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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).  
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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. 
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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 
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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 



 Chapter 3 

91 

 

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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