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Abstract

\Woltage-gated ion channels respond to changes in membrane potential with conformational shifts
that either facilitate or stem the movement of charged ions across the cell membrane. This
controlled movement of ions is particularly important for the action potentials of excitable cells
such as cardiac myocytes, and therefore essential for timely beating of the heart. Inherited
mutations in ion channel genes and in the genes encoding proteins that regulate them can cause
lethal cardiac arrhythmias either by direct channel disruption or by altering interactions with
therapeutic drugs, the best-understood example of both these scenarios being Long QT Syndrome
(LQTS). Unsurprisingly, mutations in the genes encoding ion channel pore-forming a subunits
underlie the large majority (~90%) of identified cases of inherited LQTS. Given that inherited
LQTS is comparatively rare in itself (~0.04% of the US population), is pursuing study of the
remaining known and unknown LQTS-associated genes subject to the law of diminishing returns?
Here, with a particular focus on the KCNE family of single transmembrane domain K* channel
ancillary subunits, the significance to cardiac pharmacogenetics of ion channel regulatory subunits
is discussed.
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Background

Pharmacogenetics — the interplay between natural human gene sequence variation and
therapeutic or recreational drugs — represents at once a major challenge to the
pharmaceutical industry, a major opportunity for drug companies willing to consider genetic
variability when developing drugs, and both a substrate and raison d’étre for basic and
translational scientists aiming to understand human biology and disease in the genomic era.
The pharmacogenetics of human cardiac arrhythmias is a particularly engrossing and
clinically important field, primarily for two reasons. First, adverse drug-gene interactions
can cause sudden cardiac death in a manner often both unpredictable and reversible only
with defibrillation within minutes of onset. Second, a specific cardiac voltage-gated
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potassium (Kv) channel, the human ether-4-go-go related gene product (hERG, a.k.a.
KCNH2) exhibits an alarming combination of properties that have made it the nemesis of
the modern pharmaceutical industry: its efficient function is essential for healthy human
cardiac rhythm [1+2], its protein folding and trafficking are exquisitely sensitive to genetic or
pharmacologic perturbation [3:4], and it is the single most susceptible potassium channel to
inhibition by a wide range of therapeutic drugs [5'6].

\oltage-gated sodium (Nav) and Kv channels are the dominant proteins controlling electrical
activity in cardiac myocytes of the four chambers of the heart, and their disruption is
therefore the most common culprit in electrically-based inherited cardiac arrhythmias [7].
As in neurons and other electrically excitable cells, the upstroke (depolarization phase) of
the action potential of atrial and ventricular cardiomyocytes is controlled by Nav channels,
whereas the repolarization phase is primarily controlled by Kv channels. Voltage-gated
calcium (Cav) channels also influence the atrial and ventricular myocyte repolarization time,
and in specialized pacemaking cells such as those in the sinoatrial node, are thought to
dominate the depolarization, rendering it slower than in the majority of cardiac myocytes
(although the role of Nav channels in sinoatrial node cells is perhaps greater than originally
considered [8-9]). Focusing primarily here on the ventricles, for which the inherited basis of
electrical abnormalities is somewhat better understood than the atria, increased depolarizing
current through Nav channels, or decreased repolarizing current through Kv channels, delays
repolarization — translating into an extended QT interval on the surface electrocardiogram
(ECG), hence Long QT Syndrome (LQTS) (Figure 1A) [7].

The apparent simplicity of the yin-yang of Na* and K* movement (with Ca?* also
contributing to the membrane potential, and more importantly as a signaling entity in
excitation-contraction coupling) masks the reality that in myocytes, as in all cell types, each
ion channel is a signaling hub involving perhaps hundreds of different interacting proteins,
with a pore-forming a subunit (or subunits) at the core [10]. How can we make sense of the
pharmacogenetics of these complex systems, and is the best strategy to focus on the main
players, and ignore the rest? Mutations in KCNE genes underlie a relatively small fraction of
identified monogenic inherited cardiac arrhythmias (see below), but does it necessarily
follow that ongoing efforts to examine the role of KCNE genes in cardiac arrhythmias (500+
publications to date) constitute “much ado about nothing™?

Inherited cardiac arrhythmias by numbers

Inherited LQTS is one of the currently best-understood groups of disorders in which
relatively rare inherited or sporadic point mutations have been linked to, or associated with,
diseases arising from dysfunction of an ion channel (“channelopathies™), and certainly the
one for which most is understood vis-a-vis KCNE-associated pathology. There are at time of
writing thirteen formally recognized genetic types of inherited LQTS (LQT1-13) (Table 1).
LQT1 is caused by mutations in the KCNQZI gene encoding the KCNQ1 Kv a subunit
[11:12], LQT2 by mutations in KCNHZencoding the hERG Kv a subunit [1:2]. These two
forms account for ~80% of known genotyped cases of inherited LQTS, while mutations in
Nav a subunit gene SCN5A explain another ~10% [13]. The remaining ~10% are divided
between genes encoding other channel a subunits (e.g., CACNAI¢), ion channel integral
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ancillary subunits (KCNE1, KCNEZ, SCN4B), and other regulatory proteins (e.g., AKAP9);
other genes may underlie some of the as-yet non-genotyped LQTS cases. KCNEI mutations
account for approximately 1% of inherited LQTS, and KCNEZ mutations are thought to
underlie <1% of cases in this disorder. Perhaps 25% of apparently inherited LQTS cases
have no identified gene association; percentages for identified and non-identified forms are
estimates and vary depending upon the source [14:15]. There is one report in the literature of
KCNE3 mutations potentially associated with prolonged QT with/without drug interaction
[16] but this has not yet been recognized as a discrete genetic subtype, and to date there is no
LQTS association for KCNE4 or 5, the remaining KCNE family genes (Table 2). It is
important to note that these numbers, and the following estimates, are derived from the
available databases and registries, which comprise primarily data from northern European
Caucasians; thus they may not be as applicable to other ethnicities.

It is extremely difficult to generate accurate frequency estimates in rare diseases such as
LQTS, especially as it is likely be underdiagnosed, particularly when sub-clinical, but for the
sake of argument we will discuss some hypothetical values. The incidence of inherited
LQTS in the US population has been estimated at 1 in 2-3000 (~0.04%) [14]. Therefore,
given the available evidence, the proportion of the US population harboring an LQTS-
associated KCNE gene mutation is likely to be in the order of at least 1 in 100,000 (0.001%)
—roughly 3000 people. This compares to an estimated 80,000 US citizens harboring
inherited LQTS-associated mutations in the genes encoding the two principle ventricular
myocyte-repolarizing Kv channel a subunits, KCNQ1 or KCNHZ (calculated based on
existing data). Therefore, KCNE gene mutations unquestionably represent a relatively minor
genetic component of inherited “monogenic” LQTS, and a relatively unimportant one /n
terms of the impact of inherited monogenic L QTS on the population health of the US (and
by extension other countries). However, an alternative method to compare the significance of
KCNEs versus other genes in inherited LQTS is to normalize the incidence of pathologic
point mutations to the number of bases per gene. The entire gene size (introns and exons)
varies dramatically among KCNE genes, being for example 65,585 bases for KCNE1
compared to just 7,118 bases for KCNEZ - despite their protein products being similar in
size (129 vs 123 amino acids, respectively). This is compared to 101,617 bases for SCN5A.
Assuming KCNEI and KCNEZ gene variants each account for 1% of inherited LQTS, this
represents 1/66 or 0.015% of inherited LQTS cases per KCNEI kilobase, versus 1/7 or
0.14% inherited LQTS cases per KCNEZkilobase. This compares to 10/102 or 0.098% per
SCN5A kilobase using a similar calculation. Thus, KCNEZis of more pathologic
significance base-for-base than SCNV5A, assuming KCNEZ accounts for 1% of LQTS cases,
which is an approximation at this stage.

As the available data for protein-coding regions is far more developed than our knowledge of
potential intronic sequence variant effects on LQTS, in particular for the KCNE genes, an
alternative comparison utilizing solely protein-coding sequences is also worth assessing. For
KCNEI1, with 387 bases coding for protein, assuming 1% of inherited LQTS cases are
caused by KCNE1 coding region mutations gives 1/387 or 0.0026% of inherited LQTS cases
per KCNE1 base. KCNEZ2 gives a similar value of 1/369 or 0.0027%. In contrast, SCN5A,
which is linked to 10% of inherited LQTS cases, numbers 6048 protein-coding bases -
constituting only 0.0017% of inherited LQTS cases per SCN5A base. By this (admittedly
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unorthodox) calculation, base-for-base both the KCNEZ and KCNEZ genes are of more
pathologic significance with respect to inherited LQTS than SCN5A.

Aside from LQTS, sporadic, rare KCNE gene mutations have been identified and suggested
to be causative in patients with Brugada Syndrome (KCNE3and KCNE5) [17:18] and lone
atrial fibrillation (AF) (KCNE1-5) [19724]. A KCNE5 polymorphism is also suggested to
confer protection against AF [25] and another, rs697829, was associated with prolonged QT
interval and survival in acute coronary syndromes patients [26]. Brugada Syndrome is
exemplified by loss-of-function mutations in SCN5A that impair phase 0 depolarization and
manifest as coved-type ST-segment elevation in atypical right-bundle branch block (leads
V1 to V3 on body-surface electrocardiogram). This associates with a predisposition for
polymorphic ventricular tachyarrhythmias and sudden cardiac death [27]. The twelve other
genes associated with Brugada Syndrome account for less than 5% of cases combined,
although it is important to note that only in ~25% of clinical Brugada cases has a potentially
causative mutation been identified [28]. KCNE3and KCNE5 mutations may mimic SCN5A
loss-of-function or perturb phase 0 depolarization by increasing ly,, the transient outward K*
current that is generated primarily by Kv4 family a subunits (in human ventricles) and
rapidly follows and counteracts phase 0 depolarization.

Unlike LQTS, the dominant causative factor in most AF cases is structural heart disease
leading to areas of non-conduction; however, rare “lone AF”, i.e., in patients lacking
identifiable structural defects, has been associated with ion channel gene mutation. Sporadic
KCNE mutations almost certainly constitute an extremely rare cause of AF per s¢; a recent
KCNEI-targeted screen of 209 unrelated early-onset AF patients uncovered two patients
with KCNE1 mutations that increased Ik density 7n vitro [19]. Also in contrast to LQTS,
AF appears to associate most frequently with a shortening of the atrial effective refractory
period, therefore increased KCNQ1 current density is one potential mechanism, and most if
not all lone AF-associated KCNE gene mutations increase KCNQL1 current density when co-
expressed with this a subunit in heterologous expression studies [20:21]. However, it is
important to note that while KCNE gene variants for the most part represent a tiny fraction
of AF cases, there are an estimated 2.3 million AF sufferers in the United States and so an
understanding of even relatively rare genetic forms is still warranted from both a public
health standpoint and in the interests of learning more about fundamental mechanisms of AF
etiology.

What is understood of the mechanisms of inherited KCNE-associated

cardiac arrhythmias?

Shakespeare’s comedy Much Ado About Nothing is centered around two couples: Claudio
and Hero are besotted with one another yet Claudio is convinced into rejecting Hero;
Benedick and Beatrice seem anything but amorous toward each other and yet are fooled into
announcing their love. Ultimately, all ends well as the source of the scandalous “noting” that
caused all the trouble is revealed [29]. Most of the research into human ventricular
repolarization has also centered around two couples (KCNQ1-KCNE1 and hERG-KCNE?2),
and other parallels with the famous play are apparent.
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The KCNQ1-KCNEL1 pairing has until recently largely been viewed as set in stone as the
molecular correlate of Ik because the unusual activation kinetics of this pairing match the
established native Ikg kinetics (and other functional attributes) [30-31] and because KCNE1
stood as the only known KCNE subunit for a decade [32], until we and others discovered its
relatives [33:34]. More recently, however, scientists have started to acknowledge that
KCNQ1 probably also dallies with other KCNE partners in the heart [35:36], even forming
complexes with more than one KCNE at the same time [37:38]. Particular attention has been
paid to the potential role of KCNQ1-KCNEZ2 in the atria, with AF-associated KCNEZ2and
KCNQ@1 mutations increasing KCNQ1-KCNE?2 current, a potential mechanism for AF
[20:39].

Conversely, the hERG-KCNE?2 partnership was greeted with skepticism, with difficulties
reported in repeating elements of our original findings [33:40], belief hampered by the
relatively subtle effects of KCNE2 upon hERG, and difficulties in detecting KCNE2
expression in the ventricles [41]. More recently, however, native cardiac ERG-KCNE2
complexes have been detected [42], potential roles for KCNEZ2 in several cardiac pathologies
have been uncovered [20°43], and ventricular KCNE2 expression convincingly confirmed
(and shown to be higher in ventricles than atria) [44].

Nevertheless, KCNE2 regulates a number of different Kv a subunits in mammalian heart
(and may do so in man), including Kv4.2/3 [45:46], Kv1.5 [46], Kv2.1 [47] and probably
HCN subunits [48:49] and KCNQ1 [36]. KCNEL1 also regulates hERG [50+51] and probably
others in the heart as well [47]. While the two couples of KCNQ1-KCNE1 and hERG-
KCNEZ2 have attracted the most attention, they most likely represent just two of many
KCNE-a complexes to be found at different stages of development, disease, and location in
the myocardium of humans and other species [52:53]. Of the five known human KCNE
proteins (KCNE1-5), all form complexes with and functionally modulate the KCNQ1 a
subunit, at least in heterologous expression studies [30:31:54756]. However, each KCNE
subunit is also known to have the capacity to regulate other Kv a subunits, and KCNE
functional interactions with the HCN “pacemaker” a subunits that do not select between
Na* and K* [48’49], and with the Ca2*-activated BK channel a subunit [57], have also been
reported. Uncertainty surrounding the cardiac role of KCNE2 (and KCNE3-5) probably
arises from the complexity of their roles as much as the magnitude of the impact upon
cardiac health of their disruption [58].

In addition to their promiscuity, this complexity arises from other aspects of the functional
versatility of KCNE subunits. KCNE proteins are single-transmembrane (TM) domain
subunits that co-assemble with Kv a subunits to form heteromeric channel complexes with
altered functional properties [59]. The debate continues about whether 2, 4, or a variable
number of KCNE subunits join the Kv channel a subunit tetramer in functional native
channels [60764] (Figure 1B). Based mostly on site-directed mutagenesis structure-function
studies, it is thought that KCNEs sit close to the Kv a subunit voltage sensor, pore-lining S6,
the S4-S5 loop that connects the voltage sensor to the channel gate, and the C-terminus [65~
73] (Figure 1C) — although it is important to recognize that almost all KCNE structure-
function studies pertain to KCNEL1, 2 and 3 interactions with the KCNQ1 « subunit, and
some or all of these may not be directly extrapolated to other KCNE-a subunit complexes.
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This location affords KCNE subunits the capacity to control channel voltage dependence,
gating kinetics, ion selectivity, conductance, regulation by other proteins, and pharmacology
(for review, see [53]). KCNE subunits have also been found to direct multiple aspects of a
subunit trafficking /n vitro [74‘83] and /in vivo [46'84’85] (Figure 1D).

As mentioned, the best-understood complex is KCNQ1-KCNEL1 - it is primarily responsible
for human cardiac Iks, a slow-activating K* current important for ventricular myocyte
repolarization, particularly at high heart-rates or when other repolarizing currents are
compromised [31:86]. KCNEL1 increases KCNQ1 conductance [61], slows its activation 5—
10-fold [30:31], eliminates its inactivation [87], alters its ion selectivity [88] and
pharmacology [89], changes its regulation by other proteins [78] and lipids [90-91], and
mediates its internalization from the plasma membrane by clathrin-mediated endocytosis
[76]. Most pathologic KCNEI mutations identified to date are those that underlie inherited
LQTS, thought primarily to be by reducing Ik density (loss-of-function mutations) [13].
The autosomal dominant form of KCNEI-associated LQTS is referred to as Romano-Ward
syndrome, while the predominantly autosomal recessive form, Jervell and Lange-Nielsen
syndrome, also impairs hearing due to loss-of-function of KCNQ1-KCNEZ1 current in the
inner ear, where this channel mediates K* secretion from the endolymph [92:93]. The
potential complexity of KCNEI-associated LQTS becomes apparent, however, when one
appreciates that KCNE1 can also regulate the hERG a subunit, which generates the crucial
human ventricular Ik, repolarization current (KCNE1 increases hERG current 2-fold /n
vitro [50]. Furthermore, not only have KCNE1-hERG complexes been identified /n vivo,
but so have KCNQ1-hERG complexes; in fact, KCNQI mutations can potentially cause
LQTS by impairing function of the hERG a subunit [94:95]. We do not yet know whether
KCNQ1-hERG-KCNE1 complexes exist /7 vivo, but it is a distinct possibility.

KCNEZ, mutations in which are also associated with inherited LQTS (Table 1, 2), was —
together with KCNE3,4 and 5- cloned a decade after KCNEZ [33:34]. KCNE2 modulates
hERG /n vitro (gating kinetics, conductance, regulation by other proteins, pharmacology)
[58], forms cardiac complexes with it /n vivo, and loss-of-function KCNEZ mutations may
underlie LQT6 by disrupting Ik, [33734]. However, KCNE2 can also modulate KCNQ1,
largely stripping it of its voltage dependence and reducing its conductance such that it forms
a “background” K*-selective leak that may provide an ever-present repolarizing force in
some cells [54]. While little is known of potential KCNQ1-KCNE2 cardiac relevance, it
potentially impacts formation of KCNQ1-KCNE1 complexes [36:38], or possibly
contributes to “steady-state” current (lss) that can be observed in cellular electrophysiology
experiments after the transient components have inactivated. The importance of KCNQ1-
KCNEZ2 in epithelial tissues has been extensively studied (see below). KCNE2 also regulates
a host of other Kv a subunits and its disruption in mice delays ventricular repolarization by
reduction of Ik, and Iy, (generated, respectively, by Kv1.5 and Kv4.2/3) [46] rather than Ik,
and Iks, which are essentially absent in adult mouse ventricular myocytes [96].
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KCNE1 and KCNE2 gene polymorphisms: drug-SNP interactions and

beyond

In contrast to the rarity of KCNE gene mutations underlying purely inherited forms of
cardiac arrhythmia, more common KCNE gene variants bring into sharp focus the necessity
of considering KCNEs in the cardiac health and treatment of the general human population
(Table 2). In the original report of KCNEZ cloning and association with inherited LQTS
[33], we also described a new phenomenon: a pathologic gene variant in KCNEZ actually
increased sensitivity of hERG-KCNE2 channels to inhibition by the macrolide antiobiotic
clarithromycin, for which the timing of therapeutic administration made this drug a likely
contributing factor to the QT prolongation of the patient involved. The gene variant
(resulting in a Q9E substitution in the extracellular region of KCNE2) was later discovered
to be a polymorphism (typically a gene variant earns this recognition when present in a
specific population at a prevalence of > 1%) present in 3% of African-Americans (and
apparently absent in U.S. Caucasians) [97]. At time of writing, data from the National Heart,
Lung and Blood Institute Exome Variant Server (NHLBI EVS) (http://
evs.gs.washington.edu/EVS/) still indicate absence of the rarer G allele from European
Americans (/7= 8600 alleles), whereas it is present in 1.7% of alleles from African
Americans (/7= 4406) in the United States. The threefold-increased clarithromycin
sensitivity of hRERG-Q9E-KCNEZ2 channels suggests against use of high-dose clarithromycin
(and other macrolide antibiotics) in certain populations, and certainly once routine genetic
testing can be used to quickly identify such polymorphisms before specific drugs are
indicated. The Q9E polymorphism was also subsequently found in one case during post-
mortem testing for Sudden Infant Death Syndrome (SIDS) [98].

KCNEZ GIA polymorphism rs2234916, with the rarer G allele encoding a T8A substitution,
is found in 0.7% of European Americans (/7= 8600), but only 0.1% of African Americans (7
=4406) (NHLBI EVS). The G allele was originally identified in a man who developed
prolonged QT after taking the antibiotic Bactrim [99]. The sulfamethoxazole component of
Bactrim was found to block hERG-T8A-KCNE2 channels more effectively than T8-
containing channels, thus demonstrating a second example of a KCNEZ polymorphism
mediating genetic predisposition to drug-induced LQTS. A 0.7% incidence is significant
enough to consider avoiding administration of Bactrim or sulfamethoxazole-related
compounds to patients harboring T8A once genetic testing of patients becomes routine.
Interestingly, the T8A variant was found to eliminate a glycosylation site that apparently
shields the hERG-KCNE2 channel from sulfamethoxazole block [100]. While Q9E both
reduces hERG-KCNE2 current pre-drug, and also increases drug sensitivity, TBA has no
noticeable pre-drug effects (in cellular electrophysiology experiments) and therefore is likely
to be undetectable in a patient’s ECG. Other KCNEZ2 variants that were identified in adverse
drug interactions thus far were found not to alter drug sensitivity of hERG-KCNEZ2, but
reduced its current at baseline and were likely pathogenic in the drug-induced LQTS patient
cohort in which they were identified because mutation + drug effects were additive [99] and
sufficient to impact the “repolarization reserve”, the repolarizing current density we need in
order to maintain normal cardiac rhythm [101] (Figure 1E, F).
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While hERG’s unique drug sensitivity has meant that the pharmacology of KCNEZ2
polymorphisms has focused on hERG-KCNE?2, it is entirely possible that other channels are
involved. To give one example, KcneZknockout predisposes adult mice to sevoflurane-
induced LQTS, even though mERG is not important in adult mouse ventricular
repolarization [46]. In terms of KCNESs in general, it is important to recognize that they can
radically alter channel pharmacology, and therefore in cases where their a subunit partner is
ubiquitously expressed but their KCNE partner’s expression is more confined, KCNEs could
help provide therapeutic windows of drug specificity. For example, KCNE3 greatly increases
the sensitivity of KCNQL to block by chromanols, compared to homomeric KCNQ1 or
heteromeric KCNQ1-KCNE1 channels [89].

A polymorphism near the KCNEZlocus has also been associated with early-onset
myocardial infarction, suggesting a possible link between KCNEZ disruption and structural
abnormalities, although other genes in the 21g22 region harboring the variant (MRPS6 and
SLC5A3) are equally likely to be involved (or none of the three) [102]; interestingly,
ventricular KCNE2 expression is elevated by acute myocardial infarction [103]- Kcne2
deletion in mice causes hypothyroidism because basolateral KCNQ1-KCNE2 channels in
thyrocytes are required for adequate iodide uptake through the thyroid sodium iodide
symporter (NIS). This impacts cardiac structure in mice (contributing to hypertrophy and
impaired cardiac contractility in the offspring of Kcne2~ dams and in aging Kcne2™/-
mice) but these recent observations have yet to be extended in human populations [104].
KCNQ1-KCNE?2 channels feature heavily in epithelial cells, providing a constitutively
active K* current. In gastric parietal cells, KCNQ1-KCNEZ2 provides a K* recycling pathway
to facilitate gastric acid secretion by the apical H*/K+ATPase. Accordingly, recent reports
demonstrate that Jervell-Lange-Nielsen Syndrome can manifest as hypergastrinemia and
gastric hyperplasia in addition to LQTS and deafness [105:106], reflecting previous gastric
findings in rodents [105:1077113]. KCNEZ2 is also expressed in the choroid plexus, where it
regulates KCNQ1 and Kv1.3 (KCNAZ3) [85], and we recently found that KcneZ2 deletion in
mice reduces HCN current and protein expression in some neurons, by an as yet undefined
mechanism [114]. The neural consequences of human KCNEZ polymorphisms are yet to be
assessed, but the potential exists for a cardiocerebral phenotype in which KCNEZ-associated
seizures could precipitate arrhythmias [115], similar to the mechanism suggested for a
mouse model of sudden unexplained death in epilepsy (SUDEP) manipulated to induce CNS
expression of a human KCNQ1 mutant [116].

The KCNE1 D85N polymorphism is found in 1.22% of European American alleles (7=
8600) but only 0.2% of African American alleles (r7=4406) (NHLBI EVS). D85N was also
recently linked to drug-induced forsades de pointes (TdP), a dangerous ventricular
arrhythmia that can arise from QT prolongation. A D85N allele was found in 8.6% of drug-
induced TdP cases, versus 2.9% of drug-exposed controls and 1.8% of population controls in
a total cohort of 207 patients with QT lengthening after drug exposure and 837 controls
[117]. The D85N polymorphism presumably works by impairing lkg current such that it is
less likely to compensate for drug-inhibited I, but as covered earlier, the potential
mechanistic explanations are legion and extremely difficult to distinguish. Another KCNE1
polymorphism of potential pathological significance is the rs1805127 C/T polymorphism,
which results in either a glycine or serine at KCNE1 residue 38. The rarer T allele, encoding
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serine, is represented in 36% of European American alleles (r7=8600) compared to 29% of
African American alleles (n = 4406) (NHLBI EVS). Variation at the S38G site in KCNE1
has previously been implicated in both general and gender-specific inherited LQTS
predisposition; predisposition to sudden cardiac death, heart failure, and AF; and
exacerbation of LQT2 severity [1187128].

Postoperative AF (POAF), which is incompletely understood but appears to stem at least in
part from postoperative oxidative stress and inflammation, affects as many as two-thirds of
patients shortly after cardiac surgery and a third after other forms of thoracic surgery, and
significantly increases postoperative hospital stays, morbidity and mortality [1297133].
Adopting a transcriptomic approach to identify potential transcriptional changes in a porcine
model of susceptibility to POAF, we recently found that left atrial KCNEZ transcript
downregulation was evident in pigs 3 days following lung lobectomy [134]. This is the
typical time window during which patients undergoing thoracic surgery are susceptible to
onset of POAF, and suggests KCNE1 involvement in either the etiology of, or early
compensatory remodeling in response to, POAF. As a two-fold reduction in KCNE1
expression would be predicted to mimic the effects of the KCNEZ 38G polymorphism which
is associated with lone AF [128], future studies could be directed toward determining
whether or not there is a causal relationship between KCNE1 38G (or other human
polymorphisms) and increased POAF susceptibility. The ultimate goal of this research
would be to establish whether or not routine, targeted genetic testing could potentially
improve management and outcomes of cardiothoracic surgery patients.

Beyond KCNE1 and KCNEZ2, few sequence variants in the KCNE3, 4 and 5 genes have been
functionally characterized with cellular electrophysiology, and this will be an important
endeavor particularly as the number of identified human disease-associated variants in these
subunits increases as expected. The challenge is these cases is to determine which Kv a
subunits are functionally affected by the normal and mutant KCNE proteins /n vivo in the
various tissues in which they are expressed. A nice example is the BrS-linked rs121908441
mutation that results in R99H-KCNES3. Although KCNE3 has profound effects on KCNQ1
function, the R99H mutation does not impact this, but instead increases current through
Kv4.3 (KCND3) channels. Together with data showing KCNE3-Kv4.3 co-
immunoprecipitation from human atria, these functional effects strongly support a role for
KCNES3 in regulating Iz, in human heart, and in R99H in pathologic disruption of l;, [17].
Similar effects on Kv4.3 were subsequently discovered for KCNE5 variants associated with
BrS and IVF [18].

While an arrhythmia-associated mutation in cardiac Kv channel a subunit KCNQ1 was
found to reduce sensitivity of KCNQ1-KCNE1 to potentially therapeutic activation by the
benzodiazepine R-L3 [135], little is known about the impact of KCNE sequence variants on
the efficacy of antiarrhythmic drugs. Thus, known KCNE SNP-drug interactions typically
fall into the category of increased sensitivity to block by proarrhythmic medications given
for noncardiac indications. However, one group has exploited this latter phenomenon in
proof-of-concept studies in which they introduced macrolide-hypersensitive Q9E into the
atria of pigs, to increase susceptibility of native atrial pERG channels to block by
clarithromycin. They then used this approach to therapeutically lengthen the atrial effective
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refractory period (a common and effective antiarrhythmic strategy to combat atrial
fibrillation) in a dose window that did not delay ventricular repolarization (because the wild-
type KCNE2-pERG channels there were less sensitive to clarithromycin block) [136:137].
This approach could have potential as a future therapeutic strategy in human patients if and
when gene therapy safety and affordability issues are resolved.

In a study of another form of drug-gene interaction, the antiarrhythmic drug amidarone — a
highly effective drug in both ventricular tachyarrhythmias and atrial fibrillation — was
administered to mice for 6 weeks at various doses and then ion channel gene microarrays
were probed for potential gene expression changes in response to drug treatment. In addition
to alterations in a variety of voltage-gated ion channel a subunit genes, KcneZand Kcne3
expression was upregulated whereas Kcnel expression was unchanged [138]. Given the
promiscuity and substantial functional effects of these subunits on multiple Kv channels, it
would be fascinating to determine if this result is reproducible in human studies, and
whether it contributes to the therapeutic action (or otherwise) of amiodarone.

Expert Commentary

KCNE gene mutations represent a relatively uncommon fraction of the recognized inherited
LQTS genetic variants, but more common KCNE polymorphic variants contribute
significantly to predisposition to drug-induced LQTS, general prolonged QT interval, and
potentially AF. The promiscuity of KCNE subunits, combined with their wide range of
functional effects on ion channels both inside and outside the heart, have made
understanding of their place in cardiac physiology and disease a challenging goal and very
much a work in progress. In contrast their relatively small size has made them highly
amenable to genetic testing. Study of this intriguing family of proteins has taught us much
about ion channel function and regulation and the genetics of channelopathies, and has a role
to play in improving human health by identifying genetic predisposition to several
potentially lethal disorders.

Five-year view

From a clinical point of view, ongoing advances in the speed and reduction of the cost of
genetic testing will generate within the next 5 years a fuller picture of the landscape of
KCNE-associated diseases and facilitate avoidance of unwanted drug interactions when
warranted, or proactive intervention where appropriate. As most clinicians and scientists
have understandably focused on the more common causes of disease, routine whole-genome
sequencing will have an even greater impact on our understanding of the less common forms
of genetic disease or predisposition to adverse drug interactions. From a basic science
viewpoint, the single most important breakthrough in our understanding of KCNEs will be a
high-resolution structure of a mammalian KCNE-a subunit channel complex, as has already
been achieved for cytoplasmic Kv  subunits [139:140]. This breakthrough is likely to
happen within the next 5 years, and will not only enhance our understanding of fundamental
mechanisms of KCNE function, but will provide a 3D view of the positioning of, for
example, drug interaction susceptibility “hotspots”. This, in turn, will facilitate future
avoidance once widespread adoption of channel structure-based drug design is a reality —
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which will likely take longer. While most studies to date have focused on point mutations,
ever-increasing sequencing power and larger patient cohorts will facilitate more of an
appreciation of the role of other sequence variants, including indels, fusions, copy number
variation and inversions in the genetics and pharmacogenetics of KCNE-associated diseases.
Interestingly, while KCNE1 and KCNE2 are both on chromosome 21 and therefore
overrepresented in individuals with trisomy 21, we do not yet know their potential role in
cardiac defects and other features of Down Syndrome. Similarly, KCNES5 lies in a stretch of
genomic DNA deleted in AMME contiguous gene syndrome but its potential role in cardiac
or other abnormalities in this disorder is unknown [34]. Finally, with burgeoning clinical,
pharmacological and genetic data, online pharmacogenomics databases (for a recent review
see [141]) will become an increasingly widely used tool for clinicians and basic scientists in
both academia and industry in the drive for avoidance of adverse drug-SNP interactions and
ultimately (but not to any great extent within the next 5 years) bespoke, genotype-specific
prescriptions.
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Key Issues (bullet points)

Discovery of rare gene variants discovered in familial forms of disease such
as the KCNE-associated arrhythmias can pave the way for large-scale
population studies and reveal predispositions associated with more common
gene polymorphisms.

Because of their promiscuity, versatility of function and widespread
distribution in the body, identification of all the mechanistic underpinnings
of KCNE-associated genetic disorders is challenging.

Despite their small size and the availability of high-resolution structural
data for their larger o subunit partners, we still lack direct structural
information on KCNE-a complexes, and even their stoichiometry is still
debated.

The small size of KCNE genes (~400 bases coding region) makes them
highly amenable to large-scale genetic screening.

Mouse models of KCNE dysfunction are currently being used to identify
novel roles for both KCNEs and their a subunit partners, paving the way for
future human genetic studies of disease linkage and future drug
development.

KCNEs (both wild-type and mutant) can radically alter channel
pharmacology and therefore can provide challenges but also opportunities
for specificity in drug development.
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Figure 1.
A. Upper, generic ventricular myocyte action potential indicating phases 0-4; lower, generic

surface ECG with time-course and scale-bar corresponding to action potential above.

B. Left, KCNE topology in cell membrane; right, possible stoichiometries of KCNE
subunits in complex with a tetramer of Kv a subunits.

C. Putative positioning of KCNE subunits within the Kv channel complex. Left, lateral view
of open-state model of KCNQ1 based on Rosetta modeling after the Kv1.2 structure [153~
155]. Boxed region is expanded in the center panel, which shows the S6 region known to
interact with KCNE subunits and S4/S4-5 linker residues important to KCNQ1 function in
the presence and/or absence of KCNE subunits. Right, top view of region in center panel,
with asterisk indicating one putative position of KCNE transmembrane region based on
structure-function studies.

D. KCNE subunits are extremely versatile, regulating many aspects of K* channel biology.
For example, KCNEZ2 can reach the surface alone (1) and is also putatively secreted
extracellularly (2); KCNE1 and KCNES3 probably require a subunits for surface expression
(3). (4) KCNE2 suppresses N-type a subunit surface expression unless they are rescued by
same-subfamily non-N-type a subunits (5). (6) KCNE2 and KCNES3 direct contrasting
polarized trafficking of a subunits (7), and KCNEs regulate multiple facets of a subunit
function (8). KCNE1 and KCNEZ2 also mediate a subunit endocytosis (9). Ex = KCNE
subunit. For detailed review see [80].

E. KCNEZ2 is thought to form complexes with hERG and Kv4.x channels a subunits in some
ventricular cardiomyocytes. Inherited human KCNEZ loss-of-function mutations (red circle)

Expert Rev Clin Pharmacol. Author manuscript; available in PMC 2016 June 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Abbott

Page 22

delay myocyte repolarization (dashed line) and are associated with inherited LQTS. One
example, KCNE2-M54T, quickens hERG-KCNE2 deactivation [33].

F. The KCNE2-T8A polymorphism is “silent” in the absence of drugs but increases
sensitivity to sulfamethoxazole, and can predispose to drug-induced LQTS [99].
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Note that in addition, a recently postulated novel genetic form of LQT (LQT14) has been tentatively
associated with Ryanodine Receptor 2 (RYR2) sequence variants [28].

Genes in designated forms of inherited LQTS and the proteins they encode

Table 1

Syndrome | Gene Protein Protein type References
LQT1 KCNOQ1 KCNQ1 (Kv7.1) | Kv a subunit [12]
LQT2 KCNH2 hERG (Kv11.1) | Kv a subunit 21
LQT3 SCN5A Nav1.5 Nav a subunit [142]
LQT4 ANK2 Ankyrin B Cytoskeleton-associated adaptor protein [143]
LQT5 KCNE1 KCNE1 (MinK) ancillary subunit for KCNQ1, hERG, etc | [144]
LQT6 KCNEZ2 KCNE2 (MiRP1) | ancillary subunit for KCNQ1, hERG, etc | [33]
LQT7 KCNJ2 Kir2.1 Kir a subunit [145]
LQT8 CACNAIc | Cavl.2 Cav a subunit [146]
LQT9 CAV3 Caveolin 3 Structural component of caveolae [147]
LQT10 SCN4B Navp4 ancillary subunit for Nav1.5 [148]
LQT11 AKAP9 AKAP9 (Yotiao) | A-kinase anchoring protein [149]
LQT12 SNTA1 a-Syntrophin Cytoskeletal protein, regulates Nav1.5 [150]
LQT13 KCNJ5 Kir3.4 Kir a subunit [151]
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Table 2

Genetic evidence for the requirement of KCNESs in mammalian cardiac physiology.

Gene (other names) Disease Association | Favored mechanism | Additional possible mechanisms | Genetic evidence [references]

KCNE1 (MinkK) LQT5 L lks Ly H [144]

diTdP 1 lks I lkr H [117]

AF T lks Tk H [19], M [152]
KCNEZ (MiRP1) LQT6 Il 4 Ikengi-kene? H [33], M [46]

diTdP ke I Ikengi-keNe2 H [33] M [46]

AF T lor-e2 T lkur H [20]

Early-onset Ml ? ? H [102]

Cardiac hypertrophy | hypothyroidism Direct cardiac effect M [104]
KCNE3 (MIiRP2) LQTS 4 lotes Il H [16]

AF T lo1es ? H [22]

Brs6 Tl ? H[17]
KCNE4 (MIRP3) AF T lorga ? H [23]
KCNES (KCNEIL, MiRP4) | AF T Iks ? H [24]

IVF Tl ? H [18]

BrsS11 Tl ? H [18]

Abbreviations: AF, atrial fibrillation; BrS, Brugada Syndrome; diTdP, drug-induced T7orsades de Pointes, Ex, KCNEXx; H, human; IVF, idiopathic
ventricular fibrillation; LQTS, Long QT Syndrome; M, mouse; MI, myocardial infarction; Q1, KCNQ1.
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