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Control of gene transcription is a major regulatory determinant for function of the endothelin pathway. Epigenetic
mechanisms act on tissue-specific gene expression during development and in response to physiological stimuli. Most of the
limited evidence available on epigenetic regulation of the endothelin pathway focuses on the EDNT and EDNRB genes.
Examination of whole genome databases suggests that both genes are influenced by histone modifications and DNA
methylation. This interpretation is supported by studies directed at detecting epigenetic action on the two genes. The clearest
illustration of epigenetic factors altering endothelin signalling is DNA methylation-associated EDNRB silencing during
tumourigenesis. This review summarizes our current understanding of epigenetic regulation of the endothelin pathway genes.
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ChlIP, chromatin immunoprecipitation; ChIP-seq, chromatin immunoprecipitation sequencing; CpG, DNA sequence
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receptor type B; H3K27Ac, histone 3 acetyllysine 27; H3K9mel, histone 3 monomethyllysine 9; HDAC, histone
deacetylase; HMEC, human mammary epithelial cell;, HUVEC, human umbilical vein endothelial cell; K562, chronic
myelogenous leukaemia; MS-PCR, methylation-specific PCR; ncRNA, non-coding RNA; NFAT, nuclear factor of activated
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Introduction

The endothelin (ET) signalling pathway governs many physi-
ological functions ranging from constriction of the vascula-
ture to cell proliferation in development to salt retention by
the kidney (reviewed by Barton and Yanagisawa, 2008; Kohan
etal., 2011). The pathway is mediated by three ET proteins
(ET-1, ET-2 and ET-3) and their interactions with two recep-
tors [ET receptor type A (ETA) and ET receptor type B (ETB)
receptor]. Each of the ET peptides is encoded by separate
genes (EDNI1, EDN2 and EDN3). The biologically active
polypeptides differ from ET-1 by only two and six amino acids
in ET-2 and ET-3 respectively. The EDNRA and EDNRB genes
each encode a G protein-coupled receptor ETA receptor and
ETB receptor. The two receptors share similar membrane
topologies and 55% primary amino acid sequence identity
(Arai et al., 1993). However, the two receptors display distinct
ligand affinities. ETA receptor possesses a higher affinity for

ET-1 and ET-2, whereas ETB receptor apparently does not
discriminate between the three proteins (Kohan et al., 2011).
Importantly, the two receptors activate different second mes-
senger pathways and in specific instances may act in opposi-
tion to one another (Nelson et al., 2003).

Defects in the ET pathway contribute to a variety of
pathogenic states. For example, mutations in the coding
sequences of EDNRB and EDN3 are associated with Waarden-
burg syndrome, a genetic disease characterized by a lack of
nerve cells in all or part of the colon (Puffenberger et al.,
1994; Carrasquillo etal.,, 2002; Pingault etal., 2010). In
various forms of cancer, somatic mutations can increase
plasma levels of ET polypeptides or alter the ETA receptor to
ETB receptor ratio (Bagnato et al., 2011). Increases in the ETA
receptor : ETB receptor promote cell growth, angiogenesis,
metastatic spread and inhibits apoptosis (Nelson et al., 2003;
Bagnato et al., 2011). EDNRB is an established tumour sup-
pressor gene and decreased expression of ETB receptor is seen
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Activation of an ET pathway gene. Nucleosomes are shown as brown barrels and DNA as red lines. Histone modifications that repress transcription
are represented by red circles and DNA methylation by black lines. In open chromatin, mediator (blue) interacts with the transcription factors
(purple, yellow and green) bound at enhancers and within the 5’ regulatory region to organize the transcription pre-initiation complex containing
RNA polymerase Il (red). Acetylation of histones, indicative of actively transcribed genes, is shown by the green rectangles.

in numerous tumour cells. Although chromosomal rearrange-
ment accounts for a few examples of cancer-related changes
in ET signalling (Huang ef al., 2004), epigenetic regulation is
emerging as an important factor affecting expression of the
ET proteins and receptors in tumours.

The term ‘epigenetics’ refers to inheritable changes in
gene expression that do not alter the DNA sequence (Mar-
gueron and Reinberg, 2010). The human genome contains
more than 3 million base pairs organized into approximately
21 000 protein coding genes (Clamp et al., 2007; Pertea and
Salzberg, 2010). Histone proteins constitute the nucleosome
core particles that are largely responsible for packaging DNA
into the nucleus. Epigenetic mechanisms that affect genes
include insertion of histone variants, post-translational
modifications of histones, expression of non-coding RNAs
(ncRNAs) and methylation of DNA. These epigenetic effectors
alter both the availability of genes for transcription and the
rates of transcription (Figure 1). The present review will focus
on our current understanding of the two epigenetic mecha-
nisms known to regulate the genes of the ET pathway: DNA
methylation and histone modification. Only two ET pathway
genes, EDNI1 and EDNRB, have been studied in any detail.

Regulation of EDN1

The structure of EDN1 is simple by human gene standards.
The gene is located at 6p24.1, covers approximately 6 kbp
and includes five exons (Figure 1). Transcription is initiated
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from a single site and maturation of the primary transcript
results in a 2.8 kb mRNA. Aside from the expected evolution-
ary conservation within exon sequences, there are three other
conserved regions: a region —1.6 to —1.2 kbp 5’ to the tran-
scription start site, 0.5 to +0.2 kbp in the 5’ promoter proxi-
mal segment and an area +0.7 to +1.4 kbp within the first
intron.

From a regulatory perspective, the EDN1 gene is not so
simple. Transcription is thought to be the primary level of
regulation for the EDNI gene. It is known to be regulated by
more than 20 different stimuli, each acting in selected cells
and tissues (Stow et al., 2011). In response to those stimuli, at
least 10 different transcription factors bind to the promoter
proximal region. In general the response elements for these
transcription factors display a very high level of nucleotide
sequence conservation. For example, in pulmonary cells
under hypoxic conditions hypoxia-inducible factor-1 (HIF-1)
and activator protein-1 (AP-1) bind to specific regulatory ele-
ments to induce transcription of EDN1 (Yamashita etal.,
2001). TGFB supports the binding of the Smad family pro-
teins and HIF-1 in endothelial cells (Rodriguez-Pascual et al.,
2003). Furthermore, as many as five additional highly con-
served sequences display appropriate conservation and
length to suggest the actions of other as yet unidentified
regulatory factors.

The histone code suggests that certain histone modifica-
tions are associated with open chromatin and active tran-
scription, whereas others are indicative of closed chromatin
and gene silencing. The advent of whole genome analysis
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Selected histone modifications of the EDNT locus in HUVEC. Histone
markers associated with transcriptional activity of mammalian genes
were determined in genome-wide studies of cultured HUVECs by the
Broad Institute/Massachusetts General Hospital ENCODE consortium
(Raney et al., 2011). The data were accessed and plotted using the
UCSC Genome Browser (http://www.genome.ucsc.edu). Panels:
EDNT structure: the thin bar indicates intron sequence, the moderate
bar shows exon sequence and the wide bar shows the preproen-
dothelin open reading frame. Exon 2 contains the segment for
mature ET-1. Transcript: the arrow shows the complete primary
transcript. H3K4me3, H3K4mel and H3K27ac; ChIP-seq signal
strength for histone modifications plotted as a function of the human
EDNT1 gene sequence.

provides a resource for considering expression of EDN1 and
the other ET pathway genes. One of the new genome-wide
approaches, chromatin immunoprecipitation sequencing
(ChlIP-seq), can be used to assay histone modifications across
the entire genome. In the ChIP-seq protocol, histones are
chemically cross-linked to DNA in situ and precipitated using
a highly specific antibody for particular histone modifica-
tions (Johnson et al., 2007). The DNA is recovered from the
immunoprecipitates and subjected to high-throughput DNA
sequencing analysis. Numerous histone modifications
have been assayed in this way and some of these data are
accessible using the UCSC Genome Browser (http://
www.genome.ucsc.edu). At the present time, the cell types
studied in this manner are limited due to the extensive
investment, expertise and effort required to perform a ChlIP-
seq experiment. However, whole genome analysis is continu-
ing at a quickening pace, so one can expect data sets from
additional cell types and tissue samples over the next decade.

Fortunately, genes of the ET pathway are expressed in a
number of cell types that have already been studied. One cell
line known to express ET-1 at high levels, the Human Umbili-
cal Vein Endothelial Cell (HUVEC) line, has been examined
using ChIP-seq. For example, histone modifications consist-
ent with silenced genes, such as monomethylation of histone
3 lysine 9 (H3K9mel) and H3K27me3, are noticeably absent
from the EDNI locus in HUVECs (Fujita et al., 2011; Raney
etal., 2011). Histone modifications, such as H3K4me1/2/3
and H3K36me3, are associated with active promoters,
enhancers and genes undergoing active transcription. A
massive ChIP-seq signal covering much of the EDNI locus is
observed for H3K4me3 (Figure 2). Interestingly, a gap is
located in the immediate area of the transcription start site.

Epigenetics and the endothelin pathway

This does not necessarily indicate a lack of histone modifica-
tion, but more likely chromatin remodeling has excluded
nucleosomes to make way for the assembly of the transcrip-
tion pre-initiation complex. Acetylation of numerous lysines
located in all the histone core proteins is commonly observed
in areas of open chromatin and actively transcribed genes.
The histone 3 acetyllysine 27 (H3K27Ac) ChIP-seq signal is
widespread across the entire EDNI locus. A very strong
H3K4mel signal, a histone modification that is typically
abundant in enhancer elements (Ong and Corces, 2011), is
seen —1.6 to —1.2 kbp upstream of the promoter and in an
area of strong sequence conservation in HUVECs. Recently,
Strait et al. (2010) showed nuclear factor of activated T-cells
(NFAT) binds to two elements located —~1563 bp and -1263 bp
5’ to the transcription start site in rat primary renal inner
medullary collecting duct cell. The inner medullary collecting
duct is the tissue of highest ET-1 expression in mammals
(Kohan et al., 2011). Combining the whole genome evidence
with the NFAT data suggest a strong enhancer active in cell
types where ET-1 is expressed at very high levels.

DNA methylation of a promoter is associated with tran-
scriptionally silenced genes (Poetsch and Plass, 2011).
Genome-wide studies have also provided information on the
DNA methylation of the ET pathway genes. Maunakea et al.
(2010) conducted an extensive survey of DNA methylation in
human brain tissue. Evidence from that study suggests that
EDNT1 is transcriptionally active in the brain. Efficient diges-
tion of the EDN1 gene with methylation-sensitive restriction
endonucleases demonstrated hypomethylation at numerous
sites within a 1.5 kb region surrounding the transcription
start site. As expected, the DNA flanking the promoter region
was not susceptible to methylation-sensitive restriction endo-
nucleases and could be immunoprecipitated using an anti-
body to methylated DNA.

Epigenetic regulation of the EDN1I gene is cell and tissue
specific. Dermal fibroblasts and chondrocytes that do not
express ET-1 display methylation at multiple sites in the
EDN1 promoter and first intron by bisulfite DNA sequence
analysis (Vallender and Lahn, 2006). One of the areas of
hypermethylation is within a putative Sp1l binding site and
might be expected to affect binding of this common tran-
scription factor. By comparison, a murine inner medullary
collecting duct (mIMCD-3) cell line expresses ET-1 at very
high levels and had substantial methylation at only two of
the sites assayed in the same study. Another indicator of
tissue specificity of epigenetic regulation can be found in
histone modifications of the EDN1 gene. As discussed earlier,
although the HUVEC line has histone modifications strongly
indicating transcriptional activity (Figure 2), these histone
modifications were not observed in a chronic myelogenous
leukaemia cell line (K562). The K562 cells had a substantial
level of H3K27me3 and little H3K27Ac suggesting repression
of transcriptional activity. In support of this conclusion very
little RNA polymerase II was found at the EDN1 locus in K562
cells.

Currently, direct evidence for changes in epigenetic regu-
lation in response to physiological stimuli is very limited.
Work performed in our laboratory showed that EDNI is
responsive to the mineralocorticoid hormone aldosterone
(Stow et al., 2009). The mineralocorticoid and glucocorticoid
receptors moved to the nucleus in an aldosterone concentra-
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tion dependent manner. ChIP assays and DNA affinity puri-
fication assays showed the presence of a hormone response
element functional within IMCD-3 cells. A substantial
increase in H3K4me2 ChIP signal was seen upon exposure of
cells to aldosterone, reflecting increased transcription of
EDN1.

DNA methylation of EDNRB

The epigenetic mechanism studied in greatest detail among
the ET pathway genes is DNA methylation of the 5’ regulatory
region of the EDNRB gene. The human gene located at
13q22.3 is more complex than EDNI, in that it covers
roughly 24 kbp. The primary transcript undergoes alternative
splicing to produce three different receptor isoforms (Pruitt
etal., 2009). Expression of the gene is dependent upon at
least four different transcription start sites located at two
distinct sites within the locus (Figure 3). The far upstream site
is one of the rare examples of a functional mammalian pro-
moter derived from an ancient insertion of a transposon
(Medstrand et al., 2001; Landry and Mager, 2003). The regu-
lation of this promoter can be expected to be unique, but has
not been investigated. The other three transcription start sites
are located within a 1200 bp segment of the 5’ regulatory
region of EDNRB. An active promoter H3K4me3 signal can be
seen in genome-wide ChIP-seq analyses of brain tissue (Mau-
nakea et al., 2010). A highly CG-rich region, referred to as
CpG island, is located —-792 to +451 relative to the classically
defined translation start site (Knight et al., 2009). The CpG
island covers a portion of the promoter and extends into the
first exon. Nelson et al. (1997) performed the seminal work
on DNA methylation of the EDNRB regulatory region was
performed in prostate cancer tissue about 15 years ago. This
report spurred a series of publications describing EDNRB pro-
moter methylation in normal tissue, tumours and tumour-
derived cell lines.

An extensive series of genome-wide microarray analyses
found that eleven of 60 different tumour cell lines displayed
a decrease in EDNRB expression (Ross et al., 2000). Individual
cell lines derived from several melanomas, breast tumours
and a single renal carcinoma all showed sharp drops in
EDNRB mRNA. Studies directed at EDNRB also demonstrated
reduced expression in cell lines from cancers of the nasophar-
ynx, bladder and colon (Pao et al., 2001; Lo et al., 2002; Zhou
et al., 2007). Knowledge of the reduced expression led to a
search for the molecular mechanism. Early studies exhaus-
tively mapped methylated CpG sites within the regulatory
region at single base resolution by bisulfite sequencing (Pao
et al., 2001; Lo et al., 2002). Comparison of data sets from
several groups provided independent confirmation of heavy
methylation at 16 CpG sites spread over 1 kbp. To illustrate
the point, the extent of DNA methylation has been plotted
for nine such sites (Figure 4) and CpG methylation was found
to be at or close to 100% in many of the cancer cell lines. In
contrast, normal control cell lines had little or no methyla-
tion. When the cancer cell lines were treated with a demeth-
ylating agent, 5-aza-2’-deoxycytidine, the promoter region
became hypomethylated and EDNRB expression was dere-
pressed. The independently performed demethylation experi-
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DNA methylation at the EDNRB promoter. Genome-wide CpG meth-
ylation data were collected from human brain tissue by Maunakea
et al. (2010) and accessed using the UCSC Genome Browser (http://
www.genome.ucsc.edu). Panels: Transcript: the arrows indicate the
position of transcription initiation sites and direction of transcription
for EDNRB. CpG island: the bar shows the extent of the CG rich
element defined as a sequence of greater than 300 bp with a greater
than 50% GC content and a 0.6 ratio of CG in comparison with the
expected value CpG: unmethylated CpG sites (Gardiner-Garden and
Frommer, 1987). MRE CpG: detected by digestion of genomic DNA
with methylation-sensitive restriction endonucleases coupled to high
throughput DNA sequence analysis. MeDIP CpG: position of meth-
ylated CpG sites indicated by high-throughput sequencing of DNA
methylation-specific immunoprecipitates.

ments directly linked transcription of EDNRB to the extent of
DNA methylation at the promoter.

Identification of individual CpG sites methylated in
tumour cells provided information needed for studying larger
patient populations. For example, Knight et al. (2009) exam-
ined 24 CpG sites from 64 individuals with non-small cell
lung cancer using pyrosequencing analysis. Greater than 50%
of the patient tumour samples showed hypermethylation of
the EDNRB promoter. An even higher percentage (>70%) of
tissue samples from oral squamous cell carcinoma patients
presented with increased DNA methylation in an experiment
using the methylation-specific PCR (MS-PCR) approach (Kaur
etal., 2010). Hypermethylation was also detected using
MS-PCR in liver and prostate cancers (Jeronimo et al., 2003;
Hsu et al., 2006; Rogers et al., 2006; Xie etal., 2007). As a
result, DNA methylation of the EDNRB promoter is a candi-
date biomarker for prognosis and recurrence for several spe-
cific tumour types (Yates et al., 2007; Bastian et al., 2008;
Ellinger et al., 2008; Demokan et al., 2010; Pattani ef al., 2010;
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Methylated CpG site in tumour cell lines. Extent of methylation at nine specific sites in tumour and normal cells was assayed by bisulfite sequencing
analysis (Pao et al., 2001; Lo et al., 2002). CpG sites are relative to the classical translational start site. The key for cell lines is on the right.

Vasiljevic et al., 2011). Recently, Viet et al. (2011) also demon-
strated hypermethylation of the EDNRB promoter in oral
squamous cell carcinoma using a state of the art microarray
analysis. DNA samples were applied to a microarray and then
analysed for methylation by a specialized mass spectrometry
approach called MassARRAY (Sequenom, San Diego, CA,
USA). This study presents a novel example of using overex-
pression of EDNRB to overcome a physiological phenotype
that resulted from epigenetic silencing of the chromosomal
gene. The EDNRB gene was reintroduced into a tumourigenic
head and neck cancer cell line. Mice were inoculated with
EDNRB expressing cells or negative control cells. Interestingly,
the EDNRB positive animals showed an apparent decrease in
tumour-related pain as compared with the control group.

Over the past decade it has become clear that DNA meth-
ylation of the EDNRB regulatory region is probably the pre-
dominant mechanism governing down-regulation of EDNRB.
However, it should be noted that it is not the only mecha-
nism for affecting EDNRB expression in cancer. A genetic
mutation in EDNRB has been correlated to a familial predis-
position for melanoma (Soufir et al., 2007).

Other ET pathway genes

If the information about epigenetic regulation of EDNI is
limited, even less is known about EDN2 (human 1p34.2) and
EDN3 (human 20q13.32). EDN2 is expressed in the HUVEC
line (O'Reilly et al., 1993), and the epigenetic marks detected
by ChlIP-seq indicate an active promoter. Human ET-2 has
been shown to be involved in the immune response in intes-
tinal mucosal cells, corpus luteum formation and ovulation
(Takizawa et al., 2005; Klipper et al., 2010; Choi et al., 2011).

Altered ET-2 expression has been observed in inflammatory
bowel disease, breast cancer and hypertrophic cardiomyopa-
thy (McCartney et al., 2002; Nagai et al., 2007). These tissues
would be candidates for study of epigenetic markers govern-
ing expression of EDN2. Human EDN3 is known to be
expressed in many tissues such as brain, lung and prostate. In
breast cancer tissue samples expression of EDN3 is substan-
tially reduced (Wiesmann et al., 2009). The down-regulation
correlated to increased DNA methylation of the EDN3 gene

Like EDNRB, the human EDNRA gene (4q31.22) is
complex. There are at least two transcription start sites and
alternative splicing of the transcript gives rise to different
receptor isoforms. The upstream promoter is equipped with a
CpG island, but to date it has not been investigated beyond
what is available in the whole genome databases. For
example, the CpG island is unmethylated in brain tissue
(Maunakea etal., 2010). A potential target for studying
EDNRA epigenetic regulation is mammary tissue. The histone
modifications seen in human mammary epithelial cells
(HMEC) are indicative of high level expression (Fujita et al.,
2011; Raney et al., 2011).

An illustration of the potential importance of epigenetic
regulation can be seen with the human ET converting
enzyme-1 gene, ECE1 (1p36.12). The gene has three authentic
promoters spread across >50 kbp in the human genome (Sch-
weizer et al., 1997; Valdenaire et al., 1999; Funke-Kaiser et al.,
2000). Each gives rise to an mRNA yielding an active enzyme
differing only in the extreme amino terminal primary
sequence. Examination of H3K4me3 suggests that one, two or
all three promoters can be active depending on cell type.
Each of these promoters can be expected to be subject to
differential epigenetic regulation providing a means for
exquisitely sensitive regulation of ECE1 expression.
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The future

Clearly epigenetic analysis of the ET pathway genes is in its
infancy. The one area of substantial progress is the demon-
stration that epigenetic regulation acts as a central compo-
nent in EDNRB expression in tumourigenesis. The marked
change in DNA methylation of the CpG island and the
dynamic nature of epigenetic mechanisms suggests that
there are likely to be differences in histone modifications
and histone variants at the EDNRB gene in pathological
states.

First generation therapies targeting epigenetic regulation
are currently in use for the treatment of specific tumours and
more are in various phases of clinical trials. The general
strategy is to reverse epigenetic markers in cancer cells by
inhibiting histone deacetylases (HDACs) and DNA methyl-
transferases (DNMTs). Two DNMT inhibitors, S-azacytidine
and 2’-deoxy-5-azacytidine, have been approved for the treat-
ment of myeloid leukaemia. Several HDAC inhibitors have
also been approved for the treatment for a variety of cancers.
For example, Istodax is a broad-range HDAC inhibitor
approved by the FDA for the treatment of head and neck
cancer among others (Mund and Lyko, 2010). Another pan-
HDAC inhibitor, vorinostat, is approved for use in cutaneous
T-cell lymphoma. Moreover, it is also being studied in phase
I and II clinical trials for combination therapy to treat a
variety of cancers including, but not limited to acute myel-
ogenous leukaemia, colorectal cancer, non-squamous cell
lung carcinoma and breast cancer (Wagner et al., 2010). It
would be interesting to monitor the level of EDNRB expres-
sion and action of the ET pathway in response to such drug
regimens.

Epigenetics dictates expression of the ET pathway genes
in a tissue-specific manner. One of the current challenges is to
define the epigenetic markers in normal tissues where the ET
pathway is functional. In pathological states one can expect
to see altered epigenetic modification of the genes. For
example, one might reasonably expect to see differences in
epigenetic markers between normal pulmonary vascular
tissue and samples taken from individuals with pulmonary
arterial hypertension. Another fallow area is the considera-
tion of histone variants and non-coding RNAs (ncRNAs) in
relation to the ET pathway genes. Histone variant H2A.Z is
often located at the boundaries of DNA segments devoid of
histones (Draker and Cheung, 2009). It would be informative
to look for this histone variant at the gap in the H3K4mel
signal at the EDN1 locus in HUVECs. Finally, DNA methyla-
tion, ncRNAs, histone modification and variants are not iso-
lated events, but act in concert with one another to control
gene activity. Consideration of the interplay between the
epigenetic mechanisms will be necessary to achieve a com-
plete understanding of regulation of the ET pathway in
normal and pathological states.
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