Biochimica et Biophysica Acta 1795 (2009) 53-61

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta Comcts

journal homepage: www.elsevier.com/locate/bbacan

Review

Epigenetic regulation of gap junctional intercellular communication: More than a
way to keep cells quiet?

Mathieu Vinken **, Evelien De Rop ?, Elke Decrock ™2, Elke De Vuyst ?, Luc Leybaert °,
Tamara Vanhaecke *!, Vera Rogiers ?

2 Department of Toxicology, Faculty of Medicine and Pharmacy, Vrije Universiteit Brussel, Laarbeeklaan 103, B-1090 Brussels, Belgium
b Department of Physiology and Pathophysiology, Faculty of Medicine and Health Sciences, Ghent University, De Pintelaan 185, B-9000 Ghent, Belgium

ARTICLE INFO ABSTRACT

Am'd_e history: The establishment of gap junctional intercellular communication is a prerequisite for appropriate control of
Received 15 May 2008 tissue homeostasis. Gap junctions consist of connexin proteins, whereby a myriad of factors govern the
Received in revised form 14 August 2008 connexin life cycle. At the transcriptional level, most attention has yet been paid to the classical cis/trans
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Available online 29 August 2008 machinery (i.e. the interaction between transcription factors and regulatory elements in connexin gene

promoter regions) as a gatekeeper of connexin expression. In the last few years, it has become clear that
epigenetic processes are also essentially involved in connexin gene transcription. Major determinants of the

gﬁﬁfjﬁon epigenome include histone modifications and DNA methylation, and recently, microRNA species have also
Connexin been described as key regulators of the epigenetic machinery. In the present paper, the emerging roles of
Histone acetylation epigenetic events in the control of connexin expression, and consequently of gap junctional intercellular
DNA methylation communication, are reviewed. Besides an updated theoretical background concerning gap junctions and
MicroRNA epigenetic phenomena, we provide an in-depth overview of their interrelationship and we demonstrate the

clinical relevance of the topic.
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1. Introduction

The maintenance of tissue homeostasis relies on the well-
orchestrated interplay between extracellular, intracellular and inter-
cellular communication networks. Direct communication between
adjacent cells mainly occurs through vast arrays of intercellular
channels, called “gap junctions”, which are formed by members of the
connexin family [1-4]. Numerous factors are known to drive
physiological gap junction production and activity. Connexin gene
transcription is ruled by specific sets of transcription factors [5].
Structural chromatin modifications are also known to alter transcrip-
tional activity. Such epigenetic mechanisms have gained particular
attention in a clinical context. Indeed, a major hallmark of cancer
includes the drastically altered gene expression patterns, whereby
oncogenes and tumor suppressor genes are typically induced and
inactivated, respectively. Epigenetic processes play pivotal roles in the
silencing of tumor suppressor genes [6,7]. The anticipated anti-tumor
properties of connexin genes suggest that they may also be subject to
such regulation [8,9]. In the current paper, we provide a state of the art
picture of the current knowledge concerning the involvement of
epigenetic mechanisms in connexin expression and function.

2. Gap junctions: key players in homeostatic control
2.1. Structure

Gap junctions, formerly known as nexus or maculae communicantes,
are organized in plaques at the cell membrane surface and arise from
the interaction of 2 connexons (hemichannels) from neighboring cells.
Connexons, in turn, are built up by 6 connexin (Cx) proteins (Fig. 1).
More than 20 mammalian connexin paralogues have been character-
ized, and they are named after their molecular weight [2-4,10,11]. They
are expressed in a cell-specific way, with Cx43 being the most
abundant connexin species [ 12]. Connexins share a common structure,
consisting of 1 cytoplasmic carboxy tail (CT), 4 membrane-spanning
domains (TM), 2 extracellular loops (EL), 1 cytoplasmic loop (CL) and 1
cytoplasmic amino tail (NT) (Fig. 1) [2-4,10,11]. Variety between
connexins is mainly due to structural differences within the cytoplas-
mic areas [13]. Diversity also exists at the level of connexons, which can
be composed of either 6 identical connexin subunits (“homomeric”
connexons) or more than 1 connexin species (“heteromeric” connex-
ons). This “connexin code” becomes even more complicated when
considering gap junction architecture, as these channels consist of 2
heteromeric connexons (“heteromeric” gap junctions), 2 similar
homomeric connexons (“homotypic” gap junctions), or 2 different
homomeric connexons (“heterotypic” gap junctions) [14-16].

2.2. Function

Gap junctions provide a pathway for communication between
adjacent cells, about 180 A in length and 15 A in diameter [17]. The flux
of molecules through gap junctions, called “gap junctional inter-
cellular communication” (GJIC), includes the passive flux of small and
hydrophilic substances, such as cyclic adenosine monophosphate
(cAMP), inositol trisphosphate (IP5) and ions (Ca%*) [18]. Although this
seems a rather general route for exchange of essential metabolites
between cells, GJIC is quite specific and the biophysical properties of a
given gap junction type are determined by the nature of the
composing connexin species (i.e. the connexin code) [14,18]. By

doing so, GJICis considered as a key mechanism in the control of tissue
homeostasis. Numerous studies have actually demonstrated determi-
nant roles of gap junctions in the occurrence of cell proliferation,
cellular differentiation and apoptotic cell death [2,4,9,19-21]. Recent
findings also point to GJIC-independent functions of connexins and
connexons in these processes. Indeed, connexins as such can trigger
gene expression, whereas gap junction hemichannels provide a
pathway for the extracellular release of essential homeostasis
regulators, like adenosine trisphosphate (ATP) [2,11,22-24]. Not
surprisingly, connexins and their channels are frequently impaired
upon disruption of the homeostatic balance. During cancer, for
instance, physiological connexin expression patterns are abrogated,
which typically burgeons into the drastic loss of GJIC [8-10].

2.3. Regulation

A plethora of regulatory mechanisms govern the connexin life
cycle and GJIC. Short-term GJIC control, so-called “gating”, is mediated
by a number of factors, including transmembrane voltage, and Ca®*
ions and H* ions [14]. Among all gating mechanisms, phosphorylation
has been most extensively studied. With the exception of Cx26, all
connexins are phosphoproteins. Regulation of GJIC by connexin
phosphorylation is quite complex, as the outcome of this posttransla-
tional modification is both connexin-inherent and kinase-specific
[25,26]. This is particularly true for Cx43, which can be phosphory-
lated by protein kinase A (PKA), protein kinase C (PKC) and members
of the mitogen-activated protein kinase (MAPK) family, to name a few
[26,27]. Long-term control of GJIC mainly concerns regulation at the
transcriptional level of connexin expression. The structure of connexin
genes is rather simple, namely a first exon containing the 5'-
untranslated region (UTR), which is separated by an intron of varying
length from a second exon, bearing the complete coding sequence,
and the 3’-UTR [5,12,28]. Yet, 2 major exceptions to this common gene
structure have been reported. First, the coding region can be
interrupted by introns, such as in the case of Cx36 and Cx57. Second,
different 5’-UTRs can be spliced in a consecutive and/or alternate
manner (e.g. Cx32) [5,12,28,29]. Connexin gene promoters contain
several binding sites for both ubiquitous transcription factors, like
activator protein 1 (AP1) and specificity protein 1 (Sp1), and tissue-
specific transcription factors [5]. In addition, epigenetic mechanisms
are also essentially involved in connexin gene transcription, as will be
outlined in the following sections.

3. Epigenetics: key mechanisms in transcriptional control
3.1. Introduction

A central dogma in molecular biology is that gene expression is
governed by transcription factors which interact with specific DNA
sequences, a process known as cis/trans regulation. In the last decades,
however, it has become more than clear that other processes are also
essentially involved in transcriptional control. These mechanisms are
commonly referred to as epigenetic events and can be defined as
mitotically and meiotically heritable changes in gene expression that
are not coded in the DNA sequence itself [30]. Thus far, 2 major
epigenetic regulatory mechanisms have been characterized, namely
histone modifications and DNA methylation. Recently, microRNA
(miRNA) species have been described as crucial regulators of
epigenetic events [30-39]. For this reason, miRNAs are considered
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