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a b s t r a c t

In the mammalian heart, multiple types of Kþ channels contribute to the control of cardiac electrical and mechanical functioning through

the regulation of resting membrane potentials, action potential waveforms and refractoriness. There are similarly vast arrays of Kþ

channel pore-forming and accessory subunits that contribute to the generation of functional myocardial Kþ channel diversity. Maladaptive

remodeling of Kþ channels associated with cardiac and systemic diseases results in impaired repolarization and increased propensity for

arrhythmias. Here, we review the diverse transcriptional, post-transcriptional, post-translational, and epigenetic mechanisms contributing

to regulating the expression, distribution, and remodeling of cardiac Kþ channels under physiological and pathological conditions.
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Introduction

Cardiac action potentials are generated by the coordinated
activation and inactivation of ion channels conducting depo-
larizing, inward (Naþ and Ca2þ) and repolarizing, outward
(Kþ) currents (Fig. 1) [1]. While only a few Naþ and Ca2þ

channels account for cardiomyocyte depolarization, multiple
types of voltage-gated (Kv) and non-voltage-gated inwardly
rectifying (Kir) Kþ channels contribute to repolarization,
determining action potential amplitudes, durations, and wave-
forms (Fig. 1; Table 1) [1]. Myocardial Kv and Kir channels
are differentially expressed, resulting in regional- and cell

type-specific differences in excitability and action potential
waveforms (Fig. 1). The expression, distribution, and func-
tioning of Kv and Kir channels are altered in a variety of
cardiac and systemic diseases, leading to abnormal myocar-
dial repolarization and increased propensity for life-
threatening arrhythmias. A large number of Kv and Kir
channel pore-forming α and accessory β subunits have been
identified and the roles of many of these subunits in the
generation of native myocardial Kv and Kir channels (Table 1)
have been defined [1]. In addition, two pore domain (K2P)
Kþ channels [2] and small conductance (SK) [3] Ca2þ-activated
Kþ channels have been shown to be expressed and
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demonstrated to play roles in cardiac electrophysiological
functioning. Here, the factors contributing to the diverse
properties and functional roles of myocardial Kþ channels
are reviewed, and the molecular mechanisms contributing to
the physiological regulation and pathological remodeling of
myocardial Kþ channels are discussed.

Molecular determinants of myocardial Kþ channel
diversity

Although the hyperconserved (GYGD) sequence that
underlies Kþ selectivity is a common feature of all Kþ

channels, the activation, inactivation, and regulatory
mechanisms vary markedly among different types of Kþ

channels. The common ancestor of prokaryotic and
eukaryotic Kþ channels formed a primitive channel struc-
ture with two transmembrane domains (TM) [4], which has
evolved into over 100 different Kþ channel pore-forming α
subunit genes (Fig. 2) through extensive gene duplication
and divergence; more than 40 Kþ channel α subunit genes
are expressed in the heart [1]. There are three types of Kþ

channel α subunits: (1) the six transmembrane-domain
(6-TM) family, which includes Kv and SK channels; (2) the
two-transmembrane-domain (2-TM) Kir channels; and, (3)
the four-transmembrane-domain (4-TM) K2P channels
(Fig. 2). Some Kþ channel α subunit genes undergo

alternative splicing [5] and different Kþ channel α subunits
in the same subfamily can, in principle, heteromultimer-
ize, thereby increasing the potential for functional Kþ

channel diversity.
In addition to the pore-forming α subunits, multiple types

of cytosolic and transmembrane Kþ channel accessory sub-
units, including Kvβ subunits, minK and minK-related pro-
teins (MiRPs), Kþ channel interacting proteins (KChIPs),
Kþ channel associated protein (KChAP), and the membrane-
associated guanylate kinase homologs (MAGUK proteins),
have been identified [1]. The various Kþ channel accessory
subunits contribute to regulating trafficking, membrane
anchoring, organization and biophysical properties of
assembled, functional Kþ channel complexes.

Myocardial Kþ channel regulation

Multiple mechanisms contribute to the regulation of Kþ

channel expression and functioning in cardiomyocytes (Fig. 3).

Transcriptional regulation of myocardial Kþ channels

Transcriptional mechanisms control the temporal and spatial
expression of cardiac Kþ channels during development and in
response to cardiac damage or disease. The fast component
of the Kv4-encoded transient outward current, Ito,f, for

Fig. 1 – Schematics of action potential waveforms and underlying ionic currents in human ventricular (left) and atrial (right)
myocytes. Note that relative inward (downward) and outward (upward) current densities and waveforms, estimated from
voltage-clamp data and modeling studies, in non-diseased ventricular and atrial myocytes are shown. The voltage-gated
inward Naþ (Nav) and Ca2þ (Cav) currents in human atrial and ventricular myocytes are similar. In contrast, there are multiple
types of outward Kþ currents, particularly Kv currents, contributing to atrial and ventricular action potential repolarization. In
addition, the time- and voltage-dependent properties of the various Kv currents are distinct. Differences in the densities and
in the detailed time- and voltage-dependent properties of the repolarizing Kv and Kir channels contribute to differences in the
waveforms of atrial and ventricular action potentials. The genes encoding the pore-forming α subunits underlying the various
cardiac ion channels are also indicated (on the right).
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