

monophosphate-dependent signaling functions, Endocr. Rev. 27 (2006) 47–72. 
98.  K. Kimura, Y. Yamaguchi, M. Horii, H. Kawata, H. Yamamoto, S. Uemura, Y. Saito, ANP is cleared much 

faster than BNP in patients with congestive heart failure, Eur. J. Clin. Pharmacol. 63 (2007) 699–702. 
99.  M. Emdin, C. Passino, C. Prontera, M. Fontana, R. Poletti, A. Gabutti, C. Mammini, A. Giannoni, L. Zyw, G. 

Zucchelli, A. Clerico, Comparison of brain natriuretic peptide (BNP) and amino-terminal ProBNP for early 
diagnosis of heart failure, Clin. Chem. 53 (2007) 1289–1297. 

100.  T. Mueller, A. Gegenhuber, B. Dieplinger, W. Poelz, M. Haltmayer, Long-term stability of endogenous B-
type natriuretic peptide (BNP) and amino terminal proBNP (NT-proBNP) in frozen plasma samples, Clin. 

Chem. Lab. Med. 42 (2004) 942–944. 
101.  A. Gegenhuber, J. Struck, W. Poelz, R. Pacher, N.G. Morgenthaler, A. Bergmann, M. Haltmayer, T. Mueller, 

Midregional pro-A-type natriuretic peptide measurements for diagnosis of acute destabilized heart failure in 
short-of-breath patients: comparison with B-type natriuretic peptide (BNP) and amino-terminal proBNP, Clin. 

Chem. 52 (2006) 827–831. 

102.  J.A. Eindhoven, A.E. van den Bosch, P.R. Jansen, E. Boersma, J.W. Roos-Hesselink, The usefulness of 
brain natriuretic peptide in complex congenital heart disease: a systematic review, J. Am. Coll. Cardiol. 60 

(2012) 2140–2149. 
103.  A. Beleigoli, M. Diniz, M. Nunes, M. Barbosa, S. Fernandes, M. Abreu, A. Ribeiro, Reduced brain natriuretic 

peptide levels in class III obesity: the role of metabolic and cardiovascular factors, Obes. Facts 4 (2011) 

427–432. 
104.  E.D. Bartels, J.M. Nielsen, L.S. Bisgaard, J.P. Goetze, L.B. Nielsen, Decreased expression of natriuretic 

peptides associated with lipid accumulation in cardiac ventricle of obese mice, Endocrinology 151 (2010) 

5218–5225. 
105.  A. Clerico, A. Giannoni, S. Vittorini, M. Emdin, The paradox of low BNP levels in obesity, Heart Fail. Rev. 17 

(2012) 81–96. 

106.  M. Magnusson, A. Jujic, B. Hedblad, G. Engstrom, M. Persson, J. Struck, N.G. Morgenthaler, P. Nilsson, C. 
Newton-Cheh, T.J. Wang, O. Melander, Low plasma level of atrial natriuretic peptide predicts development 
of diabetes: the prospective Malmo Diet and Cancer study, J. Clin. Endocrinol. Metab. 97 (2012) 638–645. 

107.  A.M. de, J. Lupon, A. Galan, J. Vila, A. Urrutia, A. Bayes-Genis, Combined use of high-sensitivity cardiac 
troponin T and N-terminal pro-B type natriuretic peptide improves measurements of performance over 
established mortality risk factors in chronic heart failure, Am. Heart J. 163 (2012) 821–828.  

108.  A. Gluba, A. Bielecka, D.P. Mikhailidis, N.D. Wong, S.S. Franklin, J. Rysz, M. Banach, An update on 
biomarkers of heart failure in hypertensive patients, J. Hypertens. 30 (2012) 1681–1689. 

109.  T. Ahmad, M. Fiuzat, G.M. Felker, C. O'Connor, Novel biomarkers in chronic heart failure, Nat. Rev. Cardiol. 

9 (2012) 347–359. 
110.  S. Pikkarainen, H. Tokola, T. Majalahti-Palviainen, R. Kerkela, N. Hautala, S.S. Bhalla, F. Charron, M. 

Nemer, O. Vuolteenaho, H. Ruskoaho, GATA-4 is a nuclear mediator of mechanical stretch-activated 
hypertrophic program, J. Biol. Chem. 278 (2003) 23807–23816. 

111.  R. Kerkela, M. Ilves, S. Pikkarainen, H. Tokola, V.P. Ronkainen, T. Majalahti, J. Leppaluoto, O. 
Vuolteenaho, H. Ruskoaho, Key roles of endothelin-1 and p38 MAPK in the regulation of atrial stretch 
response, Am. J. Physiol. Regul. Integr. Comp. Physiol. 300 (2011) R140–R149. 

112.  F. Liang, D.G. Gardner, Mechanical strain activates BNP gene transcription through a p38/NF-kappaB-
dependent mechanism, J. Clin. Invest. 104 (1999) 1603–1612. 

113.  F. Liang, S. Lu, D.G. Gardner, Endothelin-dependent and -independent components of strain-activated 
brain natriuretic peptide gene transcription require extracellular signal regulated kinase and p38 mitogen-
activated protein kinase, Hypertension 35 (2000) 188–192. 

114.  R. Aikawa, T. Nagai, S. Kudoh, Y. Zou, M. Tanaka, M. Tamura, H. Akazawa, H. Takano, R. Nagai, I. 
Komuro, Integrins play a critical role in mechanical stress-induced p38 MAPK activation, Hypertension 39 

(2002) 233–238. 
115.  F. Liang, D.G. Gardner, Autocrine/paracrine determinants of strain-activated brain natriuretic peptide gene 

expression in cultured cardiac myocytes, J. Biol. Chem. 273 (1998) 14612–14619. 
116.  W. Nadruz Jr., M.A. Corat, T.M. Marin, G.A. Guimaraes Pereira, K.G. Franchini, Focal adhesion kinase 

mediates MEF2 and c-Jun activation by stretch: role in the activation of the cardiac hypertrophic genetic 
program, Cardiovasc. Res. 68 (2005) 87–97. 

117.  X. Peng, X. Wu, J.E. Druso, H. Wei, A.Y. Park, M.S. Kraus, A. Alcaraz, J. Chen, S. Chien, R.A. Cerione, 
J.L. Guan, Cardiac developmental defects and eccentric right ventricular hypertrophy in cardiomyocyte focal 
adhesion kinase (FAK) conditional knockout mice, Proc. Natl. Acad. Sci. U. S. A. 105 (2008) 6638–6643. 

118.  A.S. Torsoni, S.S. Constancio, W. Nadruz Jr., S.K. Hanks, K.G. Franchini, Focal adhesion kinase is 
activated and mediates the early hypertrophic response to stretch in cardiac myocytes, Circ. Res. 93 (2003) 

140–147. 



 Chapter 1 

37 

 

119.  N. Hautala, H. Tokola, M. Luodonpaa, J. Puhakka, H. Romppanen, O. Vuolteenaho, H. Ruskoaho, Pressure 
overload increases GATA4 binding activity via endothelin-1, Circulation 103 (2001) 730–735. 

120.  M. Marttila, N. Hautala, P. Paradis, M. Toth, O. Vuolteenaho, M. Nemer, H. Ruskoaho, GATA4 mediates 
activation of the B-type natriuretic peptide gene expression in response to hemodynamic stress, 
Endocrinology 142 (2001) 4693–4700. 

121.  J.Y. Lim, S.J. Park, H.Y. Hwang, E.J. Park, J.H. Nam, J. Kim, S.I. Park, TGF-beta1 induces cardiac 
hypertrophic responses via PKC-dependent ATF-2 activation, J. Mol. Cell. Cardiol. 39 (2005) 627–636. 

122.  M. Matsumoto-Ida, Y. Takimoto, T. Aoyama, M. Akao, T. Takeda, T. Kita, Activation of TGF-beta1-TAK1-
p38 MAPK pathway in spared cardiomyocytes is involved in left ventricular remodeling after myocardial 
infarction in rats, Am. J. Physiol. Heart Circ. Physiol. 290 (2006) H709–H715. 

123.  E. Koivisto, L. Kaikkonen, H. Tokola, S. Pikkarainen, J. Aro, H. Pennanen, T. Karvonen, J. Rysa, R. 
Kerkela, H. Ruskoaho, Distinct regulation of B-type natri- uretic peptide transcription by p38 MAPK isoforms, 
Mol. Cell. Endocrinol. 33 (2011) 18–27. 

124.  B.A. Harder, M.C. Schaub, H.M. Eppenberger, M. Eppenberger-Eberhardt, Influence of fibroblast growth 
factor (bFGF) and insulin-like growth factor (IGF-I) on cytoskeletal and contractile structures and on atrial 
natriuretic factor (ANF) expression in adult rat ventricular cardiomyocytes in culture, J. Mol. Cell. Cardiol. 28 

(1996) 19–31. 

125.  T.M. Scharin, B. Redfors, M. Lindbom, J. Svensson, T. Ramunddal, C. Ohlsson, Y. Shao, E. Omerovic, 
Importance of circulating IGF-1 for normal cardiac morphology, function and post infarction remodeling, 
Growth Horm. IGF Res. 22 (2012) 206–211. 

126.  S. Welch, D. Plank, S. Witt, B. Glascock, E. Schaefer, S. Chimenti, A.M. Andreoli, F. Limana, A. Leri, J. 
Kajstura, P. Anversa, M.A. Sussman, Cardiac-specific IGF-1 expression attenuates dilated cardiomyopathy 
in tropomodulin-overexpressing transgenic mice, Circ. Res. 90 (2002) 641–648. 

127.  M. Eppenberger-Eberhardt, S. Aigner, M.Y. Donath, V. Kurer, P. Walther, C. Zuppinger, M.C. Schaub, H.M. 
Eppenberger, IGF-I and bFGF differentially influence atrial natriuretic factor and alpha-smooth muscle actin 
expression in cultured atrial compared to ventricular adult rat cardiomyocytes, J. Mol. Cell. Cardiol. 29 

(1997) 2027–2039. 
128.  M.Y. Donath, M.A. Gosteli-Peter, C. Hauri, E.R. Froesch, J. Zapf, Insulin-like growth factor-I stimulates 

myofibrillar genes and modulates atrial natriuretic factor mRNA in rat heart, Eur. J. Endocrinol. 137 (1997) 

309–315. 
129.  A. Musaro, K.J. McCullagh, F.J. Naya, E.N. Olson, N. Rosenthal, IGF-1 induces skeletal myocyte 

hypertrophy through calcineurin in association with GATA-2 and NF-ATc1, Nature 400 (1999) 581–585. 
130.  T. Miyashita, Y. Takeishi, H. Takahashi, S. Kato, I. Kubota, H. Tomoike, Role of calcineurin in insulin-like 

growth factor-1-induced hypertrophy of cultured adult rat ventricular myocytes, Jpn. Circ. J. 65 (2001) 815–

819. 

131.  J.P. Munoz, A. Collao, M. Chiong, C. Maldonado, T. Adasme, L. Carrasco, P. Ocaranza, R. Bravo, L. 
Gonzalez, G. Diaz-Araya, C. Hidalgo, S. Lavandero, The transcription factor MEF2C mediates 
cardiomyocyte hypertrophy induced by IGF-1 signaling, Biochem. Biophys. Res. Commun. 388 (2009) 155–

160. 
132.  M. Luodonpaa, O. Vuolteenaho, S. Eskelinen, H. Ruskoaho, Effects of adrenomedullin on hypertrophic 

responses induced by angiotensin II, endothelin-1 and phenylephrine, Peptides 22 (2001) 1859–1866. 
133.  J.A. Byrne, D.J. Grieve, J.K. Bendall, J.M. Li, C. Gove, J.D. Lambeth, A.C. Cave, A.M. Shah, Contrasting 

roles of NADPH oxidase isoforms in pressure-overload versus angiotensin II-induced cardiac hypertrophy, 
Circ. Res. 93 (2003) 802–805. 

134.  P.K. Mehta, K.K. Griendling, Angiotensin II cell signaling: physiological and pathological effects in the 
cardiovascular system, Am. J. Physiol. Cell Physiol. 292 (2007) C82–C97. 

135.  C. Oro, H. Qian, W.G. Thomas, Type 1 angiotensin receptor pharmacology: signaling beyond G proteins, 
Pharmacol. Ther. 113 (2007) 210–226. 

136.  M. Ludwig, G. Steinhoff, J. Li, The regenerative potential of angiotensin AT2 receptor in cardiac repair, Can. 

J. Physiol. Pharmacol. 90 (2012) 287–293. 
137.  T. Senbonmatsu, S. Ichihara, E. Price Jr., F.A. Gaffney, T. Inagami, Evidence for angiotensin II type 2 

receptor-mediated cardiac myocyte enlargement during in vivo pressure overload, J. Clin. Invest. 106 (2000) 

R25–R29. 
138.  S. Rosenkranz, TGF-beta1 and angiotensin networking in cardiac remodeling, Cardiovasc. Res. 63 (2004) 

423–432. 
139.  T. Majalahti, M. Suo-Palosaari, B. Sarman, N. Hautala, S. Pikkarainen, H. Tokola, O. Vuolteenaho, J. 

Wang, P. Paradis, M. Nemer, H. Ruskoaho, Cardiac BNP gene activation by angiotensin II in vivo, Mol. Cell. 

Endocrinol. 273 (2007) 59–67. 
140.  T.H. Cheng, P.Y. Cheng, N.L. Shih, I.B. Chen, D.L. Wang, J.J. Chen, Involvement of reactive oxygen 



Regulation of ANF and BNP expression 
 

38 

 

species in angiotensin II-induced endothelin-1 gene expressio in rat cardiac fibroblasts, J. Am. Coll. Cardiol. 

42 (2003) 1845–1854. 
141.  Y.M. Lu, N. Shioda, F. Han, A. Kamata, Y. Shirasaki, Z.H. Qin, K. Fukunaga DY-9760e inhibits endothelin-

1-induced cardiomyocyte hypertrophy through inhibition of CaMKII and ERK activities, Cardiovasc. Ther. 27 

(2009) 17–27. 
142.  A.J. Bingham, L. Ooi, L. Kozera, E. White, I.C. Wood, The repressor element 1-silencing transcription factor 

regulates heart-specific gene expression using multiple chromatin-modifying complexes, Mol. Cell. Biol. 27 

(2007) 4082–4092. 
143.  K. Kuwahara, Y. Saito, E. Ogawa, N. Takahashi, Y. Nakagawa, Y. Naruse, M. Harada, I. Hamanaka, T. 

Izumi, Y. Miyamoto, I. Kishimoto, R. Kawakami, M. Nakanishi, N. Mori, K. Nakao, The neuron-restrictive 
silencer element-neuron- restrictive silencer factor system regulates basal and endothelin 1-inducible atrial 
natriuretic peptide gene expression in ventricular myocytes, Mol. Cell. Biol. 21 (2001) 2085–2097. 

144.  D.J. Glenn, F. Wang, S. Chen, M. Nishimoto, D.G. Gardner, Endothelin-stimulated human B-type natriuretic 
peptide gene expression is mediated by Yin Yang 1 in association with histone deacetylase 2, Hypertension 

53 (2009) 549–555. 
145.  S. Morin, P. Paradis, A. Aries, M. Nemer, Serum response factor-GATA ternary complex required for 

nuclear signaling by a G-protein-coupled receptor, Mol. Cell. Biol. 21 (2001) 1036–1044. 

146.  Y. Yoshida, T. Morimoto, T. Takaya, T. Kawamura, Y. Sunagawa, H. Wada, M. Fujita, A. Shimatsu, T. Kita, 
K. Hasegawa, Aldosterone signaling associates with p300/GATA4 transcriptional pathway during the 
hypertrophic response of cardiomyocytes, Circ. J. 74 (2010) 156–162. 

147.  C. Morisco, D.C. Zebrowski, D.E. Vatner, S.F. Vatner, J. Sadoshima, β-adrenergic cardiac hypertrophy is 
mediated primarily by the β1-subtype in the rat heart, J. Mol. Cell. Cardiol. 33 (2001) 561–573. 

148.  S.P. Barry, S.M. Davidson, P.A. Townsend, Molecular regulation of cardiac hyper- trophy, Int. J. Biochem. 
Cell Biol. 40 (2008) 2023–2039. 

149.  M. Vidal, T. Wieland, M.J. Lohse, K. Lorenz, Beta-adrenergic receptor stimulation causes cardiac 
hypertrophy via a Gbetagamma/Erk-dependent pathway, Cardiovasc. Res. 96 (2012) 255–264. 

150.  M. Patrizio, V. Vago, M. Musumeci, K. Fecchi, N.M. Sposi, E. Mattei, L. Catalano, T. Stati, G. Marano, 
cAMP-mediated beta-adrenergic signaling negatively regulates Gq-coupled receptor-mediated fetal gene 
response in cardiomyocytes, J. Mol. Cell. Cardiol. 45 (2008) 761–769. 

151.  J.D. Molkentin, J.R. Lu, C.L. Antos, B. Markham, J. Richardson, J. Robbins, S.R. Grant, E.N. Olson, A 
calcineurin-dependent transcriptional pathway for cardiac hypertrophy, Cell 93 (1998) 215–228. 

152.  Y. Zou, T. Yamazaki, K. Nakagawa, H. Yamada, N. Iriguchi, H. Toko, H. Takano, H. Akazawa, R. Nagai, I. 
Komuro, Continuous blockade of L-type Ca2+ channels suppresses activation of calcineurin and 
development of cardiac hypertrophy in spontaneously hypertensive rats, Hypertens. Res. 25 (2002) 117–

124. 

153.  T. Ohba, H. Watanabe, M. Murakami, Y. Takahashi, K. Iino, S. Kuromitsu, Y. Mori, K. Ono, T. Iijima, H. Ito, 
Upregulation of TRPC1 in the development of cardiac hypertrophy, J. Mol. Cell. Cardiol. 42 (2007) 498–507. 

154.  R.A. Dulce, C. Hurtado, I.L. Ennis, C.D. Garciarena, M.C. Alvarez, C. Caldiz, G.N. Pierce, E.L. Portiansky, 
G.E. Chiappe de Cingolani, M.C. Camilion de Hurtado, Endothelin-1 induced hypertrophic effect in neonatal 
rat cardiomyocytes: involvement of Na+/H + and Na+/Ca2+ exchangers, J. Mol. Cell. Cardiol. 41 (2006) 

807–815. 
155.  G.P. Diniz, M.S. Carneiro-Ramos, M.L. Barreto-Chaves, Angiotensin type 1 receptor mediates thyroid 

hormone-induced cardiomyocyte hypertrophy through the Akt/GSK-3beta/mTOR signaling pathway, Basic 

Res. Cardiol. 104 (2009) 653–667. 
156.  G.P. Diniz, M.S. Carneiro-Ramos, M.L. Barreto-Chaves, Thyroid hormone increases TGF-beta1 in 

cardiomyocytes cultures independently of angiotensin II type 1 and type 2 receptors, Int. J. Endocrinol. 2010 

(2010) 384890. 
157.  Z. Harrelson, R.G. Kelly, S.N. Goldin, J.J. Gibson-Brown, R.J. Bollag, L.M. Silver, V.E. Papaioannou, Tbx2 

is essential for patterning the atrioventricular canal and for morphogenesis of the outflow tract during heart 
development, Development 131 (2004) 5041–5052. 

158.  W.T. Aanhaanen, J.F. Brons, J.N. Dominguez, M.S. Rana, J. Norden, R. Airik, V. Wakker, C. de Gier-de 
Vries, N.A. Brown, A. Kispert, A.F. Moorman, V.M. Christoffels, The Tbx2+ primary myocardium of the 
atrioventricular canal forms the atrioventricular node and the base of the left ventricle, Circ. Res. 104 (2009) 
1267. 

159.  S.A. Warren, R. Terada, L.E. Briggs, C.T. Cole-Jeffrey, W.M. Chien, T. Seki, E.O. Weinberg, T.P. Yang, 
M.T. Chin, J. Bungert, H. Kasahara, Differential role of Nkx2–5 in activation of the ANF gene in developing 
vs. failing heart, Mol. Cell. Biol. 31 (2011) 4633–4645. 

160.  Q. He, D. Wang, X.P. Yang, O.A. Carretero, M.C. LaPointe, Inducible regulation of human brain natriuretic 
peptide promoter in transgenic mice, Am. J. Physiol. Heart Circ. Physiol. 280 (2001) H368–H376. 



 Chapter 1 

39 

 

161.  B. Mayer, T. Kaiser, P. Kempt, T. Cornelius, S.R. Holmer, H. Schunkert, Molecular cloning and functional 
characterization of the upstream rat atrial natriuretic peptide promoter, J. Hypertens. 20 (2002) 219–228. 

162.  R. von Harsdorf, J.G. Edwards, Y.T. Shen, R.K. Kudej, R. Dietz, L.A. Leinwand, B. Nadal-Ginard, S.F. 
Vatner, Identification of a cis-acting regulatory element conferring inducibility of the atrial natriuretic factor 
gene in acute pressure overload, J. Clin. Invest. 100 (1997) 1294–1304. 

163.  E.M. Small, P.A. Krieg, Transgenic analysis of the atrial natriuretic factor (ANF) promoter: Nkx2–5 and 
GATA-4 binding sites are required for atrial specific expression of ANF, Dev. Biol. 261 (2003) 116–131. 

164.  C.E. Seidman, E.V. Schmidt, J.G. Seidman, cis-Dominance of rat atrial natriuretic factor gene regulatory 
sequences in transgenic mice, Can. J. Physiol. Pharmacol. 69 (1991) 1486–1492. 

165.  L.J. Field, Atrial natriuretic factor-SV40 T antigen transgenes produce tumors and cardiac arrhythmias in 
mice, Science 239 (1988) 1029–1033. 

166.  H.A. Rockman, R.S. Ross, A.N. Harris, K.U. Knowlton, M.E. Steinhelper, L.J. Field, J. Ross Jr., K.R. Chien, 
Segregation of atrial-specific and inducible expression of an atrial natriuretic factor transgene in an in vivo 
murine model of cardiac hyper- trophy, Proc. Natl. Acad. Sci. U. S. A. 88 (1991) 8277–8281. 

167.  K.U. Knowlton, E. Baracchini, R.S. Ross, A.N. Harris, S.A. Henderson, S.M. Evans, C.C. Glembotski, K.R. 
Chien, Co-regulation of the atrial natriuretic factor and cardiac myosin light chain-2 genes during alpha-
adrenergic stimulation of neonatal rat ventricular cells. Identification of cis sequences within an embryonic 
and a constitutive contractile protein gene which mediate inducible expression, J. Biol. Chem. 266 (1991) 

7759–7768. 
168.  J.L. Gomez-Skarmeta, J. Modolell, Iroquois genes: genomic organization and function in vertebrate neural 

development, Curr. Opin. Genet. Dev. 12 (2002) 403–408. 
169.  A.C. Houweling, R. Dildrop, T. Peters, J. Mummenhoff, A.F.M. Moorman, U. Ruijther, V.M. Christoffels, 

Gene and cluster-specific expression of the Iroquois family members during mouse development, Mech. 

Dev. 107 (2001) 169–174. 

170.  J.J. Tena, M.E. Alonso, E. Calle-Mustienes, E. Splinter, L.W. de, M. Manzanares, J.L. Gomez-Skarmeta, An 
evolutionarily conserved three-dimensional structure in the vertebrate Irx clusters facilitates enhancer 
sharing and coregulation, Nat. Commun. 2 (2011) 310. 

171.  E. Morkin, Control of cardiac myosin heavy chain gene expression, Microsc. Res. Tech. 50 (2000) 522–531. 

172.  R.E. van, D. Quiat, B.A. Johnson, L.B. Sutherland, X. Qi, J.A. Richardson, R.J. Kelm Jr., E.N. Olson, A 
family of microRNAs encoded by myosin genes governs myosin expression and muscle performance, Dev. 

Cell 17 (2009) 662–673. 
173.  M. van den Boogaard, L.Y. Wong, F. Tessadori, M.L. Bakker, L.K. dreizehnter, V. Wakker, C.R. Bezzina, 

P.A. 't Hoen, J. Bakkers, P. Barnett, V.M. Christoffels, Genetic variation in T-box binding element functionally 
affects SCN5A/SCN10A enhancer, Clin. Invest. 122 (2012) 2519–2530.  

174. A. He, S.W. Kong, Q. Ma, W.T. Pu, Co-occupancy by multiple cardiac transcription factors identifies 
transcriptional enhancers active in heart, Proc. Natl. Acad. Sci. S. A. 108 (2011) 5632–5637. 

175.  J.A. Stamatoyannopoulos, M. Snyder, R. Hardison, B. Ren, T. Gingeras, D.M. Gilbert, M. Groudine, M. 
Bender, R. Kaul, T. Canfield, E. Giste, A. Johnson, M. Zhang, G. Balasundaram, R. Byron, V. Roach, P.J. 
Sabo, R. Sandstrom, A.S. Stehling, R.E. Thurman, S.M. Weissman, P. Cayting, M. Hariharan, J. Lian, Y. 
Cheng, S.G. Landt, Z. Ma, B.J. Wold, J. Dekker, G.E. Crawford, C.A. Keller, W. Wu, C. Morrissey, S.A. 
Kumar, T. Mishra, D. Jain, M. Byrska-Bishop, D. Blankenberg, B.R. Lajoie1, G. Jain, A. Sanyal, K.B. Chen, 
O. Denas, J. Taylor, G.A. Blobel, M.J. Weiss, M. Pimkin, W. Deng, G.K. Marinov, B.A. Williams, K.I. Fisher-
Aylor, G. Desalvo, A. Kiralusha, D. Trout, H. Amrhein, A. Mortazavi, L. Edsall, D. McCleary, S. Kuan, Y. 
Shen, F. Yue, Z. Ye, C.A. Davis, C. Zaleski, S. Jha, C. Xue, A. Dobin, W. Lin, M. Fastuca, H. Wang, R. 
Guigo, S. Djebali, J. Lagarde, T. Ryba, T. Sasaki, V.S. Malladi, M.S. Cline, V.M. Kirkup, K. Learned, K.R. 
Rosenbloom, W.J. Kent, E.A. Feingold, P.J. Good, M. Pazin, R.F. Lowdon, L.B. Adams, An encyclopedia of 
mouse DNA elements (mouse ENCODE), Genome Biol. 13 (2012) 418. 

176.  M.F. Del Greco, C. Pattaro, A. Luchner, I. Pichler, T. Winkler, A.A. Hicks, C. Fuchsberger, A. Franke, S.A. 
Melville, A. Peters, H.E. Wichmann, S. Schreiber, I.M. Heid, M. Krawczak, C. Minelli, C.J. Wiedermann, P.P. 
Pramstaller, Genome-wide association analysis and fine mapping of NT-proBNP level provide novel insight 
into the role of the MTHFR-CLCN6-NPPA-NPPB gene cluster, Hum. Mol. Genet. 20 (2011) 1660–1671.  

 



 

40 

 

 

 
  



 

41 

 

 

 

 

 

Chapter  2  
 

A transgenic mouse model for the 
simultaneous monitoring of ANF and 

BNP gene activity during heart 
development and disease 

 

Irina A. Sergeeva 

Ingeborg B. Hooijkaas 

Ingeborg van der Made 

Willeke M.C.Jong 

Esther E. Creemers 

Vincent M. Christoffels 

 

Cardiovascular Research 2014; 101(1): 78-86 

Editorial in Cardiovascular Research 2014; 101(1): 7-8  
(Michael I. Kotlikoff) 

 

  



 

42 

 

 



 Chapter 2 

43 

 

Abstract 

The expression of Nppa (ANF) and Nppb (BNP) marks the chamber myocardium in the 

embryo, and both genes serve as early and accurate markers for hypertrophy and heart 

failure. Non-invasive visualization of Nppa-Nppb expression in living mice would enable 

to evaluate the disease state during the course of time in heart disease models. We 

sought to develop a method to assess the pattern and level of Nppa and Nppb 

expression within living mice. A modified bacterial artificial chromosome containing a 

genomic segment spanning the Nppa- Nppb locus was randomly integrated into the 

mouse genome. Firefly Luciferase was inserted into Nppa and the red fluorescent 

protein gene Katushka into Nppb. Both reporters precisely recapitulated the spatio-

temporal patterns of Nppa and Nppb, respectively. In a hypertrophy model (transverse 

aortic constriction) and myocardial infarction model (left anterior descending coronary 

artery occlusion), the non-invasively measured bioluminescent signal from Luciferase 

correlated with Nppa expression, and the intensity of red fluorescence with levels of the 

expression of Katushka and Nppb. After myocardial infarction, the border zone of the 

infarct area was readily identified by an increased intensity of Katushka fluorescence. A 

genomic region sufficient to regulate the developmental pattern and stress response of 

Nppa and Nppb has been defined. The double reporter mice can be used for the 

functional imaging and investigation of cardiac hypertrophy and myocardial infarction in 

vivo. 
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Introduction 
 

Congestive heart failure (HF) is a common disabling condition that can lead to 

death. HF occurs when the heart is unable to adapt to hemodynamic changes and 

distribute blood flow to meet the needs of the body, and is the end stage of a variety of 

cardiac diseases. Atrial natriuretic factor (ANF) and brain natriuretic peptide (BNP) are 

diuretic and natriuretic hormones produced by the fetal and adult heart.1,2 Because ANF 

and BNP release from cardiomyocytes is induced by myocardial stress, the plasma 

levels of these peptides are used as diagnostic markers in the clinical setting to monitor 

the severity of hypertrophy and HF.3 At the same time, cardiac stress induces a strong 

ventricular expression of the genes encoding the natriuretic peptides (NPs), natriuretic 

peptide A (Nppa) and -B (Nppb). Therefore, Nppa and Nppb are widely used markers 

for the hypertrophic response in cell culture4 or for the development of hypertrophy and 

HF-related diseases in animal models.5  

Nppa and Nppb are expressed in the embryonic chamber myocardium and serve 

as markers for chamber differentiation.6 Ventricular Nppa expression strongly decreases 

after birth, whereas Nppb remains expressed in the adult ventricular myocardium. 

Increased cardiac load induces both Nppa and Nppb expression in the ventricles, which 

is widely referred to as the reactivation of a “fetal gene program”.7 Rat and human 

proximal promoter fragments of Nppb were shown to respond to angiotensin II 

stimulation and myocardial infarction (MI), respectively.8,9 However, the sequences 

controlling its full developmental pattern and expression in the adult heart have not been 

identified. Proximal regions of the rat and mouse Nppa gene were not able to 

recapitulate either the fetal ventricular expression or the stress response,10,11 and only a 

large 85 kb region including Nppb was shown to harbour the sequences involved in 

Nppa regulation.11 Moreover, the regulatory sequences and mechanisms controlling 

Nppa expression in the fetal and in the stressed ventricular myocardium appeared to be 

different.10,11  

Genetically engineered mouse models with reporter genes offer the opportunity to 

investigate the mechanisms of Nppa and Nppb expression and to identify regulatory 

sequences (enhancers) that control stress response in the in vivo context. Moreover, as 

the levels of Nppa/Nppb expression correlate with the severity of stress,12,13 a non-

invasive measurement of the expression of these genes would allow to estimate the 

pathological condition of a living animal during the course of time. This would be greatly 

beneficial for studying cardiac disease models in vivo. To address these two issues, we 

generated transgenic mice carrying a modified bacterial artificial chromosome (BAC) 

containing a genomic segment spanning the Nppa-Nppb locus. Luciferase and 

Katushka reporter genes were inserted to represent Nppa and Nppb expression, 

respectively. In vivo bioluminescence imaging offers efficient and sensitive detection of 

the firefly luciferase.14 Out of a variety of fluorescent protein reporters, far-red 
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fluorescent protein Katushka allows to overcome the problem of signal penetration 

through tissue.15 Here we show that this double reporter accurately reproduces the 

spatio-temporal expression pattern of Nppa and Nppb, and provides an accurate 

response to hypertrophy and MI. Bioluminescence imaging provides quantitative and 

non-invasive measure of ventricular Nppa expression during hypertrophy and MI, and 

Katushka fluorescence allows accurate location of the border zone after MI. 

 

 

Methods 
 

BAC modification 

The BAC336 clone of a mouse 129 SvJ BAC library (Incyte, St Louis, Mo) harbouring 

the sequence from -141 to +58 kb relative to the transcription start site of Nppa and 

carrying both Nppa and Nppb was modified with Luciferase and Katushka reporter 

genes. The sequences cccacgccagcATGggc and cggcATGgatc at the translation start 

sites of Nppa and Nppb (ATG region), were replaced by Luciferase and Katushka, 

respectively, using the BAC modification protocol described by Gong et al.16 pGL3basic 

(Promega) and pTurboFP-635C (Evrogen) vectors were used as a source of the genes 

for Luciferase-polyA and Katushka reporters. In short, two homologous arms (hom) 

around the ATG regions of Nppa and Nppb were amplified with the primers listed below, 

cloned into the pLD53.SC shuttle vector and used for two consecutive homologous 

recombination steps in bacteria. After both the cointegration and the resolution step 

correct recombination was verified by PCR screen using one primer outside a homology 

arm and another within the Luciferase/Katushka gene. The insertion of the reporter 

genes and the integrity of the recombinant BAC were confirmed by restriction digest 

with SpeI (Roche). Modified BAC was purified using a CsCl gradient16 and used for 

pronuclear injection. 

 

homologous arm 5’-Fw primer 5’-Rv primer 

hom_A(Nppa) CCTGACAGCTGAGCAGCAAG TCGGGGCACGATCTGATGTT 

hom_B(Nppa) TCCTTCTCCATCACCCTG CCAATCCTGTCAATCCTACC 

hom_C(Nppb) TGGTGATGGTGGGTGTTGTTT CAGAAGCGATGGGCCAGGCA 

hom_D(Nppb) TCCTGAAGGTGCTGTCCCAGAT AAGTGGCAAGGTAGGTGCTCAC 
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Animals 

BAC336-Luciferase-Katushka (BAC336LK) mice (FVB) were generated by pronuclear 

injections of modified BAC. Animal care and experiments conform to the Directive 

2010/63/EU of the European Parliament. All animal work was approved by the Animal 

Experimental Committee of the Academic Medical Center, Amsterdam (DAE101892, 

DAE102292, DAE102821), and carried out in compliance with the Dutch government 

guidelines. Mice were generated and bred on FVB background. Genotype analysis on 

founder lines and their offspring was performed using PCR of tissue-derived (ear, tail, 

embryo) DNA with Luciferase specific primers: 5’Fw- ATGTCCGTTCGGTTGGCAGA; 

5’Rv- CTGAAATCCCTGGTAATCCGTT). 

 

Southern blotting 

Southern blot analysis was performed with probes generated via PCR using the 

following primer pairs: 5’Fw-TGCTCTTCTAACATCCCTTGG and 5’Rv-

TCACATTCTTGCTGATTTGCC to obtain a 479 bp probe in the promoter region of 

Nppa/Luciferase; 5’Fw-ATGTGACTGGTTCTGGACTC and 5’Rv-

AGATTTCAGCTTGAGGATGC to obtain a 529 bp probe in the promoter region of 

Nppb/Katushka. SacI and SbfI enzymes were used to generate restriction fragments 

around Nppa/Luciferase and Nppb/Katushka genes, respectively. 

 

In situ hybridization 

Non-radioactive in situ hybridization (ISH) on sections was performed as described 

previously17 Embryos and hearts were fixed in 4% formaldehyde, embedded in 

paraplast and sectioned at 10 µm. The cDNA probes used were Nppa,38 Nppb,40 cTnI,42 

Luciferase and Katushka. DIG-labeled Luciferase probe was generated from the HindIII 

linearized pSP-luc+NF vector (Promega) using T7 polymerase. Katushka cDNA was 

subcloned from pTurboFP-635C (Evrogen) into pBluescript SK vector, linearized with 

EcoRV and labeled with T3 RNA. Images were acquired with the Zeiss Axiophot 

microscope. 

 

Fluorescence Imaging 

After dissecting adult BAC336LK mice, fluorescent images of the heart were obtained 

with a fluorescent dissection microscope (Leica MZ FLIII Stereomicroscope), equipped 

with Leica DFC 320 camera. 

 

RNA isolation and quantitative real-time PCR (qPCR) 

Ventricular tissue of fetal, control adult, transverse aortic constriction (TAC) and MI 

operated mice was dissected and snap frozen in liquid nitrogen and stored at -80°C. 

Total RNA was isolated using Trizol Reagent according to the manufacturer’s protocol 

(Invitrogen). 500 ng of total RNA was used for reverse transcription with the Superscript 
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II system (Invitrogen) and Oligo-dT as primers. Expression levels of different genes 

were assessed with quantitative real-time PCR using the LightCycler Real-Time PCR 

system (Roche Diagnostics, Almere, The Netherlands). Values were normalized to 

Gapdh or Hprt expression levels. The following primers were used: 

 

gene 5’-Fw 5’-Rv 

Nppa TTCCTCGTCTTGGCCTTTTG CCTCATCTTCTACCGGCATC 

Nppb GTCCAGCAGAGACCTCAAAA AGGCAGAGTCAGAAACTGGA 

Luciferase AGGTGGACATCACTTACGCT CACTGCATACGACGATTCTG 

Katushka 

Gapdh 

Hprt 

Collagen 1a1 

Collagen 3a1 

CTTCGACATCCTGGCTACC 

GTCAGCAATGCATCCTGCA 

TCCTCCTCAGACCGCTTT 

CTTCACCTACAGCACCCTTGTG 

TCAAGGCTGAAGGAAACAGCA 

TCGTATGTGGTGATCCTCTC 

CCGTTCAGCTCTGGGATGA 

CCTGGTTCATCATCGCTAATC 

CTTGGTGGTTTTGTATTCGATGAC 

GATGGGTAGTCTCATTGCC 

 

 

Transverse aortic constriction 

8 to 12-week-old FVB mice, carrying the modified BAC336LK construct were subjected 

for TAC as described before.18 All mice were weighed, sedated with 4% isoflurane, 

intubated and connected to a pressure-controlled ventilator (Hugo Sachs Electronic, 

Harvard Apparatus). A gas mixture of O2/N2 (v/v = 1/2) containing 2.5% isoflurane was 

used to maintain anaesthesia. Body temperature was kept at 37 °C and buprenorphine 

(50 µg/kg) was injected s.c. for postsurgical analgesia. Thoracotomy was performed 

through the first intercostal space and the aorta was constricted with a 7-0 silk suture, 

between the truncus brachiocephalicus and the arteria carotis communis sinistra. A 

27 G needle was used to induce severe TAC. The sham procedure was performed 

identically but without the aortic ligation. Age-matched unbanded or sham operated 

animals were used as controls, where sham operated animals were not different from 

the control mice. After 2 weeks or if discomfort (dyspnoe, decreasing mobility) was 

diagnosed earlier, mice were anaesthetized in a CO2/O2 mixture, subsequently killed by 

cervical dislocation and heart tissue was collected. Body weight (BW), heart weight 

(HW) and tibia length (TL) were determined and ventricular tissue was collected for 

RNA isolation, ISH and luciferase activity assay.  

 

 

 

 



The double reporter mouse model 

48 

 

Myocardial infarction 

Infarction was created in 8 to 12-week-old BAC336LK mice by permanent ligation of the 

left anterior descending coronary artery (LAD) according to the protocol described 

previously19 with slight modifications. Mice were sedated with a mixture of ketamine (60 

mg/kg) and dexmedetomidine hydrochloride (0.35 mg/kg). Atropine was 

intraperitoneally (i.p.) injected (0.5 mg/kg). Mice were shaved, analgesized 

subcutaneously with buprenorphine (0.068 mg/kg) kept on a heating mat to maintain 

body temperature, and intubated. Anesthesia was maintained with 2% isoflurane in O2 

(1L/min flow rate) via ventilation by a Minivent volume controlled Mouse Ventilator 

(Hugo Sachs Electronic, Harvard Apparatus).Left thoracotomy was performed at the 

fourth intercostal space. Infarction was created by permanent ligation of the LAD by 

surpassing a BV-4 5mm tapered point needle with a 9-0 Polyamid wire under the LAD, 

tied with a double knot. The thoracotomy and skin were closed with a C-1 12mm cutting 

needle with a 6-0 silicone coated brained silk wire. Atipamezole hydrochloride (2.5 

mg/kg) was subcutaneously injected to antagonize dexmedetomidine hydrochloride. 

After 1 and 2 weeks MI and non-operated mice, used as controls, were subjected to 

bioluminescence imaging and subsequently killed by cervical dislocation. Samples from 

the right ventricle, the interventricular septum, the left ventricle (control hearts) or 

corresponding border zone region (MI hearts) were collected 2 weeks after MI for RNA 

isolation. 

 

Echocardiography 

We measured LV function and dimensions by transthoracic two-dimentional 

echocardiography using a Vevo 770 Ultrasound (Visual Sonics) equipped with a 30-

MHz linear array transducer. Mice were sedated on 4% isoflurane and anesthesia was 

maintained by a mixture of O2 and 2.5% isoflurane. M-mode tracing in parasternal short 

axis view at the height of the papillary muscle were used to measure LV internal 

diameter at end-systole and end-diastole. Fractional shortening was calculated from 

these internal diameters using the following formula: ((LV end-diastolic diameter – LV 

end-systolic diameter) / LV end-diastolic diameter) x 100%. Ejection fraction was 

calculated according to the following formula: ((LV end-diastolic volume – LV end-

systolic volume) / LV end-diastolic volume) x 100%. 

 

In vivo bioluminescence imaging 

In vivo bioluminescence imaging was conducted on the Photon Imager (BioSpace Lab). 

Two weeks after TAC, as well as one and two weeks after LAD occlusion, experimental 

and age-matched control mice were sedated with 4% isoflurane, i.p. injected with 100 µl 

saline solution of D-Luciferin (30 mg/mL, Proteinkinase.de), anesthetized using 2% of 

isoflurane in O2 (1L/min flow rate) and placed resupine in the imager system. Ten 

minutes after i.p. injection the ten minutes imaging frames were acquired. During image 
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acquisition isoflurane anesthesia was maintained using a cone delivery system. A gray 

scale body surface image was collected in the chamber under dim illumination followed 

by acquisition and overlay of the pseudo-colour image representing the spatial 

distribution of detected photon counts emerging from active luciferase within the animal. 

Images and measurements of bioluminescent signals were analyzed with the Living 

Image software (M3Vision) within the manually drawn regions of interest in the heart 

area of mice. Image data are displayed in photons/sec/cm2/sr. 

 

Luciferase activity assay 

Luciferase extract was prepared from the ventricular samples of control and TAC mice 

according to the protocol described previously.20 In short, frozen tissue was grounded 

into a fine powder while frozen, lysed with the Reporter Lysis buffer (Promega), frozen 

and thawed three times using liquid nitrogen and 37°C water bath, and centrifuged for 3 

min at 10,000 g. After the second round of extraction process the supernatants were 

combined and used for luciferase activity measurement. 100 ul of D-Luciferin substrate 

was added to 10 ul of the extract by the luminometer’s injection system (GloMax 20/20) 

and Relative light units (RLU) were measured during 5s after 2s delay. RLU were 

normalized to the total amount of protein in the extracts measured with BCA protein 

assay reagent (Pierce) according to the manufacturer’s protocol. 

 

Statistical analysis 

All data were represented as mean value ± SEM. The two-tailed Student’s t-test was 

used to determine statistical significance (p < 0.05). Factor correction43 was used to 

remove variability between experiments performed in several sessions (TAC and LAD 

occlusion operations). Correlation coefficient was used to determine the relationship 

between two measurements. 
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Results 
 

Generation of a luciferase-red fluorescent protein double reporter for Nppa and 

Nppb activity 

BAC366 spans the region from -141 to +58 kb relative to Nppa and was shown to 

contain stress/hypertrophy enhancers for Nppa.11 To identify distal regulatory 

sequences responsible for the developmental expression and reactivation of both Nppa 

and Nppb, we modified BAC366 with two reporter genes. Synthetic firefly Luciferase 

and dimeric bright red fluorescent protein Katushka15 were inserted into the Nppa and 

Nppb translation start sites, respectively (Figure 1A). Insertion of the reporter genes and 

BAC integrity were assessed by restriction analysis of the modified regions 

(Supplemental Figure S1A). Two mouse lines were generated with randomly integrated 

multiple copies of the Luciferase-Katushka BAC construct (BAC336LK). Integrity of 

BAC336LK within the mouse genome was confirmed by Southern blotting with two 

probes in the promoter regions of Nppa and Nppb, respectively (Supplemental Figure 

S1B and S1C). Mice heterozygous for Luciferase and Katushka are phenotypically 

normal and display the heart-specific expression of the transgenes (data not shown). 

 

Luciferase and Katushka recapitulate the spatio-temporal expression patterns of 

Nppa and Nppb 

BAC336 was shown to contain distal regulatory elements responsible for 

developmental expression and reactivation of Nppa,11 but Nppb developmental 

regulatory elements have not been established. To determine whether the expression 

patterns of Luciferase and Katushka recapitulate the expression of Nppa and Nppb, 

respectively, we performed ISH on sections of two independent BAC336LK lines. As 

shown in Figure 1B and Supplemental Figure S2, both reporter genes precisely mimic 

the expression pattern of Nppa and Nppb in the fetal atria and the trabeculated layer of 

the ventricular myocardium. The expression of both the reporters and the endogenous 

genes was absent from the sinus node, atrioventricular canal, compact ventricular wall 

and outflow tract. Down-regulation of Nppa in the ventricles after birth to 1% of the atrial 

expression is recapitulated by down-regulation of Luciferase expression (Figure 1B and 

1D; Supplemental Figure S2), whereas Nppb and Katushka remain expressed in the 

adult ventricles at the same level as in the fetal heart (Figure 1B and 1C; Supplemental 

Figure S2). We conclude that BAC336 contains all information required for the 

remarkably similar spatio-temporal expression patterns of Nppa and Nppb, and that the 

regulatory sequences driving developmental and tissue-specific expression of these 

genes are positioned within the same DNA region. We hypothesize that the reporter 

genes will allow monitoring the induction of Nppa and Nppb during disease in vivo. 
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Figure 1. Overview of Nppa-Nppb locus and expression analysis of the double reporter construct. A, Overview of the 
gene positions with Polymerase II ChIP-seq data

41
 and genomic segment in BAC336. Modification of Nppb and Nppa 

within BAC336 with Katushka (Kat) and Luciferase (Luc) is shown in red and green, respectively. B, Katushka and 
Luciferase mRNA expression mimics expression of Nppb and Nppa, respectively, in both atrial and trabecular 
ventricular myocardium in E15.5 fetal hearts, whereas the sinus node, atrioventricular canal and outflow tract 
myocardium are correctly negative. Down-regulation of Nppa in the adult ventricles is recapitulated by Luciferase, 
whereas Nppb and Katushka remain to be expressed in the adult ventricles. C,D, qPCR analysis of ventricular gene 
expression in two founder lines. Fetal and adult ventricular levels of Nppb and Katushka mRNA remained unchanged 
before and after birth, comprising 40-70% of atrial expression (C). Ventricular levels of Nppa and Luciferase mRNA 
significantly (p<0.02; n=3 for each founder line) decreased to 1% of atrial activity after birth (D). Error bars indicate 
SEM; ra, right atrium; la, left atrium; rv, right ventricle; lv, left ventricle; sn, sinus node; scale bar = 0.5 mm.  
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In vivo bioluminescence is a sensor of Nppa induction in the ventricles during 

hypertrophy 

Next, we tested whether Luciferase expression in the ventricles during hypertrophy 

mimics that of Nppa. In addition, we explored the possibility to measure light emission 

from Luciferase activity in living mice. Transgenic mice were subjected to TAC. Two 

weeks after TAC, HW to TL ratio (HW/TL) and the levels of hypertrophy marker genes 

Nppa and Nppb were increased in the TAC mice compared with the controls (Figure 2A 

and B; Supplemental Figure S3A and S3B). Detection of Luciferase protein expression 

by in vivo bioluminescence imaging showed that the bioluminescence signal was 

restricted to the heart area and significantly increased in the TAC animals (Figure 2C 

and D; Supplemental Figure S3C and S3D). An increased mRNA levels of Luciferase 

correlated with the increased levels of Nppa in the ventricles (Figure 2E and F; 

Supplemental Figure S3E). Furthermore, activity of Luciferase protein measured in the 

ventricular samples of TAC animals increased compared with the control mice in 

agreement with the bioluminescence signal obtained from the whole hearts in vivo 

(Figure 2G; Supplemental Figure S3F). Importantly, mRNA levels of Nppa significantly 

correlated with the bioluminescence response (T1 and T2 in Figure 2H; Supplemental 

Figure S3G). The severity of hypertrophy 2 weeks after TAC as determined by 

functional parameters and the expression of hypertrophy markers varied between 

animals. Elevated Nppa expression correlated with increased left ventricular posterior 

wall (LVPW) thickness, and decreased fractional shortening (FS) and ejection fraction 

(EF) (Supplemental Figure S4). The increase in the HW/TL ratio and the levels of the 

expression of extracellular matrix components Collagen 1a1 and Collagen 3a1 (markers 

of fibrosis) correlated with the levels of the expression of Luciferase (Supplemental 

Figure S5) and the bioluminescent signal (Figure 2I-K). Taken together, Luciferase 

expression and protein activity during hypertrophy mimic reactivation of Nppa in the 

ventricles, and the bioluminescence signal measured non-invasively in vivo accurately 

senses induction of Nppa expression and the severity of hypertrophy.  

 

Katushka fluorescence reflects Nppb up-regulation in the ventricles during 

hypertrophy  

Nppb is up-regulated in the ventricular myocardium in animal models of pressure 

overload21,22 (Figure 2B; Supplemental Figure S3B and S4). To determine whether 

Katushka recapitulates Nppb up-regulation in the heart, we measured mRNA levels of 

these genes in the ventricular samples after 2 weeks of TAC. Katushka mRNA levels 

correlated with the severity of hypertrophy determined by the HW/TL ratio and fibrosis 

development (Supplemental Figure S5) and mimicked Nppb up-regulation in the 

ventricles during hypertrophy (Figure 2E). Katushka mRNA levels significantly 

correlated with those of Nppb (Figure 2L; Supplemental Figure S3H) and increased 

production of Katushka protein could be readily visualized by the fluorescence signal in  
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Figure 2. Luciferase and Katushka sense 
ventricular expression of Nppa and Nppb, 
respectively, during hypertrophy in BAC336LK 
mice. A, Increase of the HW/TL ratio in TAC 
mice (n=4) compared with the controls (n=4) 2 
weeks after TAC surgery. *P<0.05. B, Up-
regulation of Nppa (P<0.01) and Nppb 
(P<0.01) mRNA levels in the ventricles 2 
weeks after TAC surgery was analyzed with 
qPCR (n=5 control and n=7 TAC). C, In vivo 
bioluminescence imaging of a representative 

control and two TAC mice 2 weeks after surgery. Increased luciferase activity was observed in the heart area of TAC 
mice (n=6) compared with the control mice (n=4). D, Quantification of light emission from BAC336LK control (n=4) 
and TAC (n=6) mice 2 weeks after surgery shows significant (P<0.02) increase in bioluminescence in TAC mice. E, 
Up-regulation of Nppa and Nppb in the left ventricular myocardium 2 weeks after TAC is mimicked by up-regulation of 
Luciferase and Katushka, respectively, as shown by ISH on sections. F-L Correlation of different measurements in 
ventricular samples of control and TAC hearts 2 weeks after surgery. Luciferase and Katushka mRNA levels 
significantly correlated with those of Nppa (F) and Nppb (L), respectively. Bioluminescent signal measured in vivo 
significantly correlated with the luciferase activity (G), Nppa mRNA levels (H), heart size (I) Collagen 1a1 (J) and 
Collagen 3a1 (K) mRNA levels in the ventricles. Highlighted samples from the control (C1), TAC1 (T1) and TAC2 (T2) 
mice correspond to the Figure 2C. M, Red fluorescence of Katushka protein increased in the left ventricular 
myocardium of the TAC hearts compared with the controls. Two representative hearts are shown. Error bars indicate 
SEM; lv, left ventricle; scale bar = 0.5 mm (E) and 2 mm (M).  
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isolated hearts (Figure 2M; Supplemental Figure S3I). Therefore, BAC336 contains cis-

regulatory elements for correct up-regulation of Katushka in the stressed ventricular 

myocardium after TAC.  

 

BAC336LK is a sensor of Nppa and Nppb during MI 

Both Nppa and Nppb are up-regulated in the border zone after MI that leads to 

HF.23 Using the BAC336LK line, we examined the in vivo detection imaging potential of 

Luciferase and ex vivo properties of Katushka after MI. Similar to the hypertrophy 

model, the local up-regulation of Luciferase could be detected with bioluminescence 

imaging 1 week (data not shown) and 2 weeks after MI (Figure 3A). In turn, local 

induction of Katushka was identified right away by bright red fluorescence around the 

necrotic tissue (Figure 3B, MI1 compared with control). The variable response of mice 

to MI, dependent up on the location of LAD occlusion, was reflected in the 

bioluminescence and fluorescent imaging (Figure 3A and B, MI2 compared with MI1 

and control). ISH staining of Luciferase and Katushka 1 week after operation confirmed 

that up-regulation of the reporter genes recapitulated local up-regulation of Nppa and 

Nppb in the border zone, respectively (Figure 3C). The necrotic infarct zone was 

marked by the absence of myocardium revealed by cTnI (Figure 3C). Ventricular mRNA 

levels of Luciferase and Katushka measured in the border zone, the interventricular 

septum and the right ventricle of control and infarcted hearts significantly correlated with 

the levels of Nppa and Nppb in the corresponding tissue samples, respectively (Figure 

3D and E). Moreover, mRNA levels of Nppa in the border zone of MI significantly 

correlated with the bioluminescence signal (Figure 3F). Hence, Luciferase and 

Katushka mimic Nppa and Nppb up-regulation, respectively, not only in hypertrophy, but 

also in MI models of HF. 

Nppb is up-regulated in the ventricles during hypertrophy progression and MI, 

preserves cardiac function and serves as a marker of extensive fibrosis.24 Katushka 

expression correlated with the Collagen 1a1 and Collagen 3a1 expression in the border 

zone of MI surrounding the fibrotic scar (Supplemental Figure S6). In contrast, 

Luciferase expression did not show a significant correlation, although the 

bioluminescent signal was stronger in hearts with higher levels of the expression of the 

fibrosis markers (Supplemental Figure S6). Therefore, Luciferase can be used for direct 

in vivo, and Katushka for rapid ex vivo, monitoring of MI progression. 
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Figure 3. BAC336LK is a sensor of Nppa and Nppb during MI. A, In vivo bioluminescent imaging of a representative 
control and two MI mice 2 weeks after LAD occlusion. Increased luciferase activity was observed in the heart area of 
MI mice (n=4) compared with the control mice (n=5). B, Red fluorescence of Katushka protein points out the 
localization of the infarcted area and the border zone 2 weeks after MI. LAD occlusion is shown with an arrow. C, Up-
regulation of Nppa and Nppb in the border zone after MI is mimicked by up-regulation of Luciferase and Katushka, 
respectively, as shown by ISH on sections. A representative control heart and a heart after 1 week MI are shown. In 
the left column, cTnI reveals the myocardium. D-F, Correlation of different measurements in the ventricular samples 
of control (n=5) and MI (n=8) hearts 2 weeks after surgery. Luciferase and Katushka mRNA levels significantly 
correlated with those of Nppa (D) and Nppb (E), respectively, in the right ventricular, left ventricular and 
interventricular septum samples. Bioluminescent signal measured in vivo significantly correlated with the Nppa levels 
measured by qPCR in the left ventricle of control and the border zone of MI mice (F). Highlighted samples from the 
control (C), MI1 and MI2 mice correspond to Figure 3A and B. RA, right atrium; la, left atrium; rv, right ventricle; lv, left 
ventricle; ivs, interventricular septum; bz, border zone; iz, infarct zone; scale bar = 0.2 mm (A, upper panel), 0.05 mm 
(A, middle and lower panel) and 2 mm (C).  
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Discussion 
 

In this study, we generated Nppa/Nppb double reporter transgenic mice by randomly 

integrating a BAC modified to contain Luciferase and Katushka. We showed that these 

mice are suitable to visualize the dynamic expression pattern of stress response marker 

Nppa by non-invasively monitoring the heart-specific bioluminescence of Luciferase in 

vivo. We also demonstrated the feasibility to visualize the infarct border zone on the 

basis of Katushka fluorescence. Moreover, double modification of the BAC revealed that 

the regulatory sequences for the developmental pattern and stress response of both 

Nppa and Nppb are localized within the same 198 kb DNA region.  

 

A dual-colour reporter for the imaging of tissue-specific pathophysiological 

states  

Great progress has been made in in vivo reporter analysis with the development of 

multicolour imaging. Different fluorescent proteins, as well as different luciferase 

enzymes have been used to answer diverse biological questions in cancer research, 

gene and cell therapy, signal transduction and gene regulation.14 Although fluorescence 

provides a wide spectrum of applications, bioluminescence imaging has the higher 

signal-to-background ratio, is highly sensitive, readily accessible and allows reducing 

the number of experimental animals by avoiding their euthanization at several time 

points. The firefly luciferase (Photinus pyralis) is considered thus far to be the optimal 

choice in in vivo bioluminescence imaging compared with Gaussia, Renilla and bacterial 

luciferases.25 Dual imaging utilizing green emitting firefly luciferase with its red-shifted 

mutant26,27 requires appropriate filters and a special algorithm to separate the green 

emission overlap with the red filter, which is particularly important when two signals 

have a different intensity.27 Combination of firefly luciferase and far-red fluorescent 

protein Katushka for in vivo imaging in this study made it possible to avoid the issues 

described above. Disadvantages of bioluminescence imaging associated with the light 

absorption by melanin in skin and fur28 were avoided by using white-coated FVB mice in 

this study. 

Far-red fluorescent protein Katushka demonstrates high brightness, fast 

maturation, high pH-stability and photostability, which make it the protein of choice for 

whole-body imaging.15,29 However, we were not able to detect Katushka fluorescence 

from the heart tissue within a living animal. The fluorescent signal can be limited by the 

expression level of the protein. In addition, the appropriate combination of excitation 

laser wavelength, its position and the detection system may affect sensitivity of the 

assay.29 Nevertheless, ex vivo fluorescent imaging of the BAC336LK mouse hearts 

revealed the possibility to detect up-regulation of Nppb during hypertrophy and precisely 

locate the border zone of MI without additional quantitative and histological techniques. 
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Monitoring of Nppa and Nppb expression during development, hypertrophy, and 

MI 

This is the first study, to our knowledge, which demonstrates the use of a double 

reporter line to monitor both Nppa (in vivo) and Nppb (ex vivo) in murine models of HF-

related diseases. Transgenic animals with promoter-reporter constructs based on the 

proximal promoter of Nppa (0.5 to 3.4 kb) only partially recapitulated fetal and adult 

endogenous Nppa expression, and failed to be reactivated in in vivo disease 

models.10,11,30 The use of a larger BAC-EGFP construct revealed that distal elements 

are required and sufficient to regulate Nppa expression during hypertrophy.11 Here we 

introduced Luciferase and Katushka into the Nppa and Nppb translation start sites, 

respectively, in this BAC for simultaneous visualization of both genes in mice. 

Luciferase and Katushka correctly mimicked Nppa and Nppb in the developing and the 

adult heart (Figure 1, Supplemental Figure S2), making them reliable to be used in 

monitoring developmental chamber differentiation and stress-induced up-regulation. 

The development of HF is a complex systemic response of the organism to 

different stimuli, such as pressure or volume overload, hypoxia and imbalance in neuro-

humoral factors.31-33 Therefore, in vitro systems based on cardiomyocyte-derived cell 

lines (H9C2, HL-1), primary culture of rat neonatal cardiomyocytes, ESC-derived 

cardiomyocytes or even engineered cardiac tissue might be challenging and not 

accurate for investigation of the cardiomyocyte response to stress. In vivo studies are 

important as an intermediate stage in translational research. Becker et al. developed an 

in vivo system in zebrafish to screen chemical modifiers of hypertrophic signaling based 

on the proximal 4 kb Nppb promoter, coupled to the luciferase reporter,34 which makes 

the zebrafish model attractive for cardiovascular science. In addition, identification of 

genetic variations causing cardiovascular defects and ease of genetic manipulation in 

zebrafish allow studying the mechanisms of human cardiac disorders.35 However, in 

contrast to mammals, adult zebrafish have a low pressure heart, a trabecular ventricle, 

and ventricular Nppa expression is maintained.36 Therefore, investigation of systemic 

response of the heart caused by hypertension, volume and pressure overload is 

preferentially performed in mammals. 

The use of promoter-reporter transgenic lines can be complicated by positioning 

effect, which has been largely overcome in our study by using a large 198 kb genomic 

segment to control Luciferase expression. In two independent founder lines, Luciferase 

executed the correct developmental program of Nppa expression and sensed its up-

regulation in the ventricles during hypertrophy (Figure 2F and H). Even though the 

levels of expression of Nppa and Luciferase in the ventricles are only 1% of those in the 

atria, changes in the ventricular expression levels correlated with the bioluminescent 

signal recorded from the whole heart. We propose that this is due to greater up-

regulation of the genes in the ventricles compared with the atria (data not shown), to the 
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ventricular mass that is ~10 times larger than that of the atria37 and to the position of the 

ventricles much closer to the ventral body wall compared with the atria. 

Although one of the lines had more variability in the level of ventricular Luciferase 

expression (see Supplemental Figure S3E), Luciferase still could serve as a marker of 

the disease progression (see Supplemental Figure S3G). This model offers an 

opportunity to study any cardiovascular disorder involving up-regulation of Nppa in the 

heart. Crossing the BAC336LK line with other models of cardiovascular disorders will 

allow non-invasive monitoring of disease progression and response to pharmacological 

genetic interventions. 

The MI model demonstrates that the local up-regulation of Nppa only in the border 

zone of MI can be visualized with bioluminescence imaging as well (Figure 3A). In the 

hypertrophy model Nppa is massively up-regulated in all myocardium surrounding the 

left ventricular cavity. In contrast, in the MI model Nppa induction is highly localized 

within the ventricular wall, and the MI varies in severity, which may hinder quantification 

of the bioluminescence signal. However, stress-mediated up-regulation of Nppa in the 

left ventricle significantly correlated with the bioluminescence signal recorded from the 

whole heart in both hypertrophy and MI models (Figure 2H and Figure 3F). This makes 

bioluminescence imaging an excellent tool to study the mechanisms of myocardial 

stress response in vivo. 

Nppb is up-regulated earlier than Nppa in the acute phase of ventricular overload 

and is also a more sensitive marker of progression from compensated hypertrophy to 

overt HF.5 BAC336LK mice can be thus used to discriminate desired stages of disease 

progression by monitoring in vivo or ex vivo marker activity. 

 

Nppb regulatory sequences for the developmental pattern and stress response 

are localized within the Nppa regulatory domain 

Many Nppa promoter-reporter constructs have been tested in vivo in search for 

stress-regulatory regions of the gene and mechanisms of HF.11 Less information is 

available about the in vivo regulatory elements of Nppb. Rat and human proximal 

promoter fragments of Nppb were shown to respond to angiotensin II stimulation and 

MI, respectively.8,9 However, the sequences controlling its full-developmental pattern 

and expression in the adult heart have not been identified. Nppa and Nppb have arisen 

through tandem duplication of an ancestral NP gene, and, as a consequence, this locus 

may contain regulatory elements controlling the expression of both genes. Examples of 

genes arisen through duplications and regulated by shared elements are the IrxA, IrxB 

clusters, the Hox clusters and the β-globin locus.38,39 The spatio-temporal and stress-

induced expression patterns of Nppa and Nppb are strikingly similar40 (this study) and 

our study revealed that an 198 kb mouse genomic region contains all necessary 

information for these patterns of both genes. Together, these data suggest that Nppa 

and Nppb may be regulated by shared regulatory sequences within the 198 kb genomic 
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fragment. Generation and analysis of transgenic mice with the modified BAC336LK in 

which deletions or truncations have been introduced will allow the identification of these 

elements. 

In summary, combination of two reporters, Luciferase and Katushka, in one mouse 

allows simultaneous monitoring of the expression of Nppa and Nppb, respectively. 

Bioluminescence imaging has become an important component of biomedical research 

and is now implemented in the studying of HF related disorders. 
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Supplemental Figure S1. Verification of BAC336 modification and its integrity within the mouse genome. 

A, Restriction analysis of BAC336, BAC336-Luciferase and BAC336-Luciferase-Katushka with SpeI 

restriction enzyme. After the first modification the original 7,2 kb fragment contains Luciferase and shifts 

to 9,2 kb. After the second modification, the original 4,4 kb fragment contains Katushka and increases to 

5,1 kb. B, A scheme of the unmodified (upper panel) and modified (lower panel) Nppa-Nppb locus with 

restriction fragments and probes used for Southern blotting. C, Southern blotting with two probes in the 

promoter regions of Nppa and Nppb shows the lower bands (7,6 and 13,2 kb, respectively), representing 

restriction fragments from the endogenous locus and the upper bands (8,4 and 15,2 kb), representing the 

modified fragments integrated in the mouse genome. 
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Supplemental Figure S2. Analysis of Luciferase and Katushka expression pattern in fetal and adult 
hearts in the BAC336LK Line 2. Luciferase and Katushka copy the expression pattern of their host genes 
Nppa and Nppb, respectively, in the atria and trabeculated layer of ventricular myocardium, whereas the 
sinus node, atrioventricular canal and outflow tract myocardium do not express these genes. Down-
regulation of Nppa in the adult ventricles is recapitulated by Luciferase, and Nppb and Katushka remain 
to be expressed in the adult ventricles. Ra, right atrium; la, left atrium; rv, right ventricle; lv, left ventricle; 
scale bar = 0.5 mm. 
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Supplemental Figure S3. Luciferase and Katushka sense ventricular expression of Nppa and Nppb, 
respectively, during hypertrophy in BAC336LK Line 2. A, Increase of HW/TL ratio in TAC mice (n=2) 
compared with the controls (n=5) 2 weeks after TAC surgery (p=0,14). B, Up-regulation of Nppa (p<0,05) 
and Nppb (p<0,01) mRNA expression levels in the ventricles 2 weeks after TAC surgery was quantified 
with qPCR (n=6 control and n=3 TAC). C, In vivo bioluminescent imaging of representative control and 
two TAC mice 2 weeks after surgery. After i.p. injection of D-luciferin, increased luciferase activity was 
observed in the heart area of TAC mice (n=6) compared with the control mice (n=3). D, Quantification of 
light emission from BAC336LK control (n=6) and TAC (n=3) mice 2 weeks after surgery shows significant 
(p<0,05) increase in bioluminescence in TAC mice. E-H, Correlation of different measurements in 
ventricular samples of control and TAC hearts 2 weeks after surgery. Luciferase and Katushka mRNA 
levels correlated with those of Nppa (E) and Nppb (H), respectively, although these correlations were not 
significant. Bioluminescent signal measured in vivo significantly correlated with the luciferase activity (F) 
and Nppa mRNA levels (G) in the ventricles. Highlighted samples from the control (C1), TAC1 (T1) and 
TAC2 (T2) mice correspond to Supplemental Figure S3C. (I) Red fluorescence of Katushka protein 
increased in the left ventricular myocardium of the TAC hearts compared with the controls. Two 
representative hearts are shown. Error bars indicate SEM. Scale bar = 2 mm. 
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Supplemental Figure S4. Nppa and Nppb are 

the markers of the severity of hypertrophy. 

Increased left ventricular posterior wall 

(LVPW) thickness, decreased fractional 

shortening (FS) and decreased ejection 

fraction (EF) significantly correlated with Nppa 

and Nppb mRNA levels in the ventricular 

samples of the control (n = 2) and TAC (n = 3) 

hearts 4 weeks after surgery. 

 

 

Supplemental Figure S5. The reporter 

genes Luciferase and Katushka 

correctly sense the severity of 

hypertrophy. Hearts with increased 

HW/TL ratio exhibited elevated levels of 

Luciferase and Kutushka mRNA in the 

ventricular samples of the TAC hearts (n 

= 4) compared with the normal hearts (n 

= 2), although the correlation was not 

significant. Luciferase and Katushka 

mRNA levels correlated with those of 

Collagen 1a1 and Collagen 3a1 in the 

ventricular samples of the control (n = 5) 

and TAC (n = 8) hearts 2 weeks after 

surgery. 
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Supplemental Figure S6. The reporter genes Luciferase and Katushka correctly sense the severity of 
fibrosis after MI. Luciferase mRNA levels and the bioluminescent signal measured in vivo correlated with 
the Collagen 1a1 and Collagen 3a1 mRNA levels in the left ventricular samples of the control hearts (n = 
5) or the border zone of MI hearts (n = 8) 2 weeks after surgery, although the correlation was not 
significant. Katushka mRNA levels significantly correlated with those of Collagen 1a1 and Collagen 3a1 in 
the left ventricular samples of the control hearts (n = 5) or the border zone of MI hearts (n = 8) 2 weeks 
after surgery. 
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Editorial  
 

BACs to the future: new genetic models for cardiovascular discovery 
 
Michael Kotlikoff 
 

One of the great challenges of modern biology is to contextualize highly detailed 

molecular discoveries in order to prioritize the most medically relevant events. The 

response to heart damage, for example, likely involves tens of thousands of cells of 

multiple lineages, each undergoing complex signalling cascades that trigger other 

equally complex molecular interactions including cell migration, lineage induction, 

secretion, fibrosis, and revascularization. In determining the relevance of discrete 

molecular events within these broader contexts, we often infer their involvement from 

experiments in isolated cells under somewhat artificial conditions. How do we know that 

these exquisitely specific events occur under realistic clinical conditions? If so, to what 

extent? At what point in the process do they occur (acute damage, repair, etc.)? And 

perhaps most importantly, are they critical to the process? In short, how do we answer 

as early as possible the ‘so what’ question with respect to our favourite protein–protein 

interaction, transcriptional induction, or other molecular event, and thereby avoid 

spending years studying a potential epiphenomenon? 

One approach is to do what the US NSA does—listen in. Over the past two 

decades, genetic sensors, beginning with simple transcriptional indicators, but 

progressing to dynamic sensors and effectors, have advanced our ability to answer 

specific questions that relate to the clinical context of individual molecular events. These 

sensors provide molecular scale information in real time in mammals, under conditions 

that are relevant for disease investigation. In this issue of Cardiovascular Research, 

Sergeeva et al.1 report on the development of a new line of mice that report the 

induction of two genes that are up-regulated during heart failure, providing a convenient 

readout of natriuretic peptide A (Nppa) and natriuretic peptide B (Nppb). These peptides 

serve as biomarkers that indicate the extent of cardiac damage during heart failure.2 

The expression of each differs, suggesting different roles within the context of heart 

failure and acute infarction, and the real-time transcriptional readout made possible by 

these mice will provide a simple method by which investigators can monitor the spatial 

and temporal pattern of their induction, as well as isolate those cells at specific points 

during acute damage and repair. 

Two enabling technologies have contributed to the development of effective 

reporter or sensor mice. First, bacterial artificial chromosome (BAC) transgenesis 

provides a simple way to express sensor genes with precise transcriptional fidelity, 

while not perturbing the native gene locus.3 By inserting sensor cDNAs within large (150 

kb) genomic DNA fragments that include all of the transcriptional control elements 

operating on a given gene locus and inserting this fragment at a separate point within 
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the mouse genome, sensor expression mimics that of the endogenous gene, bypassing 

the necessity to understand and recapitulate the many regulatory elements contained 

within the segment. Several sensor mice important for cardiovascular disease have 

been created using this approach,4–7 and we can expect many more in the next few 

years. Sergeeva et al. use this technology in a clever way to place Luciferase and 

Katushka genes under control of the separate regulatory elements directing Nppa and 

Nppb expression within the Nppa–Nppb locus contained within a single BAC. As 

expression of the two genes is distinct, luminescence and fluorescence are observed in 

different regions depending on the type of cardiac injury. 

The second technology is the continued enhancement of reporters and sensors. 

Sergeeva et al. exploit the development of the far red fluorescent protein Katushka,8 

which can be easily optically distinguished from firefly luciferase. Further progress has 

been made in the development of dynamic sensors and effectors. Genetically encoded 

Ca2+ sensors are now mature tools that have been deployed in the dissection of heart 

development,9 the assessment of cell-based cardiac therapies,10,11 and endothelial 

control of vascular tone.12,13 Similarly, optogenetic effectors are beginning to be 

exploited in order to understand rhythmicity and excitability.14 Figure 1 shows the 

distribution of luciferase (blue), Katushka (red), and cellular sensors (green), all 

precisely targeted by BAC transgenesis. 

 

 

 

 

 

 

 

 

 

 
Figure 1. BAC transgenic mice 

expressing Luciferase (blue) and the red 

fluorescent protein Katushka under 

transcriptional control of Nppa (ANF) and 

Nppb (BNP), respectively, during cardiac 

infarction. Katushka expression shows 

that Nppb is transcriptionally activated 

only at the border zone, whereas 

Luciferase expression occurs throughout 

the infarcted region. Genetic sensors 

reporting other molecular events are 

depicted by green fluorescence within the 

infarcted region. 
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If broadly available to the scientific community as they should be, the expanding 

palette of genetically engineered sensor mice, including detector and effector lines as 

well as lines with optically compatible sensors expressed on interacting lineages, will be 

combined in new and creative ways, allowing the cardiovascular scientific community to 

tap into the private conversations between and within cells that underlie complex 

disease processes. The mice described in this issue by Sergeeva et al. add to this 

growing toolbox that is increasingly empowering the study of cardiovascular biology. 
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Abstract 

The clustered genes Nppa (ANF) and Nppb (BNP) are co-expressed in the embryonic 

myocardium, and while Nppa is down-regulated in the ventricles after birth, both are 

reactivated in the stressed myocardium as a part of the reactivation of the “fetal gene 

program”. To gain insight into the dynamic regulation of these genes, we studied the 

regulatory landscape surrounding the gene cluster. We performed circular chromosome 

conformation capture followed by sequencing to identify the regions interacting with the 

Nppa and Nppb promoters in the developing, adult and stressed (overload by 

transverse aortic constriction) mouse hearts. This analysis revealed that the Nppa and 

Nppb promoters interact with each other and several upstream potential regulatory 

regions within a 60 kb interaction domain. To gain insight into the epigenetic regulation 

of the locus and identify regulatory sequences, the levels of H3K27 acetylation 

(associated with active regulatory sequences) and Pol II occupation (associated with 

transcribed genes and enhancers) within this domain were assessed in the normal and 

stressed ventricle. The presence of several regions differentially marked with H3K27ac 

and Pol II occupation in the normal and stressed heart were identified. Our data suggest 

that the Nppa-Nppb cluster is confined within a 60 kb regulatory domain in which its 

chromosome conformation and epigenetic state contribute to regulation of their 

expression during development and disease. 
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Introduction 
Nppa and Nppb encode atrial natriuretic factor (ANF) and brain natriuretic peptide 

(BNP), respectively, which regulate salt homeostasis and blood pressure to maintain a 

normal cardiac load. Ventricular expression of both genes is down-regulated after birth. 

However, during myocardial overload or stress, ventricular expression of Nppa and 

Nppb strongly increases. Reactivation of their expression is considered to be a part of 

the induction of a “fetal gene program”, triggered by hypoxic conditions and myocardial 

stretch, and intended to ensure cell survival in stressed myocardium. Nppa and Nppb 

became reliable markers of developing hypertrophy and heart failure (HF) in in vitro and 

in vivo models, and ANF and BNP are widely used in clinical practice to predict and 

monitor heart failure related diseases.1,2 Insights into the regulation of the Nppa and 

Nppb expression is useful in understanding pathological pathways and might lead to the 

development of new biomarkers of HF. It has been shown that the regulation of 

developmental expression of Nppa is different from that during disease.3,4 However, the 

regulatory DNA sequences and the mechanisms of its developmental and stress-

induced expression have not yet been identified.  

Nppa and Nppb descended from an ancestral CNP-3 gene by its duplication and 

variation.5 They are positioned at 10 to 15 kb distance in the mammalian genome, have 

similar expression patterns, function and response to hypertrophy. Other examples of 

clustered genes including the Iroquois, Hox and α-MHC/β-MHC, demonstrate co-

regulation of several genes in the cluster by shared enhancers.6–8 Therefore, we 

suggest that coordinated Nppa and Nppb expression during development and their 

stress-induced up-regulation are also co-regulated by the same mechanisms and 

shared regulatory elements. These elements might be located at distances from a few 

to many thousands of kb. Moreover, the ability of distal enhancers to regulate the 

spatio-temporal and tissue-specific expression of genes depends on proper DNA 

looping, which brings all necessary DNA elements and transcription factors in close 

proximity to the target promoters to regulate transcription. In order to understand the 

regulation of Nppa and Nppb expression and identify their potential developmental and 

stress-response enhancers, we characterized the spatial chromosome organization of 

the Nppa-Nppb cluster. The circular chromosome conformation capture (4C) assay 

followed by sequencing allows visualization of interactions between the “bait” fragment 

of interest, such as the Nppa or Nppb promoter, and the genome.9 The interacting 

sequences include possible regulators of Nppa and Nppb expression.  

Epigenetic control of gene expression has been described for many genes.10 

Some of the modifications, like acetylation of lysine 27 in histone 3 (H3K27ac) and 

mono-methylation of lysine 4 in histone 3 (H3K4me1), are associated with active 

enhancers. Others, like tri-methylation of lysine 27 in histone 3 (H3K27me3) mark 

inactive chromatin. A set of epigenetic features at a particular moment is associated 

with a phenotype of a cells. In addition to histone modifications, binding of transcription 
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factors to DNA can also be used for identification of regulatory regions. RNA 

Polymerase II (Pol II) binds to the promoters of transcribed genes and enhancers.11,12 It 

is also associated with active enhancers as an indication of promoter-enhancer 

interactions.13 In this study, we used the combination of H3K27ac and Pol II occupancy 

to characterize the epigenetic regulatory landscape of the Nppa-Nppb locus in healthy 

hearts and hearts with pressure overload. Besides the description of the Nppa-Nppb 

locus organization, this approach will also allow to pinpoint the location of the potential 

regulatory sequences of Nppa and Nppb. 

We show that the evolutionary conserved regulatory domain of Nppa and Nppb is 

confined within a 60 kb region and contains all necessary information for developmental 

expression and up-regulation after myocardial stress. In both the fetal and adult heart 

the promoters of these genes interact with several potential regulatory regions. These 

regions interact more frequently in the stressed heart and are differentially marked by 

H3K27ac and Pol II enhancer features in the normal heart and after myocardial 

overload. 

 

Methods 

 

Animals 

Animal care and experiments conform to the Directive 2010/63/EU of the European 

Parliament. All animal work was approved by the Animal Experimental Committee of the 

Academic Medical Center, Amsterdam (DAE102292, DAE102821), and carried out in 

compliance with the Dutch government guidelines. FVB male mice were used for all 

experiments. 

 

Transverse aortic constriction 

8-12 week-old FVB mice were subjected for transverse aortic constriction (TAC) as 

described.14 All mice were weighed, sedated with 4% isoflurane, intubated and 

connected to a pressure-controlled ventilator (Hugo Sachs Electronic, Harvard 

Apparatus). A gas mixture of O2/N2 (v/v = 1/2) containing 2.5% isoflurane was used to 

maintain anesthesia. Body temperature was kept at 37 °C and buprenorphine (50 µg/kg) 

was injected s.c. for postsurgical analgesia. Thoracotomy was performed through the 

first intercostal space and the aorta was constricted with a 7-0 silk suture, between the 

truncus brachiocephalicus and the arteria carotis communis sinistra. A 27 G needle was 

used to induce severe TAC. Age-matched unbanded animals were used as controls. 

After 4 weeks or if discomfort (dyspnoe, decreasing mobility) was diagnosed earlier, 

mice were anaesthetized in a CO2/O2 mixture, subsequently killed by cervical 

dislocation and heart tissue was collected. HW/TL ratio was calculated to confirm 

hypertrophy growth of the hearts. Ventricular apex was used for qPCR and the left 

ventricle was fixed for 4C and ChIP experiments. 
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RNA isolation and RT-qPCR 

Ventricular tissue of control adult and TAC operated mice was dissected and snap 

frozen in liquid nitrogen and stored at -80°C. Total RNA was isolated using Trizol 

Reagent according to the manufacturer’s protocol (Invitrogen). 500 ng (adult tissue) of 

total RNA was used for reverse transcription with the Superscript II system (Invitrogen) 

and Oligo-dT as primers. Expression of different genes was assayed with quantitative 

real-time PCR using the LightCycler Real-Time PCR system (Roche Diagnostics, 

Almere, The Netherlands). Values were normalized to Gapdh and Hprt expression 

levels. 

gene 5’-Fw 5’-Rv 

Nppa TTCCTCGTCTTGGCCTTTTG CCTCATCTTCTACCGGCATC 

Nppb GTCCAGCAGAGACCTCAAAA AGGCAGAGTCAGAAACTGGA 

Gapdh GTCAGCAATGCATCCTGCA CCGTTCAGCTCTGGGATGA 

Hprt TCCTCCTCAGACCGCTTT CCTGGTTCATCATCGCTAATC 

Miip GAGCAGCATCAGGGTCAAAC TCTTTTGTCCTGTGAGCTGG 

Fv1 CCGCCACAGGATTGAAGTTG AGTGCCCTCACCTTATCTGC 

Mfn2 CTGCTTCAGGATCACCAGTA GAGAGCAGGAGAGCATGTAG 

Plod1 CTGCTTCAGGATCACCAGTA GAGAGCAGGAGAGCATGTAG 

2510039O18Rik CATCACCCTCTTCCACCTCT GCTGGGTGTCTTGTGCAAAC 

Clcn6 TTCCAGCTCCAGGTCACATC TCCTGGGAGTTGAAGAAGAG 

Mthrf TCTGGTGACAAGTGGTTCTC GCCAGGTAACATCTACGAAG 

Agtrap CTTCTCTTGCTGCCTCGTCT GCAGCGTCTGATGATGAGTC 

 

4C experiment 

Preparation of 4C templates was described previously.15 In short, adult mouse hearts 

were isolated in ice-cold PBS with 10% FCS. Heart tissue was dissociated with IKA 

Ultra Turrax T5 FU, followed by dounce homogenization to obtain single cell 

suspension. Liver tissue was homogenized with a douncer only. Chromatin was cross-

linked with 2% formaldehyde in 40ml PBS with 10% FCS for 10 min at room 

temperature, nuclei were isolated in 25ml cold lysis buffer (50 mM Tris-HCl, pH 8.0; 150 

mM NaCl; 5 mM EDTA, pH 8.0; 0,5% NP-40; 1% Triton X-100; 1× Protease Inhibitor 

Cocktail (Roche)) for 1h, and cross-linked DNA was digested with DpnII, recognizing 4-

bp restriction site. Digestion was followed by proximity ligation, removal of cross-links, a 

secondary restriction digestion with Csp6I and again proximity ligation. For all 

experiments, 200 ng of the resulting 4C template was used for the subsequent PCR 

reaction, of which 16 or 8 (total: 3,2 or 1,6 ug of 4C template) were pooled and purified 

for next generation sequencing. The PCR products were purified using 2 columns per 

sample of the High Pure PCR Product Purification Kit (Roche), which separates the 

PCR products larger than 120 bp from the adaptor-containing primers (~75 and ~40 nt). 
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4C primer design 

Detailed rules for 4C primer design were described previously.9 In short, the size of the 

view point was at least 500 bp to allow efficient cross-linking to other DNA fragments. 

The region between the primary and secondary restriction enzymes was at least 300 bp 

to allow efficient circularization during the second ligation step. The reading primer, 20 

nt in size, always hybridizes to, and ends at, the 3’ side of the first restriction recognition 

site. The nonreading primers, 18-20 nt in size, were designed at a distance ≤100 bp 

from the secondary restriction site. 4C primer pairs carry additional 5’ overhangs 

composed of the adaptor sequences (obtained from Illumina technical support). The 

strategy therefore produces sequencing reads (36-mers) composed of the 4C primer 

sequence (20 nt, specific to a given view point) followed by 16 nt that identify a capture 

sequence. Primers used in this study are listed below.  

primer name 5'-adaptor-primer-3' 

15kb uptream CTCF_DpnII 
AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGC

TCTTCCGATCTGGTAGACCAGACAGTAGATC 

15kb uptream CTCF_Csp6I CAAGCAGAAGACGGCATACGACTACCGTTTTTGGACAGAAC 

CTCF left_DpnII 
AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGC

TCTTCCGATCTAAAAGCTCAGAGTGGAGATC 

CTCF left_Csp6I CAAGCAGAAGACGGCATACGAATTCTACTGATGCTGCATGG 

Nppb_DpnII 
AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGC

TCTTCCGATCTCAGCTCTCTCTTAGCTGATC 

Nppb_Csp6I CAAGCAGAAGACGGCATACGAGTGAGCCACATAGCTCCTTC 

Nppa_DpnII 
AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGC

TCTTCCGATCTGAGACAGCAAACATCAGATC 

Nppa_Csp6I CAAGCAGAAGACGGCATACGATGTCAGGGGCTCCAAATA 

CTCF right_DpnII 
AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGC

TCTTCCGATCTTTCAGTGAGTTCTGGGGATC 

CTCF right_Csp6I CAAGCAGAAGACGGCATACGAGTCCTTGCAACAAACAGAAG 

15kb downstream CTCF_DpnII 
AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGC

TCTTCCGATCTTTCATCCTGGACCTTTGATC 

15kb downstream CTCF_Csp6I CAAGCAGAAGACGGCATACGAATACACGTTTGAACCACTCC 

 

4C data analysis and statistics 

4C templates were mixed and sequenced simultaneously in 1 Illumina HiSeq 2000 lane. 

The sequence tags generated by the procedure were prefixed by the 4C reading primer, 

which includes the DpnII restriction site sequence (see 4C-seq primer design). The 4C 

reading primer sequences were separated from multiplexed 4C-seq libraries, and the 

suffixes were extracted for further processing. Mapping and filtering of the sequence 

reads was done as previously described.9 The algorithm constructs a background 

model for remote intra- and interchromosomal contacts to correct for systematic biases 

that can occur during the 4C-seq experimental protocol. The algorithm is designed to 
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use controls for sequencing errors and nonunique sequences while considering the high 

coverage (100×–100,000×) of fragment ends that are proximal to the viewpoint 

fragment. To normalize the interactions in close proximity to the viewpoint, the algorithm 

was used to calculate the median of normalized coverage for running windows of size 4 

kb and sliding windows of 2–50 kb of linearly increasing size. All median values 

represent enrichment relative to the maximum attainable 4-kb median value, whereas 

sliding windows represent enrichment relative to the maximum attainable 12-kb median 

value. The 20th and 80th percentiles were also computed and depicted as the gray area 

around the 4-kb running windows. 

 

Chromatin immunoprecipitation 

Left ventricles of the control and TAC hearts were dissected in ice-cold PBS, ground in 

liquid nitrogen and cross-linked in 1% formaldehyde for 10 min at room temperature. 

Cross-linking was quenched by addition of 0.125M glycine. Tissues were further 

dissociated by IKA Ultra Turrax T5 FU, pelleted, and resuspended in cold lysis buffer 

(50 mM Tris-HCl, pH 8.1; 10 mM EDTA, pH 8.0; 1% SDS; 1× Protease Inhibitor Cocktail 

(Roche); and phosphatase inhibitors: 100 mM PMSF, 54 mM Na-ortho-vanadate, 0.5M 

Sodium Fluoride, 0.5M β-glycero-phosphate). Nuclei were obtained by use of a tight 

glass dounce homogenizer. Cross-linked nuclei were sonicated under conditions 

established to yield an average fragment size of approximately 300 bp. Antibodies were 

anti-H3K27ac (2 µg, Abcam, ab4729) and anti-Pol II (2 ug, Santa Cruz Biotech, sc-

899X). Immunoprecipitation, washing, elution, and reverse cross-linking were performed 

as previously described.16 Quality of the ChIP was assessed using the primers on 

locations of known cardiac enhancers.17 ChIP-qPCR was performed on a Roche 

LightCycler 480 System using Sybr Green detection. The ratio of ChIPed DNA 

normalized for input DNA was compared with that of a negative control region within 

Hprt and is presented as fold enrichment. Control and TAC samples were compared 

using Student’s t-test. Statistical analysis of differences between the region of interest 

and the negative control region was done with Wilcoxon one-sample test, separately for 

control and TAC condition. Tested locations were chosen within the Nppa-Nppb locus. 

Primer sequences used in the experiment are listed below. 

 

number 5'-primer 3'-primer 

1 GCTTGAATGTGAATGCCCTC GGGCTCACATCTCAAACTGC 

2 TTGTGACCATTGACCCAGTG ATACTCTGGATGGGAGATCG 

3 GAATGCTGCTACTCTATCTCC TGTTCAGTGTCATCCAGAGG 

4 TCTCTCAGATCCGTCACTTC AGGTCATAGCCCAAACTCTC 

5 ATGATGGCTGGAGGAGGTCT TTTCGGTGTGGCAAGTTCTG 

6 AGGGATAGGAGTGAAACCAG CGCTTCCTGGGGTCACATT 

7 AGCACTTTGCCCGTTCTTTC ACGTGGAACCCAGAGGAGC 

8 AGAACACAGCAGTATGGACG AACTCTGTCACGTTAGCAGC 
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9 GGTGTGTGTGTGATGATTAGG AGCCATTCAAACCCTTGTGC 

10 GGGTCACTCTCACTATTCTG TGAATGTGAGTGACCCCTCC 

11 ATTCCGATGTCATTGCTCTCC CAGAGATGCTGAGTGGCTTAC 

12 GTTCAAGCCCAGCCACTAACT ATAGGCGTGCAGAAATAAGGC 

13 TTCTCCATCTCTGCCTTAACC GAGGAAGTGAAGCTGAGGCAT 

14 TGAATACTCCACACAGGCAC CAGACCTTTTCACGGAGTAG 

15 GTTTGGGCTGTAACGGTGAG GCAGGAGTATGCCAGATAGC 

16 CACAATCTCTTCCAAGCCAG CAGGTGATGGCTCAAATGTG 

17 TGCAAGTCAACCTGGTGGAG ACAACGCTTATGATGGGTGTC 

18 CTCAGCAGTCTTTGGTTTCG AAGGCTTAGTCACTTGGGAG 

19 TGTTAAAGGTGGACTGCCTG GGGACACATACACCATTCTC 

20 TAGCTCCAGCATGTGTACTCC TGTCAGGGGCTCCAAATAAGG 

21 AACCAGAGTGGGCAGAGACAG TGATGGAGAAGGAGCCCATGC 

22 ATGTGCGTGTGCCTGTGTA TACTACTCGGGTTATCCTCC 

23 CACCAAGGTCTGCATCAAAC TGAGATGTCTGCATGTGACC 

24 CAGATGAGGGACACTACTTC CCTTCACCATTTACCGTCTC 

25 CCAGACACACTGAACAGCAC TGGCAGCAGGTTCTGGAATC 

Neg(Hprt) CAACCACTTACTTAGAGGTACT TTAGCAATATGGACTGTGAGGG 

Positive* TTTGCAGAGGAGGCATGGTG TCCTCCCTGCAGAAGGGCCT 

 

* Positive control – Scn5a enhancer F9.17 
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Results 
 

Differential expression of Nppa and Nppb in the ventricles 

To gain insight into the regulatory mechanisms of Nppa and Nppb expression, we 

characterized the genomic landscape surrounding these genes. We assessed if any 

other genes in a 200 kb linear DNA stretch are co-expressed in the heart and respond 

to cardiac stress similarly to Nppa and Nppb, suggesting possible co-regulation of these 

genes in the cluster. First, the expression levels of ten genes surrounding Nppa and 

Nppb were measured in the adult ventricles by qPCR (Figure 1A,B). Ventricular 

expression of Nppa decreases after birth3,18 to a level lower than that of Nppb. However, 

mRNA levels of Nppa were in large excess (7-16 times) over that of the other genes in 

the locus. Then, we analyzed if any of the surrounding genes are differentially 

expressed in the stressed myocardium, similarly to Nppa and Nppb. Four weeks after 

TAC, the HW to TL ratio and the levels of the hypertrophy marker genes Nppa and 

Nppb were increased in the TAC mice compared with the controls (Figure 1C,D), 

whereas the expression of the other genes was not significantly changed (Figure 1C). 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 1. Expression of the genes from the Nppa/Nppb locus in the heart. A, USCS genome browser 

view of the Nppa-Nppb locus. B, Ventricular expression of ten genes surrounding Nppa and Nppb was 

measured with qPCR. Expression levels of Nppa and Nppb is 8-150 times higher than that of other 

genes. C, Up-regulation of mRNA levels of the locus-genes in the ventricles 4 weeks after TAC surgery 

was analyzed with qPCR. Only Nppa and Nppb mRNA levels are significantly up-regulated (p=4,3*10
-6

 

and p=0,007, respectively). D, Heart weight (HW) to tibia length (TL) ratio was significantly increased in 

the TAC operated animals compared with the controls (p=0,045).  



 Chapter 3 

81 

 

Therefore, among ten genes in this 200 kb linear DNA stretch only Nppa and Nppb are 

highly expressed in the myocardium and differentially expressed after stress. This 

indicates that the regulatory sequences of Nppa and Nppb are not shared with the 

surrounding genes.  

 

Nppa and Nppb are confined in 60 kb domain 

To investigate on a genome-wide scale which regions are contacted by the 

promoters of Nppa and Nppb, we used high-resolution 4C-seq9 (Figure 2A,B). The 

contact profile for each viewpoint has been computed in several ways to visualize 

interactions. Each top panel in Figure 2B shows normalized contact intensities (gray 

dots) and their running median (black line). The contact intensities between the 20th 

and 80th percentiles are depicted in gray to illustrate prominent interactions where 20 to 

80 percent of the observations may be found. The data show that both Nppa and Nppb 

interact with the upstream region marked by an arrow. In each bottom panel in Figure 

2B, contact intensities are displayed as a color-coded heatmap of positive 4C signals. 

As seen from the heatmap, Nppb lies in the center of its interactions, whereas most of 

the Nppa contacts are unidirectional and oriented towards Nppb.  

CTCF proteins bound to DNA are known to promote DNA looping and mark 

boundaries of regulatory units.19  We investigated the contact profiles of the closest 

CTCF sites located 41 kb upstream and 7 kb downstream of Nppa (Figure 2A). The 

upstream CTCF view point (CTCF left) interacts with the downstream CTCF-associated 

site (CTCF right) and vice versa (open arrows), indicating that they encircle both Nppa 

and Nppb (Figure 2B). Moreover, both CTCF-associated sites interact with the Nppa 

promoter and another region within the locus (black arrows), showing possible 

involvement in the regulation of Nppa expression. Then we investigated the contact 

profiles of two regions located outside the CTCF-associated sites. The 2510039O18Rik 

view point located ≈15 kb upstream of the left-sided CTCF site showed interactions with 

the sequences in close proximity to Nppa and Nppb (arrows), indicating that the 

interactions upstream of Nppb are not confined to the CTCF-associated site. In contrast, 

the Clcn6 view point located ≈15 kb downstream of the right-sided CTCF site did not 

display interactions with the upstream sequences, showing that the interactions 

downstream of Nppa are restricted to the CTCF-associated region. Taken together, 

Nppa and Nppb form a 60 kb region with multiple intra-regional interactions enclosed by 

the CTCF-associated sites. Interactions of Nppa and Nppb with the regions outside this 

60 kb domain are restricted downstream, but not upstream of the genes. Hereafter, we 

will call this 60 kb contact region the Nppa-Nppb interaction domain. 

The Nppa-Nppb interaction domain is not heart specific, since it is formed in the 

liver as well (Figure 2C, 3B), where Nppa and Nppb are not expressed. In both tissues, 

interactions of the CTCF-associated sites with the surrounding sequences are unipolar, 

forming the contacts mostly with the Nppa-Nppb locus (Figure 2C, arrows). Within the 
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Nppa-Nppb interaction domain, several regions interact with the CTCF-associated sites. 

Importantly, the frequency of these interactions inside the Nppa-Nppb domain is higher 

in the heart compared with that in the liver (Figure 2C). In contrast, interaction 

frequencies outside the Nppa-Nppb interaction domain are similar in both tissues. 

Taken together, these data indicate that chromosome conformation of the Nppa-

Nppb regulatory domain is not heart specific, but increased frequency of interactions 

within the domain might have a role in regulation of heart-specific Nppa and Nppb 

expression. 

 

Nppa and Nppb form multiple cis-interactions 

To locate discrete potential regulatory sequences in the 60 kb Nppa-Nppb 

regulatory domain in the fetal heart and during disease, we analyzed contacts of the 

Nppa and Nppb promoters with other sequences inside their interaction domain. We 

aligned cardiac ChIP-seq data for the CTCF sites (Figure 3A) with the 4C contact 

profiles generated from different heart tissues and liver (Figure 3B). The bait regions in 

the promoters of Nppa and Nppb interact with each other as well as with the regions 

located -35 kb, -22 kb, -11 kb, +7 kb relative to Nppa (black arrows). Notably, these 

interactions are similar in the atria, fetal and adult ventricles, stressed ventricles, and 

even in the liver, indicating that chromosome conformation of the Nppa-Nppb locus is 

not stage- and tissue-specific. As can be seen from the heatmap, the frequency of 

interactions between Nppa and upstream sequences is lower in the atria and in the liver 

compared to that in the ventricles. Moreover, the contact frequency in the fetal and 

stressed heart is higher compared to that in the adult ventricles. At the same time, these 

tissue- and stage-specific differences are not prominent in the Nppb contact profile. 

Figure 3C illustrates the model of interactions where the Nppa and Nppb 

promoters contact each other and several potentially regulatory sequences during heart  

 

______________________________________________________________________ 
Figure 2. Organization of the Nppa-Nppb locus. A, USCS genome browser view of ChIP-seq data of the 

CTCF binding sites.
20

 B, Integrated local contact profile analysis for Nppb and Nppa, two CTCF-

associated sites (left and right), and two regions upstream and downstream of the CTCF-associated sites 

used as viewpoints. The top panel represents normalized contact intensities (gray dots), their running 

median (black line) analyzed with 4 kb sliding window, and the 20-80% percentile for these windows (gray 

band). In the bottom panel, contact intensities are computed using linearly increasing sliding windows 

(scaled 2 (top) - 50 kb (bottom)) and are displayed as a color-coded heatmap of positive 4C signals 

(maximum of interaction set to 1).
9
 Local color changes are log-scaled to indicate changes of statistical 

enrichment of captured sequences, corresponding to the DNA interaction. As seen from the gray 80% 

percentile band and the heatmap of the CTCF viewpoint tracts, interactions occur mostly inside the 60 kb 

domain, which is confirmed by the symmetrical heatmap of centrally positioned Nppb. Black arrows 

indicate chromosome interaction between a view point and unknown regions, open arrows indicate 

interactions between the CTCF sites. C, Comparison of the reads normalized in the heart and the liver 

samples for two CTCF-associated sites as viewpoints. Interactions in the locus are more prevalent in the 

heart and are restricted by the right-sided CTCF-associated site. 
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Figure 3. Contact profiles of potential regulatory regions and promoters of the Nppa/Nppb locus in 

combination with ChIP-seq data. A, USCS genome browser view of ChIP-seq data of the CTCF binding 

sites.
20

 B, Integrated local contact profile analysis from different tissues for the Nppb and Nppa 

viewpoints. Panel details are described in Figure 2B. Black arrows represent interactions occurring 

between the Nppa/Nppb promoters and several potential regulatory regions, the same for the both genes. 

C, Looping model of interactions between the Nppa (green) and the Nppb (red) promoters and potential 

regulatory regions within the CTCF-associated sites (purple). 

 

development and disease. The interaction domain of these genes is surrounded by the 

CTCF-associated sites. Several gene-containing regions outside the interaction domain 

contact the Nppa and Nppb promoters within the 3D conformation of the locus. 

However, different expression behavior of these genes (Figure 1) suggests that they are 

not regulated by the regulatory sequences of Nppa and Nppb. 

 

10 kb Nppb Nppa

Nppa

Nppb

Clcn6

2510039O18Rik

Plod1

C
h
IP

-s
e
q

4
C

a
n
a
ly

s
is

 -
N

p
p
a

A

B

CTCF

ventricles
E12.5

ventricles
adult

ventricles
TAC

liver

ventricles
E12.5

ventricles
adult

ventricles
TAC

liver

CTCF bound sequence

Nppb promoter

Nppa promoter

atria

atria

4
C

a
n
a
ly

s
is

 -
N

p
p
b

Main trend
80th%ile

Median

20th%ile

1
0.1

0.01

0.001

Window
coverage
(median)

C



 Chapter 3 

85 

 

H3K27ac modification and Polymerase II occupancy of the Nppa-Nppb locus are 

different between control and TAC hearts 

Expression of genes is controlled by specific epigenetic modifications and an 

appropriate chromatin conformation. Altogether, these factors provide a desired 

environment for the transcriptional machinery to transcribe genes at a particular level 

and time. In order to gain insight into global mechanisms of gene regulation within the 

Nppa-Nppb interaction domain, we looked at the distribution and the levels of H3K27ac, 

a modification associated with active enhancers, and the occupancy of Pol II, a mark of 

active promoters and associated enhancers. As seen from Figure 4A, H3K27ac 

modification and Pol II association are heart specific within the Nppa-Nppb interaction 

domain (gray area and arrows), whereas other regions upstream and downstream of 

the Nppa-Nppb locus display similar modification marks in both the heart and the liver. 

To assess whether the levels of H3K27ac and Pol II occupancy change in the 

stressed heart, we performed ChIP-qPCR analysis in the ventricles of control and TAC 

mice 4 weeks after operation, when the HW to TL ratio and the levels of hypertrophy 

marker genes Nppa and Nppb were increased in the TAC mice compared with the 

controls (Figure 1C,D). As shown in Figure 4B and 4D, H3K27ac and Pol II marks were 

enriched around Nppa and Nppb as well as at the region 35 kb upstream of Nppa in the 

control hearts. These data correspond to the USCS genome browser tracks for 

H3K27ac and Pol II in the heart (Figure 4C). However, H3K27ac was differentially 

enriched in the TAC hearts at many sites, whereas Pol II occupancy in this locus was 

not changed or decreased after stress. 

Increased acetylation of H3K27 is associated with active enhancers and increased 

gene expression during hypertrophy.21 To analyze the enhancer potential of the regions 

identified with the 4C assay (Figure 3), we marked them as well as the nearest CTCF-

associated sites with the blue and violet bars, respectively (Figure 4B,D). After TAC, the 

levels of H3K27ac in the regions at -11 kb and -22 kb distance relative to Nppa were not 

significantly different from those in the normal ventricles. However, we observed a trend 

in which the acetylation levels in these regions in the stressed hearts were increased 

and became significantly higher than the background levels, suggesting potential 

enhancer activity of these regions in vivo. Interestingly, the acetylation levels at the 

region 35-40 kb upstream of Nppa were decreased in the TAC hearts compared with 

the controls. This was accompanied by decreased Pol II binding at the -37 kb position 

relative to Nppa. 

Taken together, the data suggest a delicate mechanism of regulation of Nppa and 

Nppb expression in the ventricles during hypertrophy which involves a particular 

combination of enhancer-associated H3K27ac modification and Pol II binding at the 

promoters and regulatory regions of Nppa and Nppb. Specific levels of H3K27ac and 

Pol II occupancy at these regions, and the frequency of the physical interactions 

between the promoters and regulatory sequences ensure proper epigenetic state and 
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Figure 4. Epigenetic features of the Nppa/Nppb locus. A, USCS genome browser view of the ChIP-seq 

data of the CTCF and Polymerase II binding sites, and H3K27Ac mark in the heart and liver. Black arrows 

indicate heart-specific modifications within the domain surrounded by the CTCF-associated sites (gray 

area). B,D, Changes of H3K27ac (B) and Polymerase II binding (D) measured by ChIP-qPCR in the 

ventricles 4 weeks after TAC surgery; *p ≤ 0.05 vs control, 
#
p ≤ 0.05 vs control region in control; 

$
p ≤ 0.05 

vs control region in TAC. C, USCS genome browser view of ChIP-seq data of H3K27Ac and Pol II
20

 within 

the region depicted in gray in (A). Vertical lines indicate positions of the primers for ChIP-qPCR. Primer 

locations within the CTCF-binding and 4C-interacting regions, Nppb and Nppa are depicted in purple, 

blue, red and green, respectively. 
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conformation of the locus necessary for dynamic natriuretic peptide gene expression in 

the normal and stressed myocardium. 

 

 

Discussion 
 

Unique expression profile of Nppa and Nppb in the heart 

ANF and BNP were discovered as natriuretic hormones, isolated from the heart 

and brain tissue, respectively. Later, several functions of these peptide hormones 

including suppression of cardiomyocyte hypertrophy,22,23 fibrosis,24 inflammation and 

cancer development25 have been described. Their expression has been found in 

different organs and tissues including the hypothalamus, pituitary gland and lung.26,27 

However, the production of the hormones and expression of their genes Nppa and 

Nppb are by far the highest in the heart. Therefore, we consider their expression to be 

heart-specific. Nppa and Nppb show the highest expression levels out of 10 genes in 

the 200 kb DNA region around these two genes (Figure 1A,B). Two other genes, 

procollagen lysine dioxygenase 1 (Plod1) and angiotensin II type 1 receptor-associated 

protein (Agtrap) showed relatively high levels of expression in the heart. Plod1 

expression can be triggered by Pitx2a and Nkx2.5, which are expressed in the heart.28 

During hypertrophy, Plod1 is involved in collagen remodeling.29 Agtrap is broadly 

expressed in many tissues, and attenuates the angiotensin II-mediated hypertrophy 

response.30 However, Agtrap and Plod1 were not differentially expressed in the TAC 

model of hypertrophy. We observed non-significant up-regulation of mitofusin 2 (Mnf2) 

and 2510039O18Rik 4 weeks after TAC, although Mfn2 was reported to be down-

regulated in different models of hypertrophy, including 1 and 2 weeks of TAC.31 

Apparently, its level changes during the time course of hypertrophy showing close to 

normal expression after 4 (Figure 1C) and 15 weeks with TAC.31 In contrast, Nppa and 

Nppb were strongly up-regulated 4 weeks after TAC. Their coordinated and selected 

up-regulation during hypertrophy suggests the presence of regulatory elements shared 

only between Nppa and Nppb, but not with the other genes in the locus. We sought to 

identify distal regulatory elements involved in Nppa-Nppb co-regulation. 

 

Contact profile of the Nppa-Nppb locus 

To define the regulatory unit of Nppa and Nppb we first focused on the CTCF sites 

known to mark boundaries of regulatory regions.32,33 Two closest CTCF-associated 

sites34 proved to contact each other forming a loop. Sequences inside this loop were 

found to form interactions mostly within the loop, and their interactions with the outside 

sequences were limited (Figure 2). Interestingly, in the region downstream of Nppa, 

interactions were restricted to the CTCF-associated sites, whereas in the upstream 

region, sequences beyond the CTCF sites could form contacts with the Nppa-Nppb 
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interaction domain. Functions of CTCF include not only boundary formation, but also 

involvement in transcriptional regulation, often associated with the recruitment of CTCF 

to the enhancer elements. This mechanism has been shown for the regulation of many 

genes involved in diverse biological processes like leukemia,35 zebrafish 

embryogenesis36 and cancer.37 Therefore, we speculate that the upstream CTCF site 

studied in this work might be associated with enhancer elements, especially because 

this region overlaps with ChIP-seq peaks for H3K27Ac, H3K4me1, p300 and DNase 

HS, indicative of potential enhancer activity, and contacts the Nppa promoter (Figure 

2B). This implicates that the actual border of interactions of the Nppa-Nppb regulatory 

domain is located more upstream (> 40 kb relative to Nppa) of this locus.  

Previously, comprehensive GWAS identified genetic variants influencing the 

concentration of natriuretic peptides in the blood of HF patients. Several SNPs located 

in the NPPA-NPPB-CLCN6-MTHFR cluster showed association with NT-proBNP levels 

in patients with cardiac dysfunction, but after multivariate adjustment only two of them, 

rs506538 in the exon of NPPA and rs1023252 in the intron of CLCN639 remained 

independent predictors of increased NT-pro-BNP. The NPPA polymorphism is located 

in the region marked by H3K36me3 and H3K4me1 in human cells, associated with the 

actively transcribed regions and active/poised enhancers, respectively. The CLCN6 

variant is co-localized with the CTCF-associated site which, in cooperation with the 

other CTCF-associated region, was found to encircle the Nppa-Nppb interaction domain 

in our study. Consequently, both genetic variants are likely to influence the organization 

of the locus and regulate Nppa and/or Nppb expression. Later, it became apparent that 

the “best-fit” gene/SNP from GWAS sometimes represents a simplified view of the 

complex genetic architecture influencing clinically relevant phenotypes. It has been 

shown that five out of six variants in linkage disequilibrium (LD) in Nppa, Clcn6, Mthfr, 

Plod1 and Agtrap genes can co-segregate at a single GWAS locus and impact 

hypertension phenotype.40 Then, all causative variants from the LD block should be 

represented within a regulatory region of genes differentially expressed during 

hypertension, such as Nppa and Nppb. Therefore, cooperation of several faraway DNA 

elements and genome architecture in general can regulate stress-response in the heart.  

The 4C-seq method allows genome wide visualization of all interactions with the 

bait region of interest, like a promoter or an enhancer. Modified version of the 4C 

technology used here includes two steps of DNA shearing with 4-cutter restriction 

enzymes and provides not only high resolution maps of DNA interactions but also 

robustness and reproducibility of the method.9 However, because of the relatively small 

distance between Nppa and Nppb in the mouse genome (15 kb) and even smaller 

distances between their promoters and potential enhancers, the contact profiles of both 

genes look like one 60 kb unit of interactions with Nppb located in the middle of this 

region. This challenges quantitative analysis of the differences in the interaction 

frequencies between the fetal, adult and hypertrophied heart. In addition, location of the 
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peaks, but not the frequency of interactions within these peaks, was reproducible 

between different experiments (data not shown). Therefore, we qualify the interactions 

within the Nppa-Nppb locus as permissive, where all the contacts are pre-formed and 

not tissue dependent. In such a preformed conformation, tissue-specific transcription 

factors are needed to activate transcription of a given gene.41 However, the contact 

signals within the locus increase during hypertrophy, reflecting either closer association 

or increased contact frequency. This, in turn, may reflect increased Nppa and Nppb 

expression. Therefore, we propose a mixed model of DNA organization with the pre-

organized conformation, but dynamic frequencies of interactions. 

Genome-wide (“all-versus-all” loci) interaction maps were analyzed in human 

fibroblasts using Hi-C. Although these maps lack the high resolution of 4C-seq, 

interaction of the Nppa and Nppb promoters in human fibroblasts was detected. 

Therefore, these interactions are similar across cell types confirming the permissive 

model of the organization of the locus. Moreover, the interactions between the Nppa 

and Nppb promoters are comparable across species showing conservation of their 

spatial organization.42 

Both Nppa and Nppb are conserved among species and located close to each 

other in the conserved regulatory domain. They show similar expression patterns in the 

fetal heart and their expression is increased in the ventricles after myocardial 

overload.43 All these similarities suggest that both genes are regulated by the same 

enhancers specific or common for different stages of heart development and stress 

response. Examples of enhancer sharing can be found in regulation of expression of Irx 

and Hox genes.6,8 In this study, we showed that both Nppa and Nppb exhibit 

interactions with the same regions located -35 kb, -22 kb and -11 kb upstream of Nppa. 

Functional analysis of these regions in vivo will be required to evaluate their role in 

regulation of Nppa and Nppb expression in the heart. 

 

Epigenetic modifications reveal active region of the Nppa-Nppb locus 

Changes in the epigenetic state contribute to the development of 

cardiomyopathies in adult hearts.44 Histone acetylation, methylation, phosphorylation, 

ribosylation of histones and transcription factors, DNA methylation and ATP-dependent 

remodeling of histone deacetylases alter gene expression and modulate cell size, 

proliferation, extracellular matrix environment and angiogenesis.44,45 It was found that 

demethylation of H3K4 in the promoter regions of Nppa and Nppb results in activation of 

their expression in human failing left ventricular myocardium, whereas H3K9ac was not 

changed in those regions and H3K27ac was modestly increased only in the Nppb 

promoter.46 However, this study shows increased levels of H3K27ac in both the Nppa 

and Nppb promoters, where the modest to significant accumulation of H3K27ac at the 

promoters in the TAC mice compared with the controls was dependent on location of 

the primers used for qPCR (Figure 4B, red and green bars). Various primer location as 



3D organization of the Nppa-Nppb gene cluster 

90 

 

well as different stages of myocardium failure can explain the discrepancies in histone 

acetylation of the Nppa and Nppb promoters with the study of Hohl et al. Although it has 

been shown that the human and rat proximal Nppb promoters were able to respond to 

stress in vivo,47,48 the mouse Nppb promoter did not show any activity in the hearts of 

transgenic mice (unpublished observations) and the mouse Nppa promoter could not 

respond to stress.3,4 Therefore, other regions are important in the regulation of 

expression of Nppa and Nppb during hypertrophy. 

Because several modifications including H3K27ac are associated with active 

enhancers and stimulation of transcription, many studies use this property to locate 

stage- or condition-specific cardiac enhancers.21,49 Differential acetylation of H3K27 was 

associated with the increased gene expression in cardiomyocytes of TAC compared 

with the sham mice.21 However, H3K27ac-marked enhancers assigned to the genes in 

that study were located only within 4 kb from their TSS, whereas our data indicates that 

the distances up to 40 kb from the promoter of Nppa might be involved in its regulation. 

We used the results of the 4C assay and H3K27ac ChIP analysis to locate stress 

response enhancers of Nppa and Nppb. The acetylation levels at the -11 kb and at -22 

kb region, both interacting with the Nppa and Nppb promoters, were moderately 

increased in TAC hearts compared with controls, suggesting involvement of these 

fragments in stress-mediated regulation of these genes. The -35 kb fragment was 

shown to be highly acetylated already in the normal heart, possibly being involved in the 

regulation of Nppb expression, which, in contrast to Nppa, remains to be expressed in 

the adult ventricles. After TAC, the region from -38 to -35 kp (13 kb upstream region) 

relative to Nppa remained acetylated, although the levels of acetylation were 

significantly lower than in the normal heart (Figure 4B). Deacetylation of histones 

causes chromatin compaction,50 which might give space for other enhancers and newly 

recruited transcription factors to mobilize and activate/enhance Nppa and/or Nppb 

transcription. Additionally, this 13 kb upstream region is marked not only by H3K27ac 

and Pol II association, but also by H3K9ac,21 p300, Dnase I, H3K4me1, 20 known to be 

associated with active enhancers51 and suggesting the involvement of this fragment in 

regulation of gene expressed. Alternatively, this region might represent an enhancer-

repressor switch for fine-tuning of Nppa and/or Nppb gene expression during stress.52 In 

this case, expression of the associated genes does not clearly go on and off, but 

depends on the levels of decreased H3K27ac (Figure 4B) and H3K9me3,21 increased 

H3K9ac21 and the levels of other histone modifications in this region after TAC. We also 

cannot exclude the possibility that this 13 kb upstream region is not involved in stress 

response of Nppa and/or Nppb, in agreement with the strong hypertrophy response of 

EGFP in mice lacking this region in the BAC337-EGFP construct.3 

Both Nppa and Nppb are characterized by de novo recruitment of Pol II 4 days 

after TAC.53 We did not observe significant changes in Pol II binding at the promoter 

regions of Nppa and Nppb 4 weeks after TAC (Figure 4D). Phosphorylation of Pol II at 
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the transcription start site of Nppa results in activation of its expression in PE-induced 

NRCM hypertrophy.54 Pol II is associated not only with the promoters of expressed 

genes, but is also found at enhancers.11,12 In our ChIP-qPCR data, increased 

occupancy of Pol II immediately downstream of Nppb and at the -35/-37 kb region 

relative to Nppa suggests possible regulatory activity of these sequences, although Pol 

II occupancy is not changed in the stressed hearts. 

Taken together, we have shown that the Nppa and Nppb promoters interact with 

each other and several potential regulatory regions within the 60 kb conserved 

interaction domain. The Nppa-Nppb locus is characterized by unique epigenetic code, 

differentially represented in stressed myocardium and therefore potentially involved in 

regulation of Nppa and Nppb expression during hypertrophy. 
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Abstract 

The up-regulation of Nppa and Nppb expression in the ventricles after myocardial 

overload is referred as reactivation of the “fetal gene program”, although the distal 

regulatory sequences responsible for developmental and stress-mediated expression of 

Nppa are different. The regulation of Nppb expression in vivo is not well understood. We 

analyzed if the expression of these clustered genes with the similar structure and 

function are regulated by similar mechanisms in the heart. To identify regulatory 

sequences responsible for the regulation of Nppa and Nppb expression in the 

embryonic, adult and stressed ventricular myocardium we used short enhancer-

promoter- as well as BAC-reporter transgenic mice. Three developmental enhancers 

located ~10, 20 and 35 kb upstream Nppa regulate its ventricular pattern and 

expression level. The -35 kb enhancer is crucial for Nppb expression in the fetal and 

adult heart. During myocardial overload induced by transverse aortic constriction, -27/-

22 kb region relative to Nppa  might be responsible for its stress-induced up-regulation, 

whereas Nppb stress-response elements are located more upstream of this region. In 

addition, the Nppb promoter elements are important but not sufficient for stress-induced 

Nppa up-regulation. Taken together, our data reveal an unexpected complexity in the 

regulation of the clustered Nppa and Nppb, in which multiple different regulatory 

sequences control the dynamic expression of the genes. Both genes share some, but 

not all, regulatory elements during development and stress.  
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Introduction 
Atrial natriuretic factor (ANF) and brain natriuretic peptide (BNP) are encoded by 

Nppa and Nppb, respectively. Both genes are expressed in the embryonic atrial and 

ventricular myocardium in mice with a peak of expression at midgestation (E12.5).1,2  

After birth, Nppb expression remains expressed at lower levels in both atrial and 

ventricular myocardium1 whereas Nppa is down-regulated in the ventricles and 

becomes restricted to the atrial myocardium and the subendocardial ventricular 

conduction system.3 However, myocardial overload strongly stimulates ventricular 

expression of Nppa and Nppb, along with the release of the peptides from the secretory 

granules. Increased levels of circulating ANF and BNP lower blood volume through 

activation of diuresis, reduce blood pressure and therefore reduce stroke volume.4 

Sustained cardiac overload leads to hypertrophy and heart failure (HF) with increased 

plasma levels of BNP. Therefore, BNP is widely used as a diagnostic and prognostic 

marker.5,6 In addition, Nppa is used to assess the development of cardiomyocyte 

hypertrophy in cell culture and in in vivo models7. Therefore, studying the mechanisms 

of natriuretic peptide reactivation will be useful to understand the underlying 

pathological mechanisms and may be helpful to develop new biomarkers. 

Previously, it has been shown that the capability of the Nppa promoter to respond 

to stress in vitro was not present in vivo.8 This has led to the hypothesis that more distal 

regulatory sequences are required for stress-induced Nppa up-regulation. Horsthuis et 

al. showed that the region from -27 to +58 kb relative to Nppa contains stress-response 

enhancers, whereas the regulatory elements required for developmental expression are 

located more upstream of this region.9 However, the precise location and nature of  the 

regulatory elements involved have not been identified. Three Nkx2.5-binding fragments 

at -35, -31 and -21 kb relative to Nppa were found to provide an Nppa-like expression 

pattern to LacZ reporter in vivo. However, these fragments did not induce LacZ 

ventricular reactivation after TAC.10 Matsuoka et al. recently described a 650 bp 

conserved element as a stress-response enhancer of Nppa.11 However, this fragment is 

located 37 kb upstream of Nppa, outside the region previously found to be sufficient for 

its stress-response.9 Therefore, several regulatory elements might be involved in 

reactivation of Nppa expression during hypertrophy. In vivo studies with the proximal 

promoters of human12 and rat13 Nppb in transgenic mice showed their limited ability to 

drive Nppb expression and to respond to stress. However, the developmental activity of 

these promoter fragments has not been described. Furthermore, the mouse homologue 

of the Nppb promoter fragment is inactive when tested in transgenic mice (our 

unpublished observations). Therefore, identification of the regulatory DNA sequences of 

Nppa and Nppb is required to understand the mechanisms of their reactivation.  

Three natriuretic peptide genes were formed in vertebrates by duplication of a 

common ancestor gene. Mammals maintained two of these genes, Nppa and Nppb, 

positioned at a distance of only 15 kb from each other in the mouse genome.14 Several 
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studies of clustered genes describe their coordinated regulation by shared regulatory 

sequences.15–17 For example, several regulatory elements throughout the conserved 

IrxA cluster preferentially interact with two out of three genes of the cluster, Irx1 and 

Irx2, and bring the promoters of these genes together, presumably providing their co-

expression in mouse tissue.17 The Myh6 gene, encoding a fast myosin, is co-expressed 

with miR-208a, which regulates the performance of the adult heart by controlling the 

expression of two slow myosins and their intronic miRNAs, Myh7/miR-208b and 

Myh7b/miR-499, respectively.16 The multigene HoxA and HoxB clusters contain 

conserved control modules with several enhancers in their 3’ flanking intergenic regions, 

which might mediate expression of a set of Hox genes specifically expressed in the 

cardiac progenitors, outflow tract and epicardium of the embryonic heart.15 Encouraged 

by these examples and taking into account the highly similar expression pattern of Nppa 

and Nppb during development and after stress, we propose that these clustered genes 

also may share regulatory elements.  

Here, we performed a functional screen for regulatory elements of Nppa and Nppb 

using transgenic reporter mice. The combination of two reporters in one modified BAC 

was used for simultaneous monitoring of Nppa and Nppb expression in one mouse line. 

In these mice, we studied the dynamic developmental expression of the reporter genes 

to identify developmental enhancers. We show that several enhancers are involved in 

patterning and expression activity of Nppa and Nppb during development. Two 

enhancers were found to regulate the correct transmural ventricular pattern, while the 

region upstream of both genes governs their embryonic ventricular activity and Nppb 

ventricular expression in the adult heart. To identify stress-response regulators, we 

used the transverse aortic constriction (TAC) and myocardial infarction (MI) models, 

which induce HF. We suggest that the reactivation of Nppa and Nppb expression after 

stress is regulated by a combination of several stress-response elements organized in a 

complex regulatory domain. The higher frequency of intra-domain interactions and 

different levels of epigenetic modifications in this domain might be involved in stress-

induced Nppa and Nppb up-regulation. 
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Methods 
 

Vectors and constructs 

Enhancer candidate regions 4-5 kb in size from the Nppa-Nppb locus were cloned into 

the pGL3basic reporter vector (Promega) containing −638/+70-bp rNppa promoter. F1-

F8 and F13-F17 fragments were amplified, and F9-F12 and -35 kb fragments were 

subcloned from BAC336 DNA. Primers and genomic coordinates of the putative 

enhancer regions were: 

 

fragment Coordinates (mm9) primers 

F1 chr4:147,348,056-147,352,902 Fw: CTCTCTAGCCCCCAACATT 

   Rv: GCCCTCAGTCCTGTCAGAT 

F2 chr4:147,352,574-147,357,566 Fw: AGCGGACACCCACATTTATC 

  Rv: ACAGGCTGTTAGGTCAGTTG 

F3 chr4:147,357,368-147,360,106 Fw: ACAGAGGTGGGGTCTACTT 

  Rv: ACAGCACCTTCAGGAGATC 

F4 chr4:147,359,605-147,362,346 Fw: GTGGGTGTTGTTTGGGAATGT 

  Rv: GCCTTTCCAGGACTTTGCTT 

F5 chr4:147,362,068-147,366,438 Fw: GTTCTGACCCAGGTTCTC 

  Rv: GTCGTGTGATACTTTCCTGAA 

F6 chr4:147,366,154-147,370,605 Fw: ACAACCCAGCAACACCAGCC 

  Rv: CTGACTCCTATTACAGCATCA 

F7 chr4:147,370,245-147,374,169 Fw: AGAGGTCTACATAGTGAGATTC 

  Rv: AAGGGATGTTAGAAGAGCATAT 

F8 chr4:147,374,947-147,379,968 Fw: GGCTCCTTCTCCATCACCCT 

  Rv: TCCAACCTTAGGAGAAAGCCAATG 

F9 chr4:147,380,619-147,386,470 

F10 chr4:147,386,477-147,390,448 

F11 chr4:147,390,455-147,393,633 

F12 chr4:147,392,612-147,397,725 

F13 chr4:147,398,389-147,405,466 Fw: CCACGGTGGCTGCTCAGTGCTT 

  Rv: AGCGTCCTCATGGCGGTTCAGA 

F14 chr4:147,405,257-147,412,484 Fw: CCTCACATCAGCCTCAAGTGTCA 

  Rv: CGCCCATGCCGTTGGTGTAGT 

F15 chr4:147,412,287-147,419,804 Fw: CGGAATCGGGGGGAATGAATCA 

  Rv: GACCACCTGAGTTTGAATCCC 

F16 chr4:147,419,293-147,426,521 Fw: GGAGGCAGAAGCAGGAGGATCT 

  Rv: CGGGCTCCTAAGTGGGATCTCTT 

F17 chr4:147,426,296-147,432,533 Fw: AAGATGTGGGGCGAGGAGCTCA 

  Rv:CCTTGTCCCCCTGCTCTTCCTT 

-35 kb chr4:147,333,142-147,344,738 
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In F2 and F5 containing constructs Luciferase was replaced with EYFP. Mouse  

-1,8/+0,28 Nppb promoter region (chr4:147358026-147360180) coupled to 

the bovine growth hormone gene (BGH) poly(A) signal were cloned in reverse 

orientation into the pGL3basic-0,7kbNppa-Luciferase reporter downstream Luciferase-

polyA sequence. Linearized vector-free constructs were injected in the pronuclei of 

fertilized eggs, which were subsequently implanted into the oviducts of the FVB 

preudopregnant foster females to generate transgenic mouse lines.  

 

Cell culture and luciferase assay 

H10 and COS7 cells were grown in 12-well plates in DMEM supplemented with 

10%FCS (Gibco-BRL) and glutamine. 2 ug of total DNA including 0,7 ug of the 

Luciferase reporter constructs and 1,5 ng of phRG-TK Renilla vector (promega) used for 

normalization were transfected using polyethylenimine 25 kDa, (PEI, Brunschwik) at 1:3 

ratio (DNA:PEI). pcDNA expression constructs for Gata4, Nkx2.5, Mef2C, SRF and 

p300 (kindly provided by Dr. Esther Creemers from Academic Medical Center, 

Amsterdam, the Netherlands) were cotransfected as appropriate. Cell extracts and 

luciferase assays were performed 24h after transfection using Luciferase Assay System 

according to the protocol of the manufacturer (Promega). Luciferase measurements 

were performed using a Promega Turner Biosystems Modulus Multimode Reader 

Illuminometer. The mean luciferase activities and standard deviations were plotted as 

fold activation when compared with the promoter-reporter plasmid. Statistical 

significance was analyzed with ANOVA single-factor test. 

 

Transgenic animals 

Animal care and experiments conform to the Directive 2010/63/EU of the European 

Parliament. All animal work was approved by the Animal Experimental Committee of the 

Academic Medical Center, Amsterdam (DAE101977, DAE101892, DAE102292, 

DAE102821), and carried out in compliance with the Dutch government guidelines. Mice 

were generated and bred on the FVB background. Genotype of the founder lines and 

their offspring was analyzed by PCR with tissue-derived (ear, tail, embryo) DNA, and 

EG/YFP specific (5’Fw- ATCTTCTTCAAGGACGACGG; 5’Rv- 

AGTTGTACTCCAGCTTGTGC) or Luciferase specific primers (5’Fw- 

ATGTCCGTTCGGTTGGCAGA; 5’Rv- CTGAAATCCCTGGTAATCCGTT) were used. 

 

BAC modification 

Generation of BAC336-Katushka-Luciferase (BAC336-KL) and BAC337-EGFP has 

been described previously.9,18 In short, BAC modification protocol19 was used to replace 

the sequences cggcATGgatc and cccacgccagcATGggc at the translation start sites of 

Nppb and Nppa (ATG region) with Katushka and Luciferase/EGFP, respectively. In 

present study, BAC337EGFP was additionally modified with Katushka (Nppb). Using 
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the same protocol,19 RP23-139J21 harboring the sequence from -0,65 to +179 kb 

relative to the transcription start site of Nppa was modified with Luciferase (Nppa). Also, 

several truncated BAC336-KL constructs were generated: BAC336-KL-∆down, 

BAC336-KL-∆F2, BAC336-KL-∆prNppb, BAC336-KL-∆inter and BAC336-KL-∆up. In 

short, two homologous arms (hom) around the targeted regions were amplified with the 

primers listed below, cloned into the pLD53.SC shuttle vector and used for two 

consecutive homologous recombination steps in Pir2+ bacteria. After both cointegration 

and resolution, correct recombination was verified by PCR screen using one primer 

outside a homology arm and another within the Luciferase/Katushka/EGFP gene. The 

insertion of the reporter genes and the integrity of the recombinant BAC were confirmed 

by restriction digest. BAC336-KL, RP23-139J21, BAC336-KL-∆down, BAC336-KL-∆F2, 

BAC336-KL-∆prNppb DNA was purified using CsCl gradient.19 DNA was dialyzed 

against the injection buffer (10 mM Tris-HCl, pH7.5, 0,1 mM EDTA, 100 mM NaCl, 30 

uM Spermine (Sigma), 70 uM Spermidine (Sigma)). BAC337-KE, BAC336-KL-∆inter, 

BAC336-KL-∆up DNA was purified using Nucleobond PC20 Kit (Macherey-Nagel) from 

the overnight culture. DNA was dialyzed against PBS. An aliquot of purified BAC was 

checked for degradation via digestion with SpeI and overnight electrophoresis, after 

which DNA was submitted for pronuclear injection. One or two lines per construct were 

generated and characterized for fetal and adult expression of the reporter genes. 

 

homol. arm deleted sequence (chr4) Fw primer Rv primer 

A(Nppa) cccacgccagcATGggc CCTGACAGCTGAGCAGCAAG TCGGGGCACGATCTGATGTT 

B(Nppa) 
 

TCCTTCTCCATCACCCTG CCAATCCTGTCAATCCTACC 

C(Nppb) cggcATGgatc TGGTGATGGTGGGTGTTGTTT CAGAAGCGATGGGCCAGGCA 

D(Nppb) TCCTGAAGGTGCTGTCCCAGAT AAGTGGCAAGGTAGGTGCTCAC 

E(∆F2) 147,352,566-147,357,560 AGGAGTTTGGGATCAGTGCT TCAGACTGGTGTCCTTGTGT 

F(∆F2) GCCTGTGTCTGTTCTGCCTA GTGGCTTGGAACTCACTTTG 

K(∆prNppb) 147,359,355-147,359,950 ATGTGACTGGTTCTGGACTC AGATTTCAGCTTGAGGATGC 

L(∆prNppb) AAGGTCTGGCCGGACACTCA CGTTGGATGGGAAGTTCACC 

M(∆inter) 147,362,658-147,374,150 CATAGACACTCTAACCCACTC CTGTGTAGCCTTGACTATCC 

N(∆inter) TGCTCTTCTAACATCCCTTGG TCACATTCTTGCTGATTTGCC 

O(∆down) 147,376,982-147,417,481 TTCTGGTTAGAGCCTGGGTG AGCCCTGAATGTGTTCTCTG 

P(∆down) TCGGCCATTCTGCCAGAGTT AAGCCCATTGCAGTTGGTCC 

J(∆up)  147,234,647-147,357,560 GTTTCTCTGTGTAGCCCTGG CCTGGTGTCCTAAACTCATCG 

F(∆up)  GCCTGTGTCTGTTCTGCCTA GTGGCTTGGAACTCACTTTG 

 

ISH 

Non-radioactive in situ hybridization on sections was performed as described 

previously.20 Embryos and hearts were fixed in 4% formaldehyde, embedded in 

paraplast and sectioned at 10 µm. The cDNA probes used were Nppa,21 Nppb,2 

Luciferase, Katushka and EYFP. DIG-labeled Luciferase probe was generated from the 
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HindIII linearized pSP-luc+NF vector (Promega) using T7 polymerase. Katushka cDNA 

was subcloned from pTurboFP-635C (Evrogen) into pBluescript SK vector, linearized 

with EcoRV and labeled with T3 RNA. Images were acquired with the Zeiss Axiophot 

microscope. 

 

RNA isolation and RT-qPCR 

Ventricular tissue of fetal, control adult, TAC and MI operated mice was dissected and 

snap frozen in liquid nitrogen and stored at -80°C. Total RNA was isolated using Trizol 

Reagent according to the manufacturer’s protocol (Invitrogen). 300 ng (fetal tissue) or 

500 ng (adult tissue) of total RNA was used for reverse transcription with the 

Superscript II system (Invitrogen) and Oligo-dT as primers. Expression of different 

genes was assayed with quantitative real-time PCR using the LightCycler Real-Time 

PCR system (Roche Diagnostics, Almere, The Netherlands). Values were normalized to 

Hprt expression levels. 

 

gene 5’-Fw 5’-Rv 

Nppa TTCCTCGTCTTGGCCTTTTG CCTCATCTTCTACCGGCATC 

Nppb 

Nppb in BAC-TG* 

GTCCAGCAGAGACCTCAAAA 

AGGGAGAACACGGCATCATTG 

AGGCAGAGTCAGAAACTGGA 

TCTCTTATCAGCTCCAGCAG 

Luciferase AGGTGGACATCACTTACGCT CACTGCATACGACGATTCTG 

Katushka 

Hprt 

EG/YFP 

CTTCGACATCCTGGCTACC 

TCCTCCTCAGACCGCTTT 

ATCTTCTTCAAGGACGACGG 

TCGTATGTGGTGATCCTCTC 

CCTGGTTCATCATCGCTAATC 

AGTTGTACTCCAGCTTGTGC 

 

* Katushka cDNA was inserted in the BAC without its own polyA signal. To prevent 

miscalculation of the endogenous Nppb transcript due to the presence of additional 

copies of BAC DNA, we used the primers designed in the 5’-UTR and the 2nd exon of 

Nppb. 

 

Fluorescence Imaging 

After dissection of transgenic mice, fluorescent images of the heart were obtained with a 

fluorescent dissection microscope (Leica MZ FLIII Stereomicroscope), equipped with 

Leica DFC 320 camera. 

 

Transverse aortic constriction 

8-12 week-old FVB mice, transgenic constructs were subjected for transverse aortic 

constriction (TAC) as described.22 All mice were weighed, sedated with 4% isoflurane, 

intubated and connected to a pressure-controlled ventilator (Hugo Sachs Electronic, 

Harvard Apparatus). A gas mixture of O2/N2 (v/v = 1/2) containing 2.5% isoflurane was 

used to maintain anesthesia. Body temperature was kept at 37 °C and buprenorphine 

(50 µg/kg) was injected s.c. for postsurgical analgesia. Thoracotomy was performed 
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through the first intercostal space and the aorta was constricted with a 7-0 silk suture, 

between the truncus brachiocephalicus and the arteria carotis communis sinistra. A 

27 G needle was used to induce severe TAC. The sham procedure was performed 

identically but without the aortic ligation. Age-matched unbanded or sham operated 

animals were used as controls, where sham operated animals were not different from 

the control mice. After 2-4 weeks or if discomfort (dyspnoe, decreasing mobility) was 

diagnosed earlier, mice were anaesthetized in a CO2/O2 mixture, subsequently killed by 

cervical dislocation and heart tissue was collected. HW/TL ratio was calculated to 

exclude non-responsive to stress mice from further analysis. Ventricular tissue was 

dissected and apportioned for qPCR and ISH. 

 

Myocardial infarction 

Infarction was created in BAC336KL and prNppb-prNppa-Luc mice by permanent 

ligation of the left anterior descending coronary artery (LAD) according to the protocol 

described previously23 with slight modifications. Mice were sedated with a mixture of 

ketamine (60 mg/kg) and dexmedetomidine hydrochloride (0,35mg/kg). Atropine was 

intraperitoneally (i.p.) injected (0,5 mg/kg). Mice were shaved, analgesized 

subcutaneously with buprenorphine (0,068 mg/kg) and intubated on a heating mat to 

maintain body temperature. Anesthesia was maintained via ventilation by a Minivent 

volume controlled Mouse Ventilator (Hugo Sachs Electronic, Harvard Apparatus) with 

2% isoflurane in O2 (1L/min flow rate). Left thoracotomy was performed at the fourth 

intercostal space. Infarction was created by permanent ligation of the LAD by 

surpassing a BV-4 5mm taper point needle with a 9-0 Polyamid wire under the LAD, tied 

with a double knot. The thoracotomy and skin were closed with a C-1 12mm cutting 

needle with a 6-0 silicone coated brained silk wire. Atipamezole hydrochloride (2.5 

mg/kg) was subcutaneously injected to antagonize dexmedetomidine hydrochloride. 

After 1 week or if discomfort (decreasing mobility) was diagnosed earlier, mice were 

anaesthetized in a CO2/O2 mixture, subsequently killed by cervical dislocation and heart 

tissue was collected. The border zone  of the operated mice and a piece of left 

ventricles of the control mice were dissected and used for qPCR analysis. 

 

Statistical analysis of in vivo experiments 

All data in bar charts were represented as mean value ± SEM. The two-tailed Student’s 

t-test was used to determine statistical significance (p<0,05) of the differences between 

the fetal (E17.5) and adult ventricular activity of the reporter genes, and the differences 

in normalized ventricular activity between different BAC transgenic lines and those of 

BAC336KL. In TAC and MI experiments, factor correction24 was used to remove 

variability between experiments performed in several sessions. The two-tailed Student’s 

t-test was used to determine statistical significance (p<0,05) of genes up-regulation. 

Correlation coefficient was used to determine the relationship between the levels of 
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Nppb and Katushka mRNA, and the levels of Nppa and Luciferase/EGFP mRNA, which 

represents the response of the reporter genes to stress. T-test between the slopes was 

used to estimate the difference between the response of the reporter genes in two 

transgenic lines.25  

 

 

Results 
 

Two regions regulate prenatal but not adult stress-mediated expression of Nppa 

Previously, studies of mice carrying overlapping BAC-EGFP constructs revealed that 

the stress-response region responsible for ventricular activation of Nppa during 

hypertrophy is located within a 85 kb region, from -27 to +58 kb relative to Nppa. In 

contrast, its developmental ventricular enhancers were found to be localized more 

upstream.9 To identify potential distal stress-response elements, we performed a 

luciferase reporter assay with 17 overlapping fragments covering this 85 kb region 

(Figure 1A, upper panel). F1-F17 were coupled to the Nppa promoter and Luciferase 

reporter. After co-transfection of H10 cardiomyocytes with the transcription factors 

Nkx2.5, GATA4 and Mef2C involved in regulation of cardiac hypertrophy,26–28 two 

fragments were identified with increased activity, F2 and F5 (Figure 1B). ChIP-seq data 

showed that F2 is occupied by Nkx2.5 in the adult heart and by GATA4 in the 

embryonic heart (Figure 1A, lower panel). F5 overlaps with ChIP-seq peaks of the 

enhancer-associated acetyltransferase p300. To test potential in vivo activity of these 

fragments, we generated transgenic mouse lines with constructs containing either the 

F2 or F5 region, the Nppa basic promoter and EYFP reporter. Both reporter constructs 

were active in the atria and in the trabeculated layer of ventricular myocardium, 

mimicking expression of Nppa in the fetal heart (Figure 1C,F, arrows). However, EYFP 

expression was not induced in the ventricles four weeks after TAC surgery (Figure 

1D,E,G,H), whereas Nppa mRNA levels were increased in the ventricles of TAC mice 

compared with the controls (Figure 1E,H). Interestingly, EYFP expression driven by the 

F5 fragment decreased after stress, suggesting the presence of inhibitory elements in 

this fragment. These data show that two fragments, F2 and F5, contribute to the 

developmental expression pattern of Nppa, but are not involved in its stress-induced up-

regulation.  

 

 



Different regions regulate Nppa and Nppb expression 
 

106 

 

BAC337
BAC336

10 kb mm9
Nppb Nppa

Clcn6
Mthfr

-35kb
F1

F2

F3
F4

F5
F6

F7
F8

F9

F10
F11

F12

F13
F14

F15

F16
F17

Nkx2-5 - adult heart

Gata4 - adult heart

Gata4 - E12.5 heart

SRF - HL1

p300 - adult heart

R² = 0.76

0

2

4

6

0 5 10 15 20

L
u

c
fo

ld
c

h
a

n
g

e

Nppa fold change

0

5

10

15

20

Nppa Eyfp

fo
ld

c
h

a
n

g
e

0

2

4

6

Nppa Eyfp

fo
ld

c
h

a
n

g
e

0

3

6

9

fo
ld

in
d
u
c
tio

n

* *

B

C

E15.5 E15.5

E14.5E14.5

prom F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14 F15 F16 F17

ra
la

rv lv

ra la

rv lv

lv

ra la

rv lv

ra la

rv lv

lv

*

*

*

*

* * * * * * *

F
2

-p
rN

p
p

a
E

y
fp

F
5
-p

rN
p

p
a

E
y
fp

B
A

C
3
3
6

-
K

L-
∆

F
2

E15.5 E13.5

ra

rv lv

ra

rv

lv

Eyfp

Eyfp

Nppa

Eyfp

Eyfp

Luciferase

Eyfp

Luciferase

control
TAC

Eyfp control
TAC

control
TAC

F

I

G

J

H

K

control TAC

control TAC

0

4

8

12

Nppa
Luc

Nppb
Kat

fo
ld

c
h
a

n
g

e control
TAC

*

*

A

lv

D E

 

  



 Chapter 4 

107 

 

To further assess the role of F2, it was deleted from BAC336, shown to contain all 

necessary information for developmental and stress-induced Nppa expression.9 

Remarkably, this deletion did not impair the fetal expression pattern of Luciferase 

inserted into the translation start site of Nppa in BAC336-KL-∆F2 (Figure 1I), suggesting 

the presence of several redundant developmental Nppa enhancers. After TAC, the 

levels of Nppa and Luciferase expression in the ventricles of BAC336-KL-∆F2 mice 

were increased (Figure 1J). Up-regulation of Nppa was not significant, but increased 

levels of Nppa expression significantly correlated with that of Luciferase (Figure 1K), 

indicating the absence of Nppa stress-response elements in the F2 fragment. In 

addition to Luciferase, BAC336-KL-∆F2 contained the second reporter Katushka 

inserted into the translation start site of Nppb. The levels of Katushka mRNA increased 

after TAC and mimicked that of Nppb, showing that the F2 fragment is not involved in 

Nppb stress-induced up-regulation (Figure 1J). Taken together, the F2 and F5 

fragments regulate the developmental expression pattern of Nppa, but are not involved 

in the stress response of either Nppa or Nppb. 

 

Multiple distal regulatory regions control the developmental expression of Nppa 

and Nppb 

BAC336 contains regulatory regions sufficient for both developmental regulation 

and stress response of Nppa and Nppb.18 DNA fragments F2 and F5 selected in the 

luciferase reporter assay did not exhibit stress-response activity. Besides the F2 and F5 

regions, several other sequences were shown to interact with the Nppa and Nppb 

promoters (Chapter 3 and Figure 2A, gray lines). To test if these interacting regions  

______________________________________________________________________ 

Figure 1. Developmental enhancers do not contain stress-response elements. A, USCS genome browser view of 

Nkx2.5, GATA4
29

 and p300
35

 ChIP-seq data in the region -40/+60 kb relative to Nppa. BAC336 and BAC337
9
 

spanning the locus are represented in the top panel in green, F1-F17 fragments used for luciferase assays are 

presented in gray/blue. B, F1-F17 fragments coupled to Nppa basic promoter and luciferase reporter were 

transfected into H10 cardiomyocytes. Increased luciferase activity of the reporters was measured after co-transfection 

of the cells with Nkx2.5, GATA4 and Mef2C transcription factors. F2 and F5 fragments, depicted in blue, showed 

more than three times induction of luciferase activity compared to the Nppa promoter vector. *p<0.05 vs. promoter 

reporter. C,F, Potential stress-response fragments F2 and F5 were coupled to the Nppa promoter and EYFP reporter, 

which recapitulated expression of Nppa in the atria and trabecular ventricular myocardium of E14.5-E15.5 transgenic 

mice. D,G EYFP fluorescence in F2-prNppa-EYFP and F5-prNppa-EYFP mice mimicked atrial expression of Nppa in 

the adult hearts, but did not increase in the left ventricular myocardium of the TAC hearts compared with the controls. 

Two representative hearts are shown. E,H, Nppa mRNA levels analyzed with qPCR increased in the ventricles 4 

weeks after TAC surgery whereas EYFP mRNA levels was not changed in F2-prNppa-EYFP (E) mice (n=4 control 

and n=3 TAC, p=0,225 for Nppa and p=0,06 for EYFP) or decreased in F5-prNppa-EYFP (H) mice (n=3 control and 

n=3 TAC, p=0,028 for Nppa and p=0,0002 for EYFP). I, Deletion of the F2 from BAC336-KL-∆F2 did not impair 

ventricular transmural pattern of Luciferase in E15.5 transgenic mice. J, Nppa, Luciferase, Nppb and Katushka 

mRNA levels analyzed with qPCR were up-regulated in the ventricles of BAC336-KL-∆F2 mice 2 weeks after TAC 

(n=4 control and n=5 TAC, p=0,064 for Nppa, p=0,117 for Luciferase, p=0,013 for Nppb, p=0,043 for Katushka). K, 

Correlation of Nppa and Luciferase levels in the ventricular myocardium of the control and operated BAC336-KL-∆F2 

mice (p=0,002). Error bars indicate SEM; ra, right atrium; ra, right atrium; rv, right ventricle; lv, left ventricle; scale bar 

= 0.5 mm and 0.2 mm (zoomed panels).  
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contain distal regulatory enhancers of Nppa and Nppb, we generated a series of 

overlapping and truncated BAC reporters and compared the developmental profile and 

stress response of the reporter genes with those in the original BAC336 (Figure 2, 3). 

Five BACs (I-III, V, VII) were modified to contain Katushka and Luciferase genes 

inserted into the translation start sites of Nppb and Nppa, respectively. BAC337-KE (IV) 

with the EGFP (Nppa) reporter from the study of Horsthuis9 was additionally modified 

with Katushka (Nppb). Overlapping with BAC336, RP23-139J21(VI) was modified with 

Luciferase only. Transgenic lines carrying these construct were generated and the fetal 

and adult expression patterns of the reporter genes were compared to those of 

endogenous Nppa and Nppb. Since the most dramatic changes in the expression of 

these genes occur in the ventricular myocardium, we specifically concentrated on the 

activity of the reporter genes in the fetal and adult ventricles defined as the ventricular to 

atrial ratio of their mRNA levels. Two independent transgenic lines were analized with 

each of the BAC336-KL(I) and BAC336-KL-∆down(II) constructs. In both cases, similar 

developmental dynamics of the Luciferase and Katushka ventricular activity was 

observed (Supplemental Figure 1A-C). Luciferase was down-regulated in the ventricles 

after birth and Katushka expression was comparable in the fetal and adult heart in two 

independent lines of BAC336-KL(I) and of BAC336-KL-∆down(II). Although adult 

ventricular activities of Luciferase and Katushka were lower in line 2 of BAC336-KL-

∆down(II), the developmental behavior of the reporter genes remained comparable 

(Supplemental Figure 1B,C). Therefore, BAC transgenes accurately mimic the 

endogenous gene expression independently of BAC integration position in a genome. 

This allows to minimize the number of independent transgenic lines per construct that 

need to be analyzed for accurate description of the regulatory potential of a BAC. For 

the other BAC constructs only one transgenic line has been analyzed. 

The expression patterns of Katushka and Luciferase/EGFP in BAC-containing 

transgenic mice were studied with in situ hybridization. When expression was detected, 

both reporter genes recapitulated the expression pattern of Nppb and Nppa, 

respectively (Figure 2B). Representative examples indicate that deletion of the 

downstream sequences in BAC336-KL-∆down(II) did not impair the expression pattern 

of Luciferase and Katushka (Figure 2B, the 3rd panel). In contrast, the absence of the 

upstream sequences in overlapping BAC337-KE(IV) resulted in reduced Katushka, but 

not Luciferase expression (Figure 2B, lower panel). Next, the ventricular activity of 

Katushka and Luciferase/EGFP was assessed and compared between transgenic lines 

and with that of endogenous Nppb and Nppa, respectively. Direct comparison of 

Luciferase and Katushka mRNA levels between different BAC transgenic lines is not 

possible because the levels of expression in each line depend on the copy-number and 

the site of integration of the transgenic construct. Therefore, we normalized both 

ventricular Luciferase/EGFP and Katushka expression levels to that of atrial 

Luciferase/EGFP (Figure 2C-D). Atrial expression of Luciferase/EGFP was used as a 
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Figure 2. Developmental enhancers of Nppa and 

Nppb are located upstream of both genes. A, 

Overview of the overlapping BACs and BAC deletion 

clones (black lines) with the schematic 

representation of interacting region (gray lines) as 

analyzed by 4C-seq. BAC reporter constructs were 

modified with Katushka and Luciferase/EGFP (KL/E) 

genes inserted into Nppb and Nppa translation start 

sites, respectively. B, Expression pattern of Nppb  

and Nppa, and the corresponding Katushka and Luciferase/EGFP in the fetal and adult hearts of the transgenic 

mouse lines was studied with in situ hybridization. Note that, truncation of the downstream region in BAC336-KL-

∆down(II) did not change expression pattern of the reporter genes, whereas the absence of the upstream region in 

BAC337-KE resulted in undetectable Katushka expression. C, Ventricular/atrial activity of endogenous Nppa 

measured by qPCR was significantly higher in the hearts of fetal compared to the adult mice and Luciferase reporter 

in the I-III and F2-prNppa-EYFP transgenic lines recapitulated similar activity. *p<0.05 E17.5 vs. adult, 
#,§

p<0.05 vs 

line I. D, Fetal ventricular Nppb expression normalized to atrial Nppa expression measured by qPCR was not 

significantly different from that in adult mouse hearts. Katushka expression during development was disturbed in 

transgenic lines II-IV with the dramatic reduction of fetal and adult ventricular activity in BAC337-KE(IV) line. *p<0.05 

E17.5 vs. adult, 
#,§

p<0.05 vs line I. E, Comparison of adult ventricular Katushka and Luciferase/EGFP mRNA 

normalized to atrial Luciferase/EGFP mRNA levels of different transgenic lines shows dysregulation of the reporter 

expression in BAC337-KE(IV) and BAC336-KL-∆up(V). Fetal atrial expression of Luciferase was used for 

normalization because it was reliably measured in all BAC transgenic lines.
 #,§

p<0.05 vs line I, *p<0.05 

Luciferase(EGFP)/Katushka ratio vs line I. Error bars represent SEM; scale bar = 0.5 mm. 
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reference because it is provided by the Nppa proximal promoter30 present in all the 

BACs studied. Normally, the ventricular/atrial ratio of Nppa is higher in the fetal 

compared to the adult heart, corresponding to its ventricular down-regulation after birth 

(Figure 2C). Luciferase in BAC336-KL(I) recapitulated the developmental program of 

Nppa (Figure 2C). Analysis of the ventricular activity in the other transgenic BAC lines 

showed that only deletion of the sequences more than 17,2 kb upstream of Nppa in 

BAC337-KE(IV) and BAC336-KL-∆up(V) resulted in reduced fetal EGFP/Luciferase 

activities compared with that in BAC336-KE(I) (Figure 2C). This low ventricular/atrial 

ratio eliminates the difference between the reporter gene activity in the fetal and the 

adult heart, and suggests the presence of distal upstream fetal ventricular enhancers of 

Nppa. Deletion of the downstream region in BAC336-KL-∆down(II) did not impair fetal 

and adult ventricular activity of Luciferase (Figure 2C). The levels of the ventricular/atrial 

ratio of Luciferase expression in BAC336-KL-∆inter(III) were reduced compared to those 

in BAC336-KL(I), but were not different compared to those of endogenous Nppa. 

Although both fetal and adult reporter activity appear to be impaired by the introduced 

intergenic deletion, the postnatal down-regulation of Luciferase was preserved. 

Additionally, the activity and the developmental behavior of Luciferase in this line was 

comparable with that of the F2 developmental enhancer shown to be involved in the 

regulation of the transmural expression pattern of Nppa (Figure 1C and 2C).  

Next, the ventricular activity of Katushka was calculated to identify sequences 

regulating Nppb expression during heart development. Normally, the ventricular activity 

of Nppb moderately decreases during development (Figure 2D). In BAC336-KL(I) and 

BAC336-KL-∆down, this decrease in activity was significant because of high fetal 

activity of the transgene. Deletion of the region more than 17,2 kb upstream of Nppa in 

BAC337-KE(IV) and BAC336-KL-∆up(V) significantly reduced fetal and adult ventricular 

activity of Katushka (Figure 2D). Expression levels of Katushka in the adult heart of 

BAC336-KL-∆up(V) were close to the detection limit and therefore, the adult ventricular 

activity was not determined. These findings suggest the importance of the upstream 

region for regulation of Nppb expression in both the fetal and the adult heart. Deletion of 

the intermediate region in BAC336-KL-∆inter(III) resulted in reduced fetal Katushka 

activity compared to that in BAC336-KL(I), but not different from that of endogenous 

Nppb. These intermediate region might contain some regulatory elements involved in 

the regulation of Katushka expression in the fetal heart. Alternatively, lack of the large 

sequences of the Nppa-Nppb locus in these BAC constructs might affect the 3-

dimensional conformation, thereby influencing the regulation of gene expression. 

We next determined whether Luciferase/EGFP and Katushka are controlled by the 

same regulatory elements (Figure 2E). The normalized levels of ventricular 

Luciferase/EGFP and Katushka mRNA were significantly reduced in all the lines with 

the modified BACs (II-V) compared to those of Luciferase and Katushka in BAC336-

KL(I), respectively. This analysis suggests either the presence of multiple regulatory 
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regions upstream, in between and downstream of both genes, or the great impact of 

disrupted chromosome conformation on regulation of gene expression in the adult 

heart. We focused only on the dramatic changes in the lines lacking the upstream 

region, BAC337-KE(IV) and BAC336-KL-∆up(V). In BAC337-KE(IV), the ratio between 

EGFP and Katushka expression levels in the ventricles was reversed and significantly 

different from that in BAC336-KL(I) (Figure 2E, insertion). BAC337-KE(IV) was the only 

line where normalized Katushka expression was lower than that of EGFP. These data 

confirm that the distal upstream region is required for basal ventricular Nppb 

expression.  

Analysis of the BAC337-KE(IV) transgenic mouse line revealed that the region 

located more than 27 kb upstream of Nppa is involved in the regulation of the 

developmental expression of Nppa and Nppb, and in regulation of Nppb expression in 

the adult heart. This region includes the -35 kb area shown to interact with the Nppa 

and Nppb promoters (Figure 2A, gray lines and Chapter 3) and to bind cardiac 

transcription factors Nkx2.5 and GATA4, and enhancer associated protein p300 (Figure 

1A). The 12 kb fragment covering this area was coupled to the Nppa promoter and 

tested in the Luciferase reporter assay in cell culture. After co-transfection of COS7 

cells with the cardiac transcription factors or p300, Luciferase activity of the reporter 

increased confirming the functionality of transcription factor binding sites in vitro 

(Supplemental Figure 2), which can contribute to the enhancer activity of this region. 

Taken together, we conclude that Nppa and Nppb are in part regulated 

independently before birth, involving different regulatory regions. The Nppa proximal 

promoter contains elements necessary for its embryonic and adult atrial expression,30 

but requires F2 or F5 enhancers for its correct transmural ventricular pattern, and either 

the F2 enhancer or more upstream sequences for embryonic ventricular activity. Both 

embryonic and adult expression of Nppb is dependent on enhancers located more than 

12 kb upstream of the gene. Our data also suggest a great impact of chromosome 

organization of the Nppa-Nppb locus on the regulation of gene expression. 
 

Stress response enhancers are different from the developmental regulators 

To identify stress response region(s) of Nppb and Nppa, we analyzed the induction 

of reporter gene expression in BAC transgenic mice after TAC. The induction of 

Katushka and Luciferase in BAC336-KL(I) mice after TAC correctly recapitulate the 

induction of Nppb and Nppa, respectively.18 Katushka and Luciferase mRNA levels 

significantly correlated with that of Nppb and Nppa, respectively (Figure 3, gray bar 

charts and scatter plots; Supplemental Table 1 and Supplemental Figure 3). The up-

regulation of gene expression in the ventricles of TAC mice varied strongly, because of 

the variable severity of myocardial stress in response to aortic banding. Therefore, we  
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used scatter plots to assess correlations between the levels of endogenous Nppb and 

Nppa and their reporters Katushka and Luciferase/EGFP, respectively. This comparison 

allows one to assess whether or not the response of the reporters deviates from that of 

the endogenous genes, which in turn would reveal the absence of critical regulatory 

regions for induction. We compared the response of the reporters in the reference line 

BAC336-KL(I) (Figure 3, black lines), which contains all regulatory regions for Nppa and 

Nppb regulation, with that in other transgenic lines (Figure 3, red lines, bar charts and 

scatter plots; Supplemental Table 1 and Supplemental Figure 3). 

Deletion of the region downstream of Nppa in BAC336-KL-∆down(II), the 12 kb 

intergenic region including developmental enhancer F5 in BAC336-KL-∆inter(III) (Figure 

3) and the developmental enhancer F2 in BAC336-KL-∆F2 (Figure 1J,K) did not reduce 

the response of Katushka and Luciferase in the ventricles after TAC compared with that 

in BAC336-KL(I). Although the response of Luciferase in one of two independent lines 

of BAC336-KL-∆down(II) is significantly stronger than that in BAC336-KL(I), we interpret 

both lines as containing sufficient regulatory information for reporter induction 

(Supplemental Figure 4). These data confirm the lack of stress-response elements in 

the F2 and F5 developmental enhancers, and reveal that the potential enhancers are 

located in the regions upstream of Nppb, in agreement with the loss of the stress-

response of Luciferase in RP23-139J21(VI) (Figure 3). Deletion of the sequences more 

than 27 kb and 17,2 kb upstream of Nppa in BAC337-KE(IV) and BAC336-KL-∆up(V), 

respectively, resulted in reduced reporter gene activity in the adult ventricles (Figure 

2E). Nevertheless, EGFP, reporting for Nppa in BAC337-KE(IV), was up-regulated after 

TAC (Figure 3), but Luciferase, reporting for Nppa in BAC336-KL-∆up(V) was not. In 

contrast, the response of Katushka to stress was decreased in both lines compared to 

that in BAC336-KL(I), although these differences did not reach significance (Figure 3, 

scatter plots, lines IV and V). Therefore, the sequences located more than 27 kb 

upstream of Nppa may contribute to the stress-induced Nppb expression. However, 

sequences crucial for Nppa up-regulation are located in the region between -27 and -22 

kb upstream of Nppa, implying different regulatory mechanisms for Nppa and Nppb. 

 

______________________________________________________________________ 

Figure 3. Developmental enhancers lack the stress response activity. BAC336-KL (black line), overlapping BACs and 

BAC deletion clones (red lines) with the schematic representation of interacting region (gray lines) as analyzed by 

4C-seq are presented in the left panel. BAC reporter constructs were modified with Katushka and Luciferase/EGFP 

(KL/E) genes inserted into Nppb and Nppa translation start sites, respectively (if applicable). prNppb-prNppa 

construct (IX) is coupled to the Luciferase reporter only (L). Correlation of Nppb and Katushka mRNA levels, and 

Nppa and Luciferase/EGFP mRNA levels in the ventricular myocardium of the control and operated transgenic mice 

are shown in the 2
nd

 and the 4
th
 columns. Correlation of each pair of genes in the transgenic lines II-IX (represented 

in red) was compared with those in BAC336-KL(I) (represented in black), which contains all necessary information for 

stress response. Changes in mRNA levels of Nppb, Katushka, Nppa and Luciferase/EGFP are shown in the 3
rd

 and 

the 5
th
 columns. mRNA levels of the genes were measured with qPCR 2 weeks (I), 2-4 weeks (II-VII) after TAC 

surgery or 1 week after MI (VIII). *p<0.05 vs. control, § significant vs. BAC336-KL(I) 
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Because the promoters of Nppa and Nppb were shown to interact with each other 

(Figure 3, gray lines and Chapter 3), we deleted the 0,6 kb Nppb promoter in BAC336 to 

estimate its contribution to stress-induced Nppa expression. The response of Luciferase  

to stress in BAC336-KL-∆prNppb(VII) mice was significantly reduced compared with 

that in BAC336-KL(I) (Figure 3). These data suggest that the Nppb proximal promoter is 

necessary for Nppa up-regulation during stress. We generated a construct containing 2 

kb Nppb promoter fragment and 0,7 kb Nppa promoter fragment coupled to Luciferase, 

to evaluate if this combination of regulatory regions would be sufficient to induce 

Luciferase expression after myocardial overload. As seen from the Figure 3, Luciferase 

was not up-regulated in the ventricles of the prNppb-prNppa-L(VIII) mice after stress, in 

contrast to Luciferase induction in BAC336-KL(I) mice. Therefore, the 2 kb Nppb 

promoter is not sufficient to induce expression in the stressed heart. 

Taken together, we conclude that Nppa stress-response enhancers are different 

from its developmental regulators. Induction of Nppa after stress is dependent on the 

Nppb promoter and the sequences located in the region from -27 to -22 kb relative to 

Nppa. Nppb basal as well as stress-induced expression is regulated by the enhancers 

located more than 27 kb upstream of Nppa. Therefore, stress-induced reactivation of 

Nppa and Nppb is regulated differently. 

 

3D topology of the Nppa and Nppb interaction network during development and 

disease 

4C analysis of the chromosome conformation of the Nppa-Nppb locus revealed 

interactions occurring between the Nppa and Nppb promoters and several potential 

regulatory regions (Chapter 3). In combination with the functional data obtained from the 

analysis of the BAC transgenic mice (Figure 2,3), we constructed a functional 3D model 

of the Nppa-Nppb locus, showing the importance of DNA conformation in the regulation 

of Nppa and Nppb expression during development and disease (Figure 4). In this 

model, the Nppa-Nppb locus is confined within the CTCF sites. The promoters of Nppa 

and Nppb interact with each other and with the F2, F5 and the -35 kb elements, where 

F2 and F5 are responsible for the correct transmural pattern of Nppa in the embryonic 

heart, the F2 and the region more than 27 kb upstream of Nppa, including the -35 kb 

elements regulate embryonic ventricular activity of Nppa. Moreover, the latter region is 

crucial for basal Nppb expression in the developing and adult heart. During stress, Nppa 

and Nppb are regulated by distinctive enhancer elements located upstream of both 

genes. While the region from -27 to -22 kb relative to Nppa is important for Nppa 

reactivation, Nppb induction is regulated by the sequences located more than 27 kb 

upstream of Nppa, presumably by the enhancer elements at -35 kb. Moreover, the 

Nppb promoter is required, but not sufficient, for Nppa up-regulation during hypertrophy. 

The proposed model demonstrates the unexpected complexity of Nppa and Nppb 

regulation during development and disease and can guide future research to test the 
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enhancer potential of several regions upstream of Nppb, alone or in combination with 

the developmental enhancers.  

 

 

 
 

 

 

Figure 4. Three-dimensional functional model of the Nppa and Nppb locus. F2, F5 and -35 kb regions interact with 

the Nppa and Nppb promoters and regulate their developmental expression pattern and activity. The -35 kb region is 

important for adult ventricular expression of Nppb and its induction after overload. The Nppb promoter contains 

sequences crucial but not sufficient for up-regulation of Nppa during hypertrophy. A region upstream of Nppb (in 

green) may be involved in stress-response of Nppa. CTCF sites enclose the regulatory domain of the Nppa-Nppb 

locus, where a proper conformation of the enhancers might determine the expression of Nppa and Nppb during 

development and disease. 

 

Discussion 

 

Regulation of developmental and stress-induced expression of Nppa and Nppb 

gene cluster has been studied independently in different in vitro and in vivo models,31 

but the sequences responsible for their regulation during development and myocardial 

stress have not been identified. Here, for the first time, we studied regulation of the 

Nppa-Nppb cluster as a whole, simultaneously analyzing enhancer potential of different 
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sequences to regulate Nppa and/or Nppb expression. We show that the conformation of 

the Nppa-Nppb locus and interactions of several sequences within the locus contribute 

to regulation of Nppa and Nppb expression. Both genes share some, but not all, 

enhancers regulating their expression in the embryonic heart and the adult heart after 

stress. Moreover, two developmental Nppa enhancers identified in this study are not 

involved in its stress-induced reactivation. 

 

Short reporter constructs versus BAC transgenics 

Commonly, plasmid-based transgenic reporter constructs are used to identify 

tissue- and stage-specific promoters and/or enhancers. In search for stress response 

enhancers of Nppa and/or Nppb, we tested 17 DNA fragments in cultured H10 

cardiomyocytes. Two promising fragments with higher activity were chosen based on 

the reporter Luciferase assay. A few ChIP-seq peaks for GATA4, Nkx2,5 and p300 are 

present within these fragments suggesting their potential regulatory role in vivo (Figure 

1A). However, the fragments failed to stimulate the EYFP reporter in the ventricles of 

transgenic mice after aortic banding (Figure 1D,E,G,H). Similarly, three potential 

enhancer elements at -35, -31 and -21 kb relative to Nppa were chosen on the basis of 

their ability to bind Nkx2.5 in vivo, but they could not activate the LacZ transgene in the 

ventricles after TAC.10 Note that the -21 kb element from that study is a part of the 

bigger F2 fragment tested separately in our work, and we too failed to see a stress 

response, thereby validating this finding. Matsuoka et al. have described a 650 bp 

conserved element based on its ability to activate the Luciferase reporter in NRCM after 

phenylephrine stimulation. This fragment also induced Luciferase expression in the 

ventricles of transgenic mice after TAC (Matsuoka K, 2014). However, this element is 

located outside the regulatory region from -27 to +58 kb relative to Nppa, shown to be 

sufficient for Nppa reactivation in failing myocardium.9 These data suggest the presence 

of multiple enhancers regulating Nppa and Nppb during disease. To find the regulatory 

sequences responsible for the regulation of Nppa and Nppb in vivo, each of the 

combinations has to be tested using short fragment-based reporters. Such conventional 

approach is problematic because of the great number of transgenic lines which have to 

be tested. In addition, small enhancer-promoter-reporter constructs often exhibit mosaic 

expression, are silenced, or fail to recapitulate the tissue- or developmental stage-

specific expression pattern of the endogenous gene of interest because of position 

effects or lack of specific distal regulatory elements. Using large transgene constructs 

based on BACs with mammalian genomic DNA inserts (150-200 kb) reduces the 

probability of such complications. They encompass flanking regions of the gene of 

interest with multiple potential enhancers in their native combination and conformation. 

Deletion of potential enhancer elements or larger BAC fragments performed in this 

study made it possible to specify functional characteristics of several regions within the 

Nppa-Nppb locus important for its developmental expression pattern, expression levels 
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and stress-response. Moreover, the BAC transgenic approach allowed simultaneous 

monitoring of the two genes in the cluster, intended to find the similarities as well as the 

differences in their regulation. Nevertheless, the efficiency of BAC transgenesis after 

oocyte injection is usually lower than that of small plasmid-based constructs.32 In this 

study, only one or two lines per BAC construct have been analyzed. However, some of 

the BAC constructs are complementary to each other in their coverage of the Nppa-

Nppb locus (Figure 3, BAC336-KL-∆down(II) and RP23-139J21-L(VI)). The data 

obtained from these mice validate each other’s results, thus compensating for the lack 

of multiple independent lines per BAC. We also confirmed the integrity of DNA around 

the Nppa-Nppb locus and the entirety of the whole BACs (data not shown), because 

fragmentation of BAC DNA during oocyte injections potentially leads to silencing or 

impaired transgene expression.32 

The expression levels of the reporter genes in transgenic mice depend on, among 

others, the BAC copy number and its site of integration. Therefore, we could not directly 

compare mRNA levels of Katushka and Luciferase/EGFP between different BAC lines. 

Instead, to estimate the influence of a specific deletion on the expression of the 

reporters in the fetal and adult heart, the ratio of ventricular to atrial mRNA levels was 

used, which we defined as ventricular activity (Figure 2C, D). Atrial expression of 

Luciferase/EGFP is known30 to be provided by the proximal promoter of Nppa. This 

promoter was present in all the BACs studied, and we expected that any deletion in the 

BAC will equally effect the fetal as well as the adult atrial expression. Therefore, we 

used atrial expression levels of the reporters for calculation of the normalized ventricular 

activity. However, the ratios were not determined in some of the transgenic lines 

because of very low atrial expression levels (close to detection limit) of the transgenes, 

which would cause misinterpretation of the data. Nevertheless, BAC lines with low 

ventricular expression/activity were still used in the TAC/MI experiments to evaluate the 

potential of such BAC constructs to induce the reporter expression after stress. 

Taken together, after a failed attempt to find stress-response enhancers using 

enhancer-promoter-reporter constructs, we switched to the BAC reporters, which 

presumably include several potentially regulatory regions and allows simultaneous 

monitoring of two genes in vivo. 

 

Stress-induced Nppa and Nppb reactivation is dependent on different enhancers 

and does not recapitulate the “fetal gene program”  

Analysis of BAC337-KE(IV) revealed that the developmental enhancers of Nppa 

are located more than 27 kb upstream of its transcriptional start site, which is in 

agreement with previously published results.9 Although BAC337 spans the region from -

141 to +58 kb relative to Nppa, we focused on the highly conserved DNA region located 

within the Nppa-Nppb domain of interactions and forming direct contacts with the 

promoters of these genes (Chapter 3). This region is located ~35 kb upstream of Nppa 
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and characterized by the ability to bind cardiac transcription factors, enhancer 

associated p300 and Pol II, marks of potential enhancers. The -35 kb region is also 

marked by heart-specific acetylation of H3K27, known to be associated with enhancer 

activity. Furthermore, it was found to be responsible for fetal ventricular activity of Nppa 

and Nppb, and the basal and stress-induced Nppb expression in the adult heart. 

Matsuoka et al. (2014) have described a 650 bp element within the -35 kb region as a 

hypertrophy enhancer of Nppa, since it was coupled to the Nppa promoter in transgenic 

mice and induced reporter gene expression after TAC11. Our results suggest that this 

650 bp element is one of the distal enhancers of Nppb, but not Nppa, because we 

observed tremendous EGFP up-regulation in the stressed ventricles of BAC337-KE(IV) 

mice lacking the entire -35kb region (Figure 3). Together, our study and that of 

Matsuoka suggest the presence of several regulatory regions responsible for Nppa and 

Nppb up-regulation during hypertrophy. 

The F2 fragment located ~20 kb upstream of Nppa and ~5 kb upstream of Nppb, 

was shown to interact with the Nppa promoter (Chapter 3) and to contribute to the 

correct ventricular transmural pattern of Nppa. While a Nppa promoter-driven reporter 

was ectopically expressed in the compact wall of the prenatal ventricles,9 F2 was found 

to bring in additional information to suppress this ectopic expression. However, removal 

of F2 from BAC336-KL-∆F2 did not disturb the transmural expression pattern of 

Luciferase (Figure 1I), suggesting the presence of several enhancers involved in 

formation of the transmural pattern. It was also neither necessary nor sufficient to 

induce EYFP expression in the ventricles after TAC (Figure 1D,E,J,K).  

Similarly, the F5 fragment provided a correct transmural ventricular pattern to 

EYFP (Figure 1F), and its deletion in BAC336-KL-∆inter(III) did not affect the pattern of 

Luciferase (data not shown), suggesting redundancy in developmental activity of F2 and 

F5. In contrast, F5 did not exhibit ventricular enhancer activity in the fetal heart (Figure 

2C). It also failed to stimulate ventricular expression of EYFP mRNA during hypertrophy 

(Figure 1G,H). At the same time, removal of a 12 kb region including F5 in BAC-336-KL-

∆inter(III) resulted in a significantly lower fetal ventricular activity of Katushka compared 

to that in BAC336-KL(I). This 12 kb region might contain regulatory sequences required 

for proper Nppb expression. Alternatively, these results may indicate that a change in 

the conformation of the locus influences Nppb ventricular expression, since part of the 

deleted sequences were shown interact with the Nppa and Nppb promoters.  

Two studies previously showed the ability of the Nppb promoter to stimulate 

luciferase reporter activity after stress.12,13 Based on these studies we designed the 

deletion of the 0,6 kb Nppb promoter, including Nkx2.5 and GATA4 binding sites in this 

region identified with ChIP-seq.29 This deletion resulted in reduction of Katushka, but not 

Luciferase expression, in BAC336-KL-∆prNppb(VII) mice. One of the reasons for very 

low Katushka expression is that the 0,6 kb deletion included the core promoter and the 

transcription start site. Still, Katushka was reactivated during hypertrophy, indicating that 
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the proximal Nppb promoter is not required for the Nppb stress-response. In contrast, 

Luciferase expression after stress was diminished, showing the possible cooperation of 

the Nppa and Nppb promoters to induce Nppa reactivation. The interaction of the Nppa 

and Nppb promoters observed by 4C-seq (Chapter 3) supports this hypothesis. 

However, a 2 kb Nppb promoter fragment coupled to a 0,7 kb Nppa promoter fragment 

in prNppb-prNppa-L(VIII) stimulated only 2,2 fold induction of Luciferase expression 

levels, which was not statistically significant (Figure 3). Since the 2 kb Nppb promoter 

included the 0,6 kb fragment deleted in BAC336-KL-∆prNppb(VII), we assume that any 

regulatory elements present in this region are not sufficient for Nppa induction. 

However, this conclusion is not in agreement with the results of He et al. and Majalahti 

et al., where the 408 bp human and 534 bp rat Nppb promoters stimulated Luciferase 

reporter in MI or Angiotensin II-induced (Ang II) hypertrophy, respectively.12,13 Chronic 

MI (3-4 weeks) or Ang II administration (1-2 weeks) resulted in 1,7-2,5 fold induction of 

the Luciferase protein activity, while we found 2,2 fold nonsignificant increase in 

Luciferase mRNA levels 1 week after MI. However, up to 13-23 animals per group were 

used to find significant difference in Luciferase activity between the control and Ang II-

stimulated group12 and to draw a positive conclusion regarding the stress-response 

potential of the Nppb promoter. We think that our findings are partially in agreement with 

the previously published results, suggesting that the promoter of Nppb may contain only 

a part of information necessary for its stress-induced expression and cooperation with 

other sequences is required to obtain a strong response. Alternatively, deletion of the 

Nppb promoter within the BAC weakens the necessary Nppa-Nppb promoter interaction 

leading to impaired Nppa reactivation. Because of the close proximity of Nppa and 

Nppb, currently available 3C-based methods do not allow us to analyze these 

conformational changes.  

 

Functional 3D topology of the Nppa-Nppb locus 

Expression of many genes is controlled and finely regulated during development 

by enhancers acting over distances in the megabase range.33 Such interactions require 

exquisite DNA organization to regulate correct spatio-temporal gene expression. 

Studies on gene regulation and chromosome conformation during mammalian 

differentiation revealed two models of 3D conformation-controlled gene expression, 

instructive and permissive.34 In the instructive model, activation of gene expression 

coincides with the formation of new promoter-enhancer interaction(s) through 

transcription factor binding. In the permissive model, the chromosome conformation is 

pre-established and tissue-independent. This pre-established template enables 

tissue/stage specific transcription factors to regulate transcription of genes that are in 

close contact to the regulatory sequences interacting with these factors. Conformation 

of the DNA within the Nppa-Nppb locus can be described as permissive, where the 

Nppa and Nppb promoters interact with each other and with several enhancers in the 
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embryonic and adult heart, as well as in the liver (Chapter 3). During hypertrophy, no 

remarkable conformational changes occur in the locus. Nevertheless, the contact 

signals within the locus increase during hypertrophy, reflecting either closer association 

or increased contact frequency. This, in turn, may reflect increased Nppa and Nppb 

expression. Therefore, we propose a mixed model of DNA organization with pre-

organized conformation, but dynamic frequencies of interactions. 

In this study, we identified three developmental enhancers with duplicate functions. 

Two of them, the F2 and, potentially -35 kb fragments, are necessary for the fetal 

ventricular activity of Nppa. Fragments F2 and F5 drive the correct transmural 

ventricular pattern of Nppa in the fetal heart. All these fragments interact with the 

promoters of Nppa and Nppb. Sequences upstream of Nppa, which include the -35 kb 

region, are involved in maintaining the basal Nppb expression during development and 

its stress-induced up-regulation. The potential enhancer properties of the -35 kb region 

are in agreement with the high levels of H3K27ac (Chapter 3), p300 and Pol II35 binding 

in the heart. Potential Nppa stress-response elements are located in the region from -27 

to -22 kb relative to Nppa. However, this region does not bind cardiac transcription 

factors involved in gene regulation, and only a part of this region interacts with the 

promoter of Nppa. We suggest that stress-induced expression of Nppa in the ventricle 

may be triggered by cooperation of several regulatory elements in the proper 

conformation, provided by conjunctive sequences including the -27/-22 kb region. 

The levels of H3K27ac are differentially distributed along the Nppa-Nppb locus. 

Although the levels of H3K27ac at the Nppa and Nppb promoters increase after TAC 

(Chapter 3), each and both of them are not sufficient for stress response. At the same 

time, acetylation levels at the -35 kb region are reduced in stressed ventricles, 

presumably resulting in chromatin compaction and/or recruitment of specific 

transcription factors to stimulate the Nppb promoter. In addition, acetylated histones 

could mark fetal ventricular enhancers of Nppa in this region, which are not involved in 

stress response of Nppa. However, the levels of acetylation at the -35 kb region in the 

fetal hearts were not measured in this study. 

Taken together, our data show that the chromosomal topology of the Nppa-Nppb 

locus is non-specifically preformed in different tissues and permissive for transcriptional 

activation. Several enhancers with overlapping functions regulate expression of Nppa 

and Nppb during development, but only some of them might be involved in governing 

their stress-induced ventricular up-regulation, showing the complexity of the Nppa-Nppb 

locus organization. This study sheds light on importance of the three-dimensional 

chromatin conformation for regulation of expression of the Nppa-Nppb gene cluster 

during development and disease. 
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Supplemental Figure 1. Two independent founder lines exhibit similar developmental behavior of the 

reporter genes. A, Schematic representation of BAC336-KL(I) and BAC336-KL-∆down(II) constructs. 

BAC reporter constructs were modified with Katushka and Luciferase (KL) genes inserted into Nppb and 

Nppa translation start sites, respectively. B, Ventricular/atrial activity of endogenous Nppa measured by 

qPCR was significantly higher in the hearts of fetal compared to the adult mice and Luciferase reporter in 

two independent transgenic lines of BAC336-KL(I) and BAC336-KL∆down(II) recapitulated similar activity. 

*p<0.05 E17.5 vs. adult, 
#
p<0.05 line (1) vs line (2). C, Fetal ventricular/atrial Nppb expression measured 

by qPCR was not significantly different from that in adult mouse hearts. Katushka expression during 

development was comparable in two independent transgenic lines of BAC336-KL(I) and BAC336-

KL∆down(II). *p<0.05 E17.5 vs. adult, 
#
p<0.05 line (1) vs line (2). 

 
 

 

 

 

 

 

 

 

Supplemental Figure 2. In vitro activity of the -35kb 

enhancer. 12kb fragment at -35kb position relative to 

Nppa showed increased luciferase activity in COS7 

cells co-transfected with either Nkx2.5, GATA4 and 

SRF, or with histone acetylase p300. Error bars 

represent StDev. 
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Supplemental figure 3. Developmental enhancers lack the stress response activity. A, Overview of  the 

overlapping BACs and BAC deletion clones (black lines) with the schematic representation of interacting 

region (gray lines) as analyzed by 4C-seq. BAC reporter constructs were modified with Katushka and 

Luciferase/EGFP (KL/E) genes inserted into Nppb and Nppa translation start sites, respectively (if 

applicable). B, Up-regulation of Nppb and Nppa (top raw), and the corresponding Katushka and 

Luciferase/EGFP genes in the left ventricular myocardium was studied with in situ hybridization in the 

representative TAC hearts compared with the controls. 
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Supplemental Figure 4. Two independent founder lines exhibit similar stress-induced activation of the 

reporter gene expression. BAC336-KL(I) (black line) and BAC336-KL-∆down(II) (red lines) constructs, 

and the schematic representation of interacting region (gray lines) as analyzed by 4C-seq are presented 

in the left panel. BAC reporter constructs were modified with Katushka and Luciferase (KL) genes 

inserted into Nppb and Nppa translation start sites, respectively. Correlation of Nppb and Katushka 

mRNA levels, and Nppa and Luciferase mRNA levels in the ventricular myocardium of the control and 

TAC mice are shown in the 2
nd

 and the 4
th

 columns. Correlation of each pair of genes in the BAC336-

KL∆down (represented in red) was compared with those in BAC336-KL(I) (represented in black), which 

contains all necessary information for the stress response. Changes in mRNA levels of Nppb, Katushka, 

Nppa and Luciferase are shown in the 3
rd

 and the 5
th

 columns. mRNA levels of the genes were measured 

with qPCR 2-4 weeks after TAC surgery. *p<0.05 vs. control, § significant vs. BAC336-KL(I) 
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construct scatter plot Nppb/Kat bar charts scatter plot Nppa/Luc bar charts

number

BAC
name

gene

correlation

2 slopes are

different
Nppb Katushka

gene

correlation

2 slopes are

different
Nppa Luciferase

I(1) BAC336-KL (TAC) 0.009 n.a 0.002 0.036 4.50E-05 n.a 0.010 0.032

I(2) BAC336-KL (TAC) 0.023 0.999 0.076 0.102 0.574 0.137 0.095 0.266

I(1) BAC336-KL (MI) 0.036 n.a 0.157 0.099 0.007 n.a 0.141 0.137

II(1) BAC336-KL-∆down 0.009 0.216 0.038 0.095 0.010 0.840 0.001 0.044

II(2) BAC336-KL-∆down 4.63E-05 0.221 0.033 0.036 0.002 8.221 0.072 0.023

III BAC336-KL-∆inter 4.29E-04 0.059 0.188 0.063 4.68E-04 0.056 0.008 0.005

IV BAC336-KE 0.823 0.094 0.011 0.618 2.54E-04 4.974 0.011 0.009

V BAC336-KL-∆up 0.464 0.065 0.008 0.534 0.336 6.890 0.142 0.856

VI RP23-139J21-L n.a. n.a. n.a. n.a. 0.201 0.001 0.002 0.121

VII BAC337-KL-∆prNppb 0.001 0.080 0.190 0.055 0.602 0.004 0.096 0.404

VIII prNppb-prNppa-L 0.338 0.108 0.304 0.831 0.086 0.048 0.001 0.125  

Supplemental Table 1. P values of the statistical analysis of reporter gene expression in the transgenic 

mouse lines 2-4 weeks after TAC operation (I-VII) and 1 week after MI (I, VIII), represented in Figure 3. P 

values of Nppa-Luciferase/EGFP and Nppb-Katushka correlations on a scatter plot represent the ability of 

a reporter gene to follow up-regulation of Nppa or Nppb, respectively. Significant slope difference shows 

that the response of the reporter gene in a given BAC transgenic line is different from that in BAC336-

KL(I) mice. P values in a bar chart represent significance of up-regulation of Nppa, Nppb and the reporter 

gene expression in the ventricles. 
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Functional organization of the natriuretic peptide gene cluster in 

development and disease 
Two natriuretic hormones, atrial natriuretic factor and brain natriuretic peptide, are 

produced by the heart to regulate the water-salt balance of the blood, crucial for 

maintaining a normal load of the heart. Increase in both the excretion of the peptides 

and the expression of their genes, Nppa and Nppb, during diverse cardiovascular 

disorders represent a physiological response to myocardial stress. However, sustained 

cardiac overload results in extensive remodeling of the heart, dilation of cardiac muscle 

and heart failure (HF). Nppa and Nppb, as well as the encoded peptide hormones, have 

already proven to be reliable markers for HF-related diseases. However, their plasma 

levels are affected by many physiological and pathophysiological factors, which 

complicate discriminating diagnosis. For example, elderly people and women, and 

patients with renal dysfunction, hypertension or atrial fibrillation have increased 

natriuretic peptides levels. In contrast, obesity, known to be one of the risk factors of 

HF, is characterized by reduced peptide levels. Understanding of the mechanisms of 

Nppa and Nppb expression will improve our understanding of disease development and 

will allow developing new biomarkers for earlier diagnosis and treatment. 

In this thesis, we focus on the regulation of Nppa and Nppb expression during 

mouse heart development and hypertrophy. Analysis of published literature revealed 

that mechanisms responsible for the up-regulation of these genes are mostly unknown 

(Chapter 1). The proximal promoters have no (Nppa) or only a limited (Nppb) ability to 

drive their stress-induced expression. This implies that distal enhancers are responsible 

for their reactivation. It has been shown that the region from -27 to +58 kb relative to 

Nppa contains its stress-response regulatory elements. In contrast, developmental 

enhancers of Nppa are located more than 27 kb upstream of the gene, whereas the 

developmental regulation of Nppb has not been described (Chapter 1). 

To study the regulation of Nppa and Nppb expression in vivo, we generated a 

transgenic mouse model with a randomly integrated bacterial artificial chromosome 

(BAC) (Chapter 2). This BAC was modified to carry Luciferase and Katushka reporters 

integrated in Nppa and Nppb, respectively. Both reporters precisely recapitulated the 

spatio-temporal patterns of Nppa and Nppb in the fetal and adult hearts, and during 

hypertrophy and myocardial infarction. Moreover, the levels of Nppa expression during 

hypertrophy and myocardial infarction were non-invasively estimated by measuring 

bioluminescence in vivo. The border zone of the infarct area after myocardial infarction 

was readily identified by an increased intensity of Katushka fluorescence. We propose 

that this mouse model will be useful in biomedical research to study the mechanisms of 

HF-related diseases. 

To gain insight into the dynamic regulation of Nppa and Nppb expression, we 

studied the regulatory landscape surrounding these genes (Chapter 3). Using the 
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chromosome conformation capture assay followed by deep sequencing, we showed 

that the promoters of these genes interact with each other and with several potential 

regulatory regions within a 60 kb regulatory domain. While these interactions were not 

heart specific, the frequency of interactions within this domain was higher in the heart 

compared with that in the liver, and increased in the hearts after transverse aortic 

constriction (TAC). Several epigenetic modifications mark the promoters of Nppa and 

Nppb as well as other discrete sequences within the 60 kb domain specifically in the 

heart. The levels of acetylated H3K27, an enhancer-associated mark, and RNA 

Polymerase II binding, associated with transcribed genes and active enhancers, were 

differently distributed along the 60 kb regulatory domain. After TAC, several regions in 

this domain have changed the levels of their chromatin modifications/binding. These 

data suggest that the conformation of the chromatin and its epigenetic state may 

contribute to the regulation of Nppa and Nppb expression during stress (Chapter 3).  

The region from -141 to +58 kb relative to Nppa contains all necessary information 

for developmental and stress-induced expression of both Nppa and Nppb (Chapter 2). 

To identify discreet regulatory sequences within this region, we generated and analyzed 

transgenic mice carrying small enhancer-promoter-constructs and large BAC-reporter 

constructs (Chapter 4). While embryonic and adult atrial Nppa expression is driven by 

the proximal promoter of Nppa, three distal enhancers were found to regulate its 

expression in the developing ventricles. Located ~10, 20 and, potentially 35 kb 

upstream of the gene, they form direct contacts with the Nppa promoter. Nppb 

expression in the embryonic and adult heart depends on sequences located more than 

12 kb upstream of the gene. This region is also involved in stress-induced Nppb up-

regulation. However, stress enhancers of Nppa are different and are located in the 

region from -27 to -22 kb relative to Nppa. The Nppb promoter was found to be 

important, but not sufficient, for stress-induced Nppa reactivation (Chapter 4). 

Therefore, expression of Nppa and Nppb during development and disease is regulated 

by different mechanisms, which appear to be more complex than we expected them to 

be. 

Taken together, this thesis revealed the complexity in the regulation of the 

clustered genes Nppa and Nppb. Their expression during development and reactivation 

during disease are regulated by several, mostly distinct, distal enhancers, organized in 

a conserved regulatory domain. The chromosome conformation and epigenetic state of 

this domain play important roles in assembling the transcriptional machinery for their 

appropriate spatio-temporal expression. The knowledge obtained in this work will 

improve our understanding of the general mechanisms of transcriptional regulation and 

will be of help in studying the mechanisms of cardiovascular diseases.  
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Functionele organisatie van de natriuretisch peptide gencluster tijdens 

ontwikkeling en ziekte 

Het hart produceert twee natriuretische hormonen, atrium en B-type natriuretische 

peptiden, die de zoutbalans van het bloed reguleren. Dit is cruciaal voor een normale 

belasting van het hart. Myocardiale stress als gevolg van diverse cardiovasculaire 

aandoeningen leidt tot een fysiologische respons van verhoogde afscheiding van de 

hormoonpeptiden en de expressie van hun genen, Nppa en Nppb. Aanhoudende 

overbelasting van het hart leidt tot vervorming (“remodeling”) van het hart, verdikking 

van de hartspier en, uiteindelijk, hartfalen (HF). Nppa en Nppb en de door deze genen 

gecodeerde hormoonpeptiden zijn betrouwbare markers voor HF-gerelateerde ziekten. 

Echter, hun plasmaconcentratie wordt beïnvloed door verschillende fysiologische en 

pathofysiologische factoren die een betrouwbare en discriminerende diagnose 

compliceren. Zo zijn bij bijvoorbeeld ouderen, vrouwen, patiënten met nier 

aandoeningen, hypertensie of atriumfibrilleren de natriuretische peptideniveaus 

verhoogd. Daarentegen hebben patiënten met obesitas een verlaagd peptideniveau 

ondanks dat obesitas bekend staat als één van de risicofactoren van HF. Het 

bestuderen van de regulatiemechanismen van Nppa en Nppb expressie zal ons begrip 

van de ontwikkeling van de ziekte verbeteren, hetgeen mogelijk zal leiden tot de 

ontwikkeling van nieuwe biomarkers voor vroegere diagnose en behandeling. 

Dit proefschrift richt zich op de regulatie van expressie van Nppa en Nppb tijdens 

de ontwikkeling van het muizenhart en tijdens hypertrofie en hartfalen. Analyse van de 

literatuur heeft aan het licht gebracht dat de mechanismen die verantwoordelijk zijn voor 

de regulatie van deze genen niet bekend zijn (Hoofdstuk 1). De proximale promotors 

van deze genen hebben geen (Nppa) of een zeer beperkt (Nppb) vermogen om hun 

stress-geïnduceerde expressie te reguleren. Daarom besturen distale regulatoire DNA 

sequenties (zoals enhancers) hun expressie. Horsthuis et al. hebben laten zien dat de 

sequentie van -27 tot +58 kilobaseparen (kb) ten opzichte van Nppa de stress-respons 

DNA elementen bevat. Daarentegen bevinden de enhancers die de expressie van Nppa 

tijdens de ontwikkeling sturen zich meer dan 27 kb stroomopwaarts van het gen, terwijl 

de regulatie van Nppb tijdens de ontwikkeling niet beschreven is (Hoofdstuk 1). 

Om de regulatie van Nppa en Nppb expressie te onderzoeken hebben we een 

genetische gemodificeerde muismodel gegenereerd waarbij een bacterieel artificieel 

chromosoom (BAC) op een willekeurige plek in het genoom is geïntegreerd (Hoofdstuk 

2). We hebben deze BAC zo gemodificeerd dat de Luciferase en Katushka reporter 

genen in respectivelijk Nppa en Nppb zijn aangebracht. Beide reporter genen 

recapituleren nauwkeurig het ruimtelijke en temporele patroon van Nppa en Nppb in het 

embryonale en volwassen hart, en ook tijdens hypertrofie en na een hartinfarct. 

Bovendien konden we de expressieniveaus van Nppa tijdens hypertrofie en hartinfarct 

niet-invasief bepalen door bioluminescentie in het levende dier te meten. De grens van 

het infarctgebied na een hartinfarct werd gemakkelijk geïdentificeerd door een 
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verhoogde intensiteit van Katushka fluorescentie. Wij stellen voor dat dit muismodel 

bruikbaar zal zijn voor biomedisch onderzoek om de mechanismen van hypertrofie en 

hartfalen te bestuderen. 

Om inzicht te krijgen in de dynamische regulatie van Nppa en Nppb expressie 

hebben we het regulatore landschap rond deze genen bestudeerd (Hoofdstuk 3). Door 

“chromosome conformation capture” analyse gevolgd door “deep sequencing” laten we 

zien dat de promotors van deze genen interactie hebben met elkaar en met 

verschillende potentiële regulatore sequenties binnen een 60 kb regulatoir domein. 

Hoewel deze interacties niet specifiek waren voor het hart, was de frequentie van deze 

interacties binnen het 60 kb domein hoger in het hart dan in de lever, en steeg de 

frequentie in het hart na hypertrofie ten gevolge van aorta vernauwing (TAC). 

Verschillende epigenetische modificaties markeren de promotors van Nppa en Nppb en 

andere discrete sequenties binnen het 60 kb gebied in het hart. De niveaus van 

geacetyleerd H3K27, een enhancer-geassocieerd markering, en van RNA Polymerase 

II binding, die geassocieerd is met afgeschreven genen en actieve enhancers, bleken 

ongelijkmatig gedistribueerd te zijn over het 60 kb regulatore gebied. Na TAC hadden 

verschillende gebieden in dit domein het niveau van hun modificaties/binding 

veranderd. Deze bevindingen tonen aan dat de driedimensionale structuur van het 

chromatine en de epigenetische omgeving een onderdeel zijn van de complexe 

regulatie van Nppa en Nppb expressie tijdens stress (Hoofdstuk 3). 

Het gebied van -141 tot +58 kb ten opzichte van Nppa bevat alle noodzakelijk 

informatie voor expressie van zowel Nppa als Nppb tijdens de ontwikkeling en stress 

(Hoofdstuk 2). Om discrete regulerende sequenties binnen dit gebied te identificeren 

hebben we transgene muizen met enhancer-promotor-constructen en met BAC-

constructen gemaakt en geanalyseerd (Hoofdstuk 4). Terwijl zowel embryonale als 

volwassen atriale Nppa expressie wordt gedreven door de proximale promotor van 

Nppa, reguleren drie distale enhancers de expressie van Nppa in de ventrikels tijdens 

de ontwikkeling. Gelegen op afstanden van ~10, 20 en mogelijk 35 kb stroomopwaarts 

van het gen vormen zij directe contacten met de Nppa promotor. Nppb expressie is in 

het embryonale en volwassen hart afhankelijk van DNA sequenties op meer dan 12 kb 

stroomopwaarts van het gen. Deze regio is ook betrokken bij stress-geïnduceerde Nppb 

inductie. Echter, de enhancers voor stress-geïnduceerde Nppa expressie komen niet 

overeen met die van Nppb. Hun positie kon worden bepaald in de regio van -27 tot -22 

kb ten opzichte van Nppa. De Nppb promotor sequentie bleek ook essentieel, maar niet 

voldoende, voor stress-geïnduceerde Nppa expressie (Hoofdstuk 4). Daarom wordt de 

expressie van Nppa en Nppb tijdens de ontwikkeling en ziekte gereguleerd door 

verschillende mechanismen, die bovendien veel complexer blijken te zijn dan we 

hadden verwacht. 

Tot slot laat dit proefschrift de complexiteit van de regulatie van de geclusterde 

Nppa en Nppb genen zien. De expressie van deze genen tijdens de ontwikkeling en 
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reactivatie tijdens ziekte wordt gereguleerd door verschillende, grotendeels niet-

overeenkomende, distale enhancers die georganiseerd zijn in een geconserveerd 

regulatoir domein. De driedimensionale structuur en epigenetische status van dit 

domein spelen een belangrijke rol bij het assembleren van het transcriptiecomplex voor 

de juiste ruimtelijke en temporele expressie. De bevindingen van dit werk zullen ons 

begrip van de algemene mechanismen van transcriptionele regulatie in de context van 

het genoom vergroten en zullen ons verder helpen bij het begrijpen van de 

mechanismen van hart- en vaatziekten. 
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