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Biochemistry, the study of chemical transformations occurring within living
organisms, impacts all of the life sciences, from molecular crystallography and
genetics, to ecology, medicine and population biology. Biochemistry studies
macromolecules - proteins, nucleic acids, carbohydrates and lipids —their building
blocks, structures, functions and interactions. Much of biochemistry is devoted

to enzymes, proteins that catalyze chemical reactions, enzyme structures, mech-
anisms of action and their roles within cells. Biochemistry also studies small sig-
naling molecules, coenzymes, inhibitors, vitamins and hormones, which play roles
in the life process. Biochemical experimentation, besides coopting the methods

of classical chemistry, e.g., chromatography, adopted new techniques, e.g., X-ray
diffraction, electron microscopy, NMR, radioisotopes, and developed sophisticat-
ed microbial genetic tools, e.g., auxotroph mutants and their revertants, fermenta-
tion, etc. More recently, biochemistry embraced the ‘big data’ omics systems.
Initial biochemical studies have been exclusively analytic: dissecting, purifying
and examining individual components of a biological system; in exemplary words
of Efraim Racker, (1913 -1991) “Don’t waste clean thinking on dirty enzymes.”
Today, however, biochemistry is becoming more agglomerative and comprehen-
sive, setting out to integrate and describe fully a particular biological system. The
‘big data’ metabolomics can define the complement of small molecules, e.g., ina
soil or biofilm sample; proteomics can distinguish all the proteins comprising e.g.,
serum; metagenomics can identify all the genes in a complex environment e.g., the
bovine rumen.

This Biochemistry Series will address both the current research on biomolecules,
and the emerging trends with great promise.
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Preface

Ion channels are small proteins that are present in every cellular membrane. They provide
the path for ions to follow their concentration gradient and thus transport stimulus or
information across the membrane. When talking about ion channels, one cannot forget the
counterbalance of the passive currents and maintenance of the ionic gradients mediated
by ion pumps (ATPases or ion exchangers).

It is almost 100 years since the first electrical signal in a single squid giant axon was
detected by Hodgkin, Huxley, and Katz. During the century, the idea of what is behind the
electrical current has moved from a courageous hypothesis to a structure of an ion trans-
porter known on the atomic level and computer simulations indicating the movement of
amino acid chains during channel gating or ion pump movement.

Many types of ion channels have been observed, measured, and described since their dis-
covery. There are ion channels so selective that they can distinguish between two small ions
like Na+ and K+. In addition, there are ion channels that are permeable for molecules several
times larger than ions. These channels differ in the speed of transport, the shape of conduc-
tive pores, and gating kinetics. The regulation of ion channel activity involves a broad range
of mechanisms. Though the channels vary in many ways, their primary role is the same,
which is the controlled passage of ions in a safe way to not disturb cellular homeostasis. Ion
channels, regardless of the ion type they conduct, are often the target of medical treatment.
Mutations in ion channels that affect channel activity or permeability are behind diseases
such as cystic fibrosis, malignant hyperthermia, epilepsy, and many other channelopathies.

This book focuses on the tight connection between an abnormal channel or ion pump
function or regulation and the diseases that emerge from these changes. The first section
shows the plethora of ion channel types that are involved in pathological processes like
cardiac or neurodegenerative diseases. The physiological state is a result of an interplay of
many different ion channels. The slightest deviation from the “normal” of any of the small
puzzle pieces can evolve into a serious condition. The second section contains chapters on
a single ion transporter type and its role in different physiological and pathological states.
The third section presents an example of a computer-modeled 3D channel structure that
can be extremely helpful in the future of drug development.

Maintenance of the dynamic balance, that relentlessly goes on in every cell, is crucial for
human health. I hope that every reader of this book, whether a student or a scientist, will
find it entertaining as well as instructive.

Zuzana Sevcikova Tomaskova
Centre of Biosciences,

Slovak Academy of Sciences,
Bratislava, Slovak Republic
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Chapter1

Ion Channels and
Neurodegenerative Disease
Aging Related

Marika Cordaro, Salvatore Cuzzocrea and Rosanna Di Paola

Abstract

Many neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease,
Huntington’s disease, multiple sclerosis, amyotrophic lateral sclerosis, and age-related
disorders are caused due to altered function or mutation in ion channels. Ion channels
are important in maintaining cell homeostasis because they affect membrane poten-
tial and play a critical role in neurotransmitter secretion. As a result, it appears thata
potential antiaging therapy strategy should consider treating multiple diseases at the
same time or focusing on identifying a common target among the biological processes
implicated in aging. In this chapter, we will go over some of the fundamental ideas of
ion channel function in aging, as well as an overview of how ion channels operate in
some of the most common aging-related disorders.

Keywords: aging, ion channels, neurodegeneration, therapeutic targets

1. Introduction

Aging is a natural part of life that comprises both physical and mental changes.
In distinct organs, aging occurs at molecular, cellular, and histological levels, includ-
ing in the central nervous system (CNS) and specifically in the brain [1, 2]. The
molecular, chemical, and physical properties of neurons change as we become older,
resulting in memory loss, altered behaviors, loss of cognition functions, dementia,
and reduced immunological responses. In addition, aging is a major risk factor for
neurological diseases including Alzheimer’ disease (AD), Parkinson’s disease (PD),
amyotrophic lateral sclerosis (ALS), multiple sclerosis (MS), and others. Although the
basic reasons of aging are unknown, there is widespread agreement that its etiology
is multifaceted [3]. Aging theories can be classified into two categories: those that
explain aging as the outcome of damage accumulation and those that explain aging
as the result of controlled death processes [4]. It is likely that the interaction of these
two basic systems influences the aging process, albeit there is a lot of variation across
people. Two of the most accredited molecular alteration involved in brain aging are
inflammation and oxidative stress that, when happen lead to cells failure. Different
studies reported that reactive oxidative species (ROS), and subsequent oxidation of
proteins, involved also ion channels [5].
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Ion channels are integral membrane proteins that allow the passive diffusion of
ions across membranes [2]. In neurons and other excitable cells, the harmonious
coordination between the numerous types of ion channels shapes and propagates
electrical signals [6]. Understanding the biology of aging mechanisms is essential
to the pursuit of brain health. The ability to stratify senior populations and forecast
clinical trajectories in pre-symptomatic adult groups could be critical to the future
of aging research [4]. In this chapter, we will discuss about the role of ion channels
in the brain during aging with particular attention on neurodegenerative disease
age-related. Additionally, we will consider if ion channels could be used as future
therapeutic targets to decelerate brain aging and age-related pathologies.

2. Brain aging: from physiological to pathological

Scientists have been debating the meaning of aging for a long time. Many people
regard aging as an illness in and of itself, while others see it as the gradual loss of func-
tion that increases the risk of developing age-related diseases. Scientists view aging
as an adaptation to lifelong events, and interventions should support the physiologi-
cal balance during age-related adaptation, response to acute stress, to avoid disease
onset. Adapted capacity in most organs has been shown to occur from the third and
fourth decades of life [4]. Aging is a complicated and multifaceted condition marked
by a steady decline in physiological and behavioral abilities. Aging happens in all
organs at all levels, in the brain [2]. The molecular, chemical, and physical properties
of neurons change as we become older, resulting in memory loss, altered behaviors,
loss of cognition functions, dementia, and reduced immunological responses. Rather
than significant rates of neuron loss, brain aging has been linked to subtle changes
in the structure and function of neurons in specific neural circuits. The aging brain
compensates for the loss of neurons by growing dendritic arbors and synaptic con-
nections. Dendritic arbors and synaptic connections are lost in the brain in age-
related neurodegenerative disorders. As a result, it is unable to compensate for the loss
of neurons [7]. Synaptic degeneration, dendritic regression in pyramidal neurons,
deposition of fluorescent pigments, cytoskeletal abnormalities, a reduction of striatal
dopamine receptors, and astrogliosis and microgliosis are all prevalent features of
brain aging in mammals [8]. Despite the discovery of brain aging characteristics in
multiple neural networks, the chemical pathways responsible remain unknown [9].
Oxidative stress, inflammation, and ion channel failure are the most widely accepted
theories for the development of age-related neurodegenerative diseases [10].

2.1 Oxidative stress in brain

In the 1950s, Harman’s free radical theory of aging suggested that reactive oxygen
and nitrogen species (ROS and RNS) cause oxidative damage in cellular macromol-
ecules, including DNA, proteins, and lipids, leading to decreased biochemical and
physiological function through aging [11]. The changes in phospholipid composition
show that ROS-induced lipid peroxidation occurs in the brains of elderly humans
and animals with CNS dysfunction, such as cognitive impairment. Furthermore,
increased formation of malondialdehyde (MDA) in the brain has been postulated as
a symptom of aging [12]. Superoxide anions produced by the respiratory chain and
various oxidases, hydroxyl radical created by the hydrogen peroxide interaction with
Cu’ or Fe**, and NO produced in response to elevated intracellular Ca®* levels are
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just two of the most common examples of ROS in neurons [13]. During brain aging,
enhanced ROS generation and decreased antioxidants result in redox imbalance,
causing age-related disorders. NO-dependent oxidative damage promotes apoptosis
in motor neurons. It causes vascular cognitive impairment through the aging of the
cerebral cortex [14]. The action of several enzymatic and non-enzymatic systems
with cellular detoxification functions, collectively referred to as antioxidants,
mediates the hemostasis of intracellular ROS and RNS. The nuclear factor erythroid
2-related factor 2 (Nrf- 2) is the main transcription factor and one of the primary
regulators of the antioxidant signaling, such as transcription of endogenous anti-
oxidant enzymes including glutathione (GSH), glutathione reductase (GR), gluta-
thione peroxidase (GPx), catalase (CAT), superoxide dismutase (SOD), and heme
oxygenase-1 (HO-1). This antioxidant system is collectively the primary defense
system that neutralizes ROS generation inside the cells [15]. Additionally, another
major antioxidant defense complexes are the heat-shock response (HSR), a cellular
response that elevates the number of molecular chaperones to diminish the adverse
effects on proteins caused via stressors, oxidative stress, increased temperatures,
and heavy metals. Increased stress tolerance and cellular protection against neuronal
injury can be achieved by activating heat-shock protein (HSP) synthesis [16]. As
aresult, in metabolic disturbances such as age-related neurodegenerative diseases
and aging, the heat-shock response plays a critical role in creating a cytoprotective
environment [2].

2.2 Inflammation in brain

Another key pathway directly involved in brain aging is represented by inflam-
mation. The immune system is one of the most pivotal protective physiological
systems of the organism [17]. Inmunosenescence is a concept that describes how
aging affects the immune system’s function [18]. The participation of senescent cells
in host immunity is associated with the release of pro-inflammatory cytokines. This
phenomenon is defined as senescence-associated secretory phenotype (SASP). Due to
SASP’s pro-inflammatory tendency, cellular senescence in various organs and tissues
significantly increases inflammation in the aged [19]. NF-kB in response to oncogenic
stress and DNA damage initiates the transcription of a host of genes including tumor
necrosis factor-o (TNF-a), interleukin-6 (IL-6), IL-8, IL-1f over stimulating SASP
[20]. NF-kB is a transcription factor that is induced by inflammatory mediators
and reactive oxygen species (ROS) and contributes to both detrimental and protec-
tive responses, depending on the types of induction that lead to the co-activation
of distinct pathways. In addition, NF-kB activates genes that control cell survival,
specialization, inflammatory processes, proliferation, and apoptosis [20]. It has been
shown that the age-induced increase of pro-inflammatory markers (CRP, IL-6, IL-1,
TNF-a) is associated with cognitive decline [21]. Microglia are the brain resident
macrophages providing its innate immune defense. Microglia, a kind of glial cell, arise
from erythro-myeloid precursors in the yolk sac, which inter the CNS during devel-
opment [22, 23]. In the neurological system, microglia play two roles. Microglia are
ramified cells with extremely motile processes that continually scan the brain paren-
chyma in reaction to hazardous substances, neuronal cell damage, or infections in a
healthy adult brain. Microglia have a dual function in the aging process. Microglia,
on the one hand, release trophic factors and control cytokines [24, 25]. On the other
hand, microglia enhanced amounts of an intricate set of mediators, such as TNFa,
TGFp, and IL1f, which are enhanced in elderly individuals [22, 23]. There has been
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evidence of a link between neuroinflammatory activation of microglia and neuronal
loss, as well as impaired neurobehavioral function and cognitive impairment. Redox
sensors found in receptors, transcription factors, and enzymes provide complex
communication with oxidizing agents during neuroinflammation. These variables
have an impact on the link between neurons and glia, as well as neuronal function,
which leads to neurodegenerative alterations [26, 27]. Microglial cells also express

a stimulable type of NOS following activation and produce large quantities of NO,
which causes oxidative damage to neurons. In neurodegenerative illnesses and brain
aging, improper immune cell activation causes functional impairment and synaptic
degeneration; when properly controlled, these same cascades play critical roles in
neuronal stress tolerance and neuroplasticity. For instance, TNF-a plays a pivotal

role in learning, memory, and synaptic plasticity in the hippocampus [28]. Also,
astrocytes may potentially play a role in adapting to age-related neuronal stress. These
cells clear glutamate from synapses, produce neurotrophic factors and boost neuronal
bioenergetic activity. Aging may decrease these astrocyte activities, hence, exacerbat-
ing pathogenic neuroinflammatory processes [28-30]. TNFa activates NF-kB which
protects cells against neurotoxicity f-amyloid (Ap)-induced and this activation is
required for neuronal survival. NF-kB also promotes anti-apoptotic responses and
protects neurons from ischemia and excitotoxic brain injury [31-36]. Furthermore,
through its response to TNF-mediated inflammatory stimuli, NF-«B activation plays a
critical role in the start and persistence of inflammation, resulting in the stimulation
of various chemokines and cytokines [37-42].

3. Ion channels in the brain: from function to dysfunction

Ion channels are key components of neurons that are responsible for nerve impulse
and synaptic transmission triggering (neurotransmitter’s release). These channels
are divided into two big classes: (I) voltage-gated (Na®, K%, Ca®*, CI") and (II) ligand-
gated (nicotinic acetylcholine receptors (nAChRs), y-amino butyric acid (GABA),
N-methyl-D-aspartate receptors (NMDARs), ryanodine receptors (RyRs)) that are
involved in impulse transmission across the synapses [43]. However, during the
last several decades, research has found a number of genetic faults or aberrations in
channel-forming genes that are linked to a variety of neurological illnesses, including
memory loss, movement difficulties, and neuromuscular disorders [44].

Ion channel protein establishes a pathway for ions such as Na*, K*, Ca®*, and Cl to
flow across the lipid bilayer’s impermeable barrier [45]. They are known to play three
main important functions in regulating membrane physiology: first of all, they set up
membrane potential in cells, in which ion movement across the membrane creates a
potential gradient that determines resting potentials and generates action potentials;
secondary they are involved in the transmission of electrical signals; they are also
involved in maintaining electrolytic balance across the cell membrane to regulate cell
volume, and last but not least they play a crucial role in the generation of regulatory
signals in the cell [46, 47]. Thanks to alternative splicing, their enormous structural
variety from monomeric to heteromeric levels support their large functional diversity.
The amplitude and duration of the action potential are shaped differently by each cell
type’s assembly of ion channels [48, 49]. At the intracellular level, ion channels are
also present on the surface of the mitochondria, endoplasmic reticulum, and nuclear
membrane [50, 51]. The correct functionality of ion channels is necessary to keep
physiological homeostasis in the brain [52].
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As aresult, ion channels have been implicated in a number of age-related dysfunc-
tions [53]. Because aging is associated with physiological changes in ion channel
function, aberrant changes in ionic gradients seem to be the core of age-related dete-
rioration in physiological functioning. With age, functional changes in ion channels
lead to clinical phenotypes called channelopathies [54].

3.1K" channels

K* channels are the most ubiquitous and heteogeneous family of ion channels
expressed in excitable and non-excitable cells (an extensive review on this topic can
be found in [55]). K*channels can be divided into four classes: inwardly rectifying K*
channels (Kir), voltage-gated K* channels (Kv), two-pore K* channels (K2P), and
Ca”*-activated K* channels (KCa) [56]. K* channels serve an important physiological
function in the signaling mechanisms that lead to neurotransmitter release in neu-
rons. They modulate the resting membrane potential, the repolarization phase of the
action potential, and the firing frequency to govern neuronal excitability. Given the
importance of K* channels in so many cellular functions, it’s no surprise that changes
in their activity have been linked to the development of a variety of neurodegenera-
tive diseases [57, 58]. Furthermore, in recent years, it has been demonstrated that
the apoptotic process, which is the key mechanism for cell selection and death in the
CNS associated with physiological aging as well as a variety of neuropathological
disorders, is critically dependent on changes in ion homeostasis within neuronal cells
[59]. K" efflux, which results in a drop in intracellular K* concentration, maybe a key
cause of apoptosis. In fact, in various neuronal populations undergoing apoptosis, an
increase in outward K* currents have been seen as well as it has been demonstrated
that apoptosis has been shown to be inhibited by voltage-gated K* channel blockers,
whereas heterologous production of inwardly-rectifying K* channels has been shown
to increase apoptosis in cultured hippocampus neurons [60].

3.2 Ca* channels

Ca”" is the major trigger of neurotransmitter release, a process that has been
thoroughly investigated over the past decades [61-63]. Moreover, it has also become
clear that Ca”™ is essential for a variety of other neuronal functions, including neuro-
nal excitability, integration of electrical signals, synaptic plasticity, gene expression,
metabolism, and programmed cell death [64]. Given its central role in processes
that are fundamental to the excitable nature of neurons, Ca®* homeostasis is tightly
regulated in these cells. Plasma membrane Ca”* channels allow the passive influx of
calcium ions down their electrochemical gradient. These channels are divided into
two groups based on the mechanism that controls their transition between open and
closed conformations: voltage-gated Ca®* channels (VOCC) and ligand-gated Ca**
channels. The potential contribution of altered Ca®* homeostasis at least to some
aspects of brain aging and neurodegeneration was first put forward by Khachaturian
in the 1980s, with the formulation of the “Ca®* hypothesis of aging” [65-67]. Early
findings in the field that corroborated this hypothesis examined the major transport
pathways of Ca** during aging and found that at least in some types of neurons,
such as the principal cells in the hippocampal CA1 region, there is an increased Ca**
influx mediated by increased VOCC activity in aged neurons [68]. Similarly, Ca**
extrusion through the ATP-driven plasma membrane Ca** pump (PMCA) was found
to be decreased in aged neurons [69]. Following that, the attention switched to the
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intracellular mechanisms of Ca’* homeostasis and how they degrade with age. The
increased release of Ca** from the endoplasmatic reticulum (ER) stores via both

the inositol 3-phosphate (InsP3) and ryanodine receptors (RyR) has been confirmed
in several investigations, leading to the suggestion that release from the RyR receptor
might be a valuable biomarker of neuronal aging [70]. The high influx of calcium ions
into the postsynaptic spine appears to be the crucial event leading to the induction of
long-term potentiation (LTP), which is relevant to the function of Ca®* dysregulation
in memory loss. Importantly, LTP is inhibited by intracellular Ca** chelators, whereas
LTP is promoted when the postsynaptic cell is Ca**-loaded [71]. Therefore, it is well
established that a significant elevation of postsynaptic Ca** concentration is both
necessary and sufficient for the induction of hippocampal LTP [72]. Ca** homeosta-
sis changes may be directly responsible for neuronal death in some circumstances.
Increased intracellular Ca“* levels can cause severe abnormalities in neurons, eventu-
ally leading to neuronal death and degeneration [73]. This process is often specifically
mediated or even initiated by the diminished capacity of mitochondria to buffer Ca®*.
Given the basic relevance of Ca®* homeostasis in the biology of all cells, it’s not unex-
pected that a growing number of studies demonstrate that unregulated Ca** plays a
role in normal aging as well as a variety of pathological disorders. Given the nervous
system’s incredible cellular variety, a general message emerging from this research

is that Ca”" signaling and homeostasis in the nervous system should be investigated.
The Ca** homeostasis mechanism is equally variable across neurons, according to the
demands of each neuronal subtype [62]. The intrinsic variations in morphology, con-
nectivity, proteome, and Ca’* homeostatic mechanism of neurons, taken together, are
extremely likely to contribute to the selective sensitivity of diverse neuronal popula-
tions to different causes of senescence collectively and synergistically. The more we
learn about how Ca** homeostatic processes interact with distinct neurons’ inherent
properties, the closer we will be to devising cell-specific therapeutics [62].

3.3 Na* channels

Voltage-gated sodium channels (Nav channels) are fundamental for the origina-
tion and transmission of signals in electrically excitable tissues. Na* channels are
abundant in neurons and glia throughout the central nervous system and peripheral
nervous system (PNS) [74]. The genesis of neurological disorders, including as
idiopathic epilepsy, ataxia, and pain sensitivity, is heavily influenced by mutations
in genes encoding Na* channels [75]. This is most likely due to changes in the syn-
thesis and/or trafficking of Nav channels, which modify their surface expression
and impact the neuron’s electrical excitability even while the channel’s conducting
properties remain unchanged. Changes in the function of voltage-gated Na* channels
have been observed during the aging process [76]. These alterations were attributed
to an age-related reduction in excitability, which is controlled by voltage-gated Na*
channels. Furthermore, age-related changes in voltage-gated Na* channel activity
have been proposed as a possible explanation for the decreased excitability seen
in skeletal muscle fibers of old rats [77]. Considering the fundamental role of Nav
channels in the modulation of neuronal responses during pathophysiological condi-
tions, and the fact that RNS and ROS may play a role in neurodegenerative events, the
study of Nav channel modulation by these free radical species assumes a particular
pathophysiological relevance. Recent evidence shows that oxidant-induced alterations
in the characteristics of Nav channels may play a role in membrane excitability and
conductance modulation. Na* currents were also elevated when NOS was inhibited or
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NOe was scavenged by hemoglobin and ferrous diethyl thiocarbamate. These findings
suggest that RNS may act as autocrine regulators of Na* currents in these neurons,
inhibiting them. NOe, on the other hand, could potentiate the inactivation resistant
Nav channels currents (INaP) seen in hippocampus neurons and posterior pituitary
nerve terminals [1, 13, 78]. The current carried by these channels appears to be
increased not only by the significant rise in NO« levels evoked by NOe donors but also
by the lesser increase triggered by constitutive NOS activation [1, 13]. In hippocam-
pal and pituitary neurons, NOe can cause an increase in Na* currents, but it has the
reverse effect in peripheral neuronal cells. As a result, it appears that NOe might have
either neuroprotective or neurodegenerative effects due to its dual effects on various
neuronal sodium channel populations. These effects are probably due to the variety of
Nav channel subtypes expressed in the CNS and PNS.

4.Ion channels and neurodegeneration

Ion channel deficiencies and/or mutations relate to many forms of neurological
diseases. Na*, K*, Ca**, and Cl” channel subtypes, for example, have been connected
to the pathophysiology of dyskinesia, seizures, epilepsy, and ataxia [79]. Following
we briefly discuss the role of ion channel modification in the most common neurode-
generative disorders age-related.

4.11on channels and Alzheimer’s disease

AD is a kind of dementia marked by cognitive impairment, memory loss, and
neuronal death. A buildup of A peptides, tau hyperphosphorylation, and mutations
in the catalytic domain of y secretase are all elements that contribute to the disease’s
focused characteristic. The ionic imbalance has been linked to AD development, and
in particular an aberrant intracellular concentration of Ca®*, Na*, K*, and CI™ [80].
Hardy and Higgins were the first to show that A peptides disrupt Ca®* homeosta-
sis in neurons and increase intracellular Ca®*, which Mattson and his colleagues
later validated [81]. Currently, multiple investigations have established the base
for a novel concept: Ap peptide is dangerous to neurons in part because it forms
abnormal ion channels in neuronal membranes, disrupting neuronal homeostasis
[82-87]. Normally, an influx of Ca”* ionsis strictly controlled, evoking the release of
neurotransmitters like glutamate from presynaptic terminals and triggering down-
stream signals that regulate cellular processes including synaptogenesis, synaptic
transmission, synaptic plasticity, neuronal development, and survival. However,
in AD, Ca** flux is disrupted as a result of increased oxidative stress and disrupted
energy metabolism, which affects the glutamate receptor, glucose transporters, and
ion-motive ATPases’ normal function [88]. In the hippocampus and cortex region in
the brain, for instance, accumulated Af has been found to elevate the cellular Ca*
ion level by plasma membrane L-type Ca** channels and Na*/K*- ATPase activity
causing extreme excitatory responses, i.e., glutamate excitotoxicity and neuronal
mortality [89]. Presenilin-1, the catalytic subunit of y secretase, is also identified to
be responsible for leaking Ca** ions from the endoplasmic reticulum to the cytoplasm
via Ca”* leak channels, increasing the cellular burden of Ca*" ion in the AD brain
[90]. Additionally, new research has revealed that transient receptor potential (TRP)
channels impair Ca®* homeostasis in Alzheimer’s disease. Thus, elevated intracellular
Ca”" ion alters amyloid-B precursor protein (ABPP) processing and influences various
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downstream pathways, including tau metabolism, housekeeping gene suppression,
and autophagic function loss, worsening the symptoms of AD [91]. K" channel abnor-
malities have also been identified in AD patients. Because the K* channel is essential
for the formation of action potentials and the maintenance of the resting potential,
any blockage causes poor neurotransmission and neuronal injury. Furthermore,
accumulating Ap has been found in hippocampus neurons to suppress voltage-
dependent fast-inactivating K* currents [92]. Moreover, Kv1.3, Kv1.5, KCNN4/KCa3.1
respectively voltage-gated K* channels and calcium-activated K* channel, have been
reported to induce neurodegeneration in response to neuroinflammation caused by
AP peptides via microglial activation [93]. Similarly, the Kv3 subfamilies of K* chan-
nel subunits, which can rapidly repolarize the action potential, have been reported to
be impaired and downregulated in AD [94]. As aresult of the increased K* channel
activity, intracellular Ca** overload occurs, leading to altered neuronal excitability
and perhaps neuronal death [95]. On the plasma membrane of activated microglial
cells in the hippocampus of mild AD patients, a novel intracellular chloride chan-

nel 1 (CLIC1) was recently discovered. CLIC1 channels become strongly expressed
after Ap stimulation of microglia and are responsible for the change in membrane
anion permeability of the cell, resulting in neuronal death [96]. In addition to these
channels, nAChR also plays a key role in the AD brain because cholinergic depletion
may raise the production of Ap and exacerbate its neurotoxicity through an altera-
tion of the signal transduction events combined with cholinergic neurotransmission
[97]. Additionally, the expressions of nAChR subtypes, are described to be highly
expressed in AD-affected brain regions, thereby suggesting a role of these receptors
in the AD etiopathology [98]. Tan and colleagues reviewed different calcium channel
blockers dihydropyridines, benzothiazepines, and phenylalkylamines [99]. Moreover,
Wiseman and Jarvik also reviewed different patents on potassium channel blockers or
activators as possible therapies against AD such as 2-(phenylamino) benzimidazole,
2-amino benzimidazole derivatives, bis-benzimidazoles & related compounds, and
many others [100]. Last but not least, as possible sodium channel blockers with useful
property against AD, Shaikh and colleagues propose Aptiom (eslicarbazepine acetate)
[101]. Unfortunately, we are still a long way from real AD therapy.

4.2 Ion channels and Parkinson’s disease

After AD, PD is the most prevalent brain disease, affecting 1% of the elderly
population (60-65 years). It is characterized by bradykinesia, postural instability
stiffness, and resting tremor. PD pathogenesis is caused by a number of variables,
including activities linked to cellular Ca’* excess, mitochondrial malfunction, oxida-
tive or metabolic stress, and, in particular, a small number of neurotoxins that render
neuronal cells more susceptible to cell death [102]. For example, the ATP-sensitive
potassium channel Kir6.2, which induces excitotoxicity, is abundantly expressed in
dopaminergic (DA) neurons in the substantia nigra pars compacta (SNc) and has
been linked to disease development [103]. Similarly, mutations in the Kir3.2 chan-
nel render it nonselective, producing an increase in the conduction of Na* ions asa
replacement for highly selective K* ions, resulting in the loss of cerebellar cells and
DA neurons in the SNc [55]. An important study by Sheih and colleagues also demon-
strate that Kir3.1 and Kir3.2 are involved in the direct degeneration of DA neurons in
the PD brain. Similarly, also voltage-gated T-type Ca** channels (TTCCs), Ca**—sen-
sitive voltage-gated A-type K* channels, voltage-gated LTCCs (L-type Ca** channels),
and ATP-sensitive K* (K-ATP) channels contribute toward basal ganglia dysfunction
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in SNc DA neurons thereby leading to progressive loss of neuronal firing, thus causing
PD [55]. In addition to a subset of medial SNc DA neurons, K-ATP channel activation
aided the transition from tonic firing to NMDAR-mediated bursting in vivo, resulting
in phasic DA release. When glutamate binds to the receptor, it causes the NMDAR
channel to open, allowing Ca*" to flow into the cell. As a result, any changes in gluta-
mate transmission generate dyskinesias in people with PD [104]. Recently, it was dis-
covered that a new ion channel, the Hv1 proton channel, is expressed in human brain
microglia and immune tissues and that it is required for NADPH oxidase superoxide
generation during the respiratory burst in phagocytic leukocytes, which can lead to
neurodegeneration such as PD [105]. Also, in this case, different studies proposed

ion channel modulators against PD such as 4-amino-7-chloroquinoline, Safinamide,
verapamil (phenylalkylamine), and diltiazem (benzothiazepine) [106, 107].

4.3 Ion channels and Huntington’s disease

HD is a hereditary neurodegenerative disorder characterized by cognitive loss,
emotional imbalance, and uncoordinated movements. It is caused by an autosomal
dominant mutation in the Huntingtin (Htt) gene responsible for the expansion of
CAG trinucleotide repeat >36 that leads to the synthesis of polyglutamine tract, thus
mutated HTT (mHTT) protein is prone to aggregation and found to form intracellular
accumulations in different cell types [108]. Using mouse models, Tong et al. studied
the functional implications of ion channels in several cell types to determine the
etiopathology of HD. In mHTT-expressing striatal astrocytes, altered Kir4.1 channel
activity impaired extracellular K* homeostasis, resulting in hyperexcitability, i.e., HD
motor symptoms in striatal neurons. However, the normal Kir4.1 channel is one of the
most important astrocytal K* channels, since it is required for cell resting membrane
potential and extracellular K* buffering in the brain [109]. Furthermore, mHTT has
been shown to affect the function of high-voltage-activated (HVA) Ca** channels
in HD [110]. Aside from Ca®* channel malfunction, also Na*, K*, Cl” ion channels
have demonstrated lower expression in HD animal models in multiple studies [111].
In striatal neurons of HD transgenic mice models, other researchers discovered the
reduced expression of K* channel subunits. Furthermore, in the R6/2 HD mouse
model, expression of the muscular CIC-1 chloride channel is significantly reduced;
thus, functional alteration of these channels disrupts ion homeostasis in cortical
pyramidal neurons, affecting neurotransmitter release, synaptic integration, and
genetic expression, all of which contribute to cortical dysfunction in HD [112, 113].
For HD, different calcium channel modulator has been proposed, such as 6-amino-
4-(4-phenoxyphenethyl-amino)quinazoline (EVP4593), Inositol 1,4,5-Trisphosphate
(Ips-sponge), Brilliant Blue G, and others, but the way is still long [114, 115].

4.4 Ion channels in multiple sclerosis and amyotrophic lateral sclerosis

MS is an immune-mediated central nervous system degenerative condition
characterized by progressive demyelination in patches throughout the brain and
spinal cord. Loss of coordination, muscle weakness, visual, and lingual problems are
common signs of this condition, which affects young people in industrialized cultures
the most. The presence of macrophages, T lymphocytes, microglia, and dendritic
cells has been associated with inflammatory neuronal injury [116]. Infiltrating
lymphocytes and macrophages harm neurons largely by direct cell contact or toxic-
ity mediators such as glutamate or nitric oxide, as well as indirectly through the
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loss of oligodendrocytes and myelin sheath. Apart from inflammatory mediators,
redistribution of voltage/ligand-gated ion channels and transporters has been linked
to intracellular calcium excess, mitochondrial dysfunction, changes in electrical
activity, and neuronal death [117]. Further, alterations in the expression pattern of
Nav1.2, Nav1.5, Nav1.6, and Nav1.8, specific voltage-gated Na* channel isoforms

have been reported in MS, and their overworking is involved in axonal deterioration
followed by cerebellar dysfunction [118]. Furthermore, Nav channels cause a Na*
influx into axons, which raises the amount of intra-axonal Ca®* ions and interferes
with axon myelination, resulting in MS pathogenicity. Different calcium and potas-
sium channel isoforms were also shown to be increased, interfering with conduction
in demyelinating axons [119]. ALS is a fatal chronic motor neurodegenerative disease
marked by significant motor neuron loss in the motor cortex, brain stem, and spinal
cord. Patients develop progressive muscle weakening, fasciculation, and atrophy,
which leads to a loss of voluntary movement [120]. However, the specific etiology of
ALS remains unknown, however, animal models are being used in research to find

a feasible reason. Previous research revealed that the contraction of mammalian
denervated muscle fibers is caused by spontaneous activation of the voltage-gated Na*
channel [121]. Furthermore, in human sporadic ALS, a significant drop in potas-
sium channel expression has been found [122]. Axonal hyperexcitability is caused by
continuous Na* ion conduction followed by a rapid reduction in K* ion conductance,
resulting in ALS symptoms [123]. Furthermore, in ALS, motor neurons that inner-
vate tongue muscles are prone to degeneration, which has been related to VGCC
expression differences. In ALS patients and animal models, other investigations have
found immunoreactivity with several calcium ion channels [124]. Israelson et al.
investigated the role of mitochondrial channelopathy during ALS and discovered that
mutant superoxide dismutase 1 (SOD1) inhibits the mitochondrial voltage-dependent
anion channel-1 and induces mitochondrial-dependent apoptosis, resulting in lethal
paralysis in ALS. However, further study is being conducted to determine the specific
mechanism responsible for its etiology [43, 125]. There is a lack of data to address the
review question on the efficacy of Na* channel blockers for people with MS [126]. The
K* channel blocker Fampridine-SR is an authorized MS therapy adjunct that has been
demonstrated to help with ambulation, tiredness, and endurance [127]. Silva et al.
demonstrated the efficacy of Ca** channel blocker CTK 01512-2 in mouse models of
MS comparing it with Ziconotide. They found a significant improvement in neuroin-
flammatory event MS-related [128].

5. Conclusion

Ion channel dysfunction is steadily becoming connected to neurological disorders,
making it an intriguing subject of neuroscience research. It has been linked to mem-
ory loss, movement issues, and neuromuscular anomalies in a number of neurological
diseases. Since they originate in response to genetic defects in channel coding proteins
that disturb the ionic equilibrium in the brain, the majority of these illnesses are
classified as neurological channelopathies. Aging is a complex and multidimensional
biological process that affects all organ systems. In the core section of them, cellular
malfunction and senescent cell accumulation are common. Various aspects of brain
aging have been discovered at the molecular, cellular, and tissue levels, according to
research in the fields of aging and neurobiology. Aging is the leading risk factor for
a broad range of neurodegenerative disorders. According to breakthroughs in the
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treatment and prevention of some tough diseases such as cardiovascular disease and
malignancies, which have enabled more people to survive past the age of 70, aging
brain disorders have lately become the leading cause of disability and death. After
providing an overview of recent developments in brain aging, the current review
describes it as the result of decreased neurogenesis and synaptic plasticity, as well as
altered neurochemical and signaling pathways, such as impaired protein processing,
glial cell activation, impaired mitochondrial function, increased oxidative stress, and
neuroinflammation. Furthermore, the hippocampus and neocortex are the principal
susceptible sections, with varying degrees of molecular and cellular abnormalities in
their sub-centers as a result of aging. Although each of these age-related alterations

is present during normal aging, their combined influence, when combined with
genetic background and environmental variables, may trigger the cytotoxic activation
cycle. Transcript factors, proteins, and cell-environmental variables including redox
potential are all connected to these alterations. However, the crucial component that
governs the entire activity is unclear. One of the first priorities would be to figure out
how redox capability influences gene transcription and promotes metabolic responses
as the brain matures. Our understanding of brain aging is still in its early stages. More
research is needed to discover effective therapy approaches and drugs to combat brain
aging. Furthermore, non-pharmacological techniques such as lifestyle adjustments,
physical exercise, and calorie restriction, which promote the brain’s physiological
processes while reducing ROS formation and inflammation, may help to promote
healthy aging. Understanding the processes that underpin the hallmarks is crucial

for developing future therapeutics to slow or even reverse the aging process in the
brain. The primary objective of neurobiology and brain aging research should be to
discover methods and techniques for supporting healthy brain aging in all people.
The functional activities of ion channels connected to the onset of numerous chronic
neurological diseases have been determined. NDDs are accompanied with inflam-
mations, neurotoxic protein accumulations, physiological stress, and mitochondrial
dysfunctions, according to experimental findings. These abnormal alterations cause
disruptions in normal physiological processes and brain homeostasis, which leads to
illness development. The pathogenesis of AD, PD, HD, MS, and ALS has been further
clarified in terms of faulty ion channels. Until today many natural compounds or syn-
thetics compounds are identified as a modulator of ion channels (for a very extensive
review refer to [43, 129]). Furthermore, channel modulators have been discovered

to be important in correcting the chronic consequences of abnormal ion channels.
Furthermore, understanding their regulation mechanisms in neurodegeneration
might lead to the development of newer, more effective treatment techniques.
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Chapter?2

Mitochondrial Channels and Their
Role in Cardioprotection

Keerti Mishva and Min Luo

Abstract

Mitochondria play a pivotal role in cardioprotection. The major cardioprotective
mechanism is ischemic preconditioning (IpreC), through which short periods of isch-
emia protect a subsequent prolonged acute ischemic episode. Mitochondria channels,
particularly the potassium channels (mitoK) such as ATP-dependent and calcium-
activated potassium channels, have been suggested as trigger or end effectors in IpreC.
Activators of mitoK are promising therapeutic agents for the treatment of the myocar-
dial injury due to ischemic episodes. In this chapter, we are summarizing our current
knowledge on the physiology function of different mitochondrial channels with a focus
on the potassium channels and their mechanism in cardioprotection. Furthermore, the
currently under development therapy by targeting the mitochondrial channels for the
treatment of heart failure are also discussed.

Keywords: cardioprotection, ischemic preconditioning (IpreC), ischemic
postconditioning (IpreC), oxidative phosphorylation, reactive oxygen species (ROS),
cell death, mitochondrial permeability transition pore, mitochondrial potassium
channels, ischemia, reperfusion, heart failure

1. Introduction

Heart failure is a major public health issue that is still having a poor progno-
sis despite all the advancements in scientific research and technologies [1]. The
approaches for the drug development of heart disease are majorly relying on the
pathophysiology of the cellular mechanisms and inter and intracellular channels
in the failing heart. Heart being an organ of extensively high energy demand and
mitochondria being the powerhouse of the eukaryotic organisms, they are meant to
be closely connected. Any change in mitochondrial function inevitably affects the
health of the heart irrespective of the etiology. Recent advances in the field indicate
that besides having a compromised powerhouse, mitochondrial malfunctioning
accompanies certain pathogenic mechanisms leading to heart failure [2, 3]. Current
therapies like ischemic pre- and postconditioning provide symptomatic benefit but
do not address the abnormalities at a molecular level. Since the mitochondria play an
important role in the pathophysiology of a failing heart, understanding its mecha-
nism can potentially improve the approaches for the therapies for direct improvement
of cardiac functions. Among the abnormalities shown by the mitochondria, ruptured
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electron transport chain, excessive formation of reactive oxygen species (ROS), per-
turbed ion homeostasis are the basic concerns [4]. An important and potential sub-
strate for therapeutics in heart failure is mitochondrial channels [5]. In this chapter,
we intend to discuss the available information about the mitochondrial channel with
regards to its pathophysiological effects on heart health and their responses to the
ischemic conditioning alongside the available agonist for the mitochondrial channel.

2. Mitochondria and its functions specific to heart cells

Due to high energy demand, the number of mitochondria in the heart cells
is excessively high, with a daily production of approximately 65 kg ATP through
oxidative phosphorylation [6]. In the neonatal cardiac myocytes, the mitochondria
are highly motile in the cytosol generating energy through glycolysis and glucose
metabolism. Whereas, in an adult myocyte the mitochondria have reduced motility,
and energy generation occurs from the metabolism of fatty acid [7].

Mitochondria are known to arise billions of years ago through the engulfment of
alpha proteobacteria by the precursors of modern eukaryotic cells and it evolved to
become an essential multifunctional organelle [8]. Mitochondria are made up of an
outer comparatively permeable and inner highly folded relatively impermeable lipid
bilayer. The folded inner membrane with a high surface area contains the complexes
for the generation and transportation of adenosine triphosphate (ATP) through oxi-
dative phosphorylation. In the myocardial cells, the substrates are oxidized to produce
acetyl coenzyme A, which in turn drives the Krebs cycle to produce nicotinamide
adenine dinucleotide hydrogen (NADH) and flavin adenine dinucleotide (FADH,) in
the mitochondrial matrix. The oxidation of NADH and FADH, leads to the establish-
ment of proton motive force later fetched by F1IFO ATP synthase to convert adenosine
diphosphate (ADP) and inorganic phosphate to ATP [9].

In the process of energy production, approximately 2% of the electrons flowing in
the electron transport cycle are reduced to form a superoxide anion which is reduced
to H,0, followed by H,0O generation by antioxidant enzymes. Excessive production of
these ROS is toxic to the cell, yet these natural byproducts of oxygen metabolism trigger
a variety of oxygen sensing machinery including gene expression, however, the overload
of ROS impairs the redox potential of the cell leading to various oxidative damages [10].

The dynamics of Ca®*, an important element to trigger various enzymatic
processes and a second messenger for contractile functions, is also organized by
mitochondria by either transmembrane Ca** transport or ROS-mediated signaling
pathways [11]. In case of increased workload rapid mitochondrial Ca** uptake is
facilitated by Ca®* uptake channel for elevated ATP production. The elimination of
Ca”™ from the mitochondrial matrix however is slower and mediated either directly
by Na*/Ca* exchanger or indirectly by multiple mitochondrial K* channels with
unknown mechanisms [12].

Alongside the role as a life-supporting system, mitochondria can also trigger
programmed cell death in the required conditions. The mitochondrial permeability
transition pore (MPTP) opens in response to stress and leads to loss of membrane
potential, which stops ATP production and release of cytochrome C and other
mitochondrial protein causing necrosis and cell apoptosis [13]. In cases of heart
failure mitochondria-induced cell death is an important mechanism. Here we intend
to discuss important parameters of mitochondrial dysfunction which lead to heart
failure, and therapeutic approaches to circumvent the situation.
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3. Mitochondrial dysfunction and heart failure

In cardiac cells the energy consumption should meet the energy production rate
on a beat-by-beat basis, failing which the stored energy cannot last more than a few
seconds. In a pathological remodeling the oxidative metabolism switch from fatty
acid metabolism to glycolysis, which only contributes less than 5% of the total ATP
demand of an adult heart [14]. On the other hand, during pathological remodel-
ing the required energy increases due to disturbed cardiac geometry, and impaired
ATP homeostasis. Studies have shown that the mitochondrial mechanisms involved
in pathological remodeling in efforts to restore the energy homeostasis eventually
led to a vicious cycle that drives pathological remodeling towards heart failure. The
most puzzling scenario suggests that in the failing heart the ATP content is largely
maintained after an initial glitch, thus whether the heart failure occurs due to energy
starvation or in efforts to fight that starvation is a question yet to be addressed.
Further in-depth analysis of the mitochondrial mechanisms can clarify if the efforts
of maintaining the energy hemostasis are either helpful or potentially worsen the
failing heart.

The catalysis of degradative oxidation of the nutrients through anaerobic dehy-
drogenases is facilitated by the reduction of oxidized pyridine and flavin nucleotide
like NAD(P") and FAD. These coenzymes should be again reoxidized since they are
non-replenishable and cannot permeate the cell membrane with the degradation rate.
During an ischemic episode since the respiratory chain is impaired the oxidation of
the above-stated substrates is also hampered, moreover, the NADH(H") oxidation is
carried out by lactate dehydrogenase. Therefore, the anaerobic glycolysis takes over
as the only pathway for ATP synthesis provided the phosphocreatinine is depleted
with the onset of ischemia. Therefore, in a failing heart the oxidative metabolism
switch for alternative carbon sources such as glucose which can be beneficial due
to increased ATP production and oxygen uptake but when it takes over the usual
fatty acid metabolism the energy production is not sufficient for an adult heart [14].
Increased glycolysis causes anaplerosis, increased lactate production, triggers the
heart to go into pathological remodeling, and also inhibits branched-chain amino acid
(BCAA) catabolism, and causes the accumulation of BCAA. A hyperacetylation of
mitochondrial protein has also been seen as a failing heart the cause of which is not
clearly understood [15].

The decrease in ATP concentration causes an immense ionic imbalance across the
cell cytoplasm leading to the lowering of the pH of the cell. The inhibition of Na*/

K* ATPase, Na*/H*, Na*/Ca** antiporters leads to an overload of Ca** inside the cells
causing hypercontracture and triggering the irreversible opening of mitochondrial
permeability transition pore (MPTP) [16]. The frequently converting ATP into ADP
and phosphate seeps out of the cell which further contributes to reduced performance
of the heart. Opening of only one pore causes frequent depolarization and triggers the
opening of other pores, following which the rapid influx of small molecular weight
solutes enters the mitochondrial matrix to compensate for the depolarization and
causes the mitochondrial matrix to swell. The expansion of the inner mitochondrial
membrane leads to the rupture of the outer membrane which releases proapoptotic
proteins leading eventually to cell death. Therefore, it is believed that altering the
MPTP pore opening can be helpful in the prevention of cardiac reperfusion and cell
death [17].

During an ischemic episode, the release of ROS is formed under the physiological
and pathological conditions within the mitochondria. In a regular respiratory chain
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reaction, 2-4% oxygen undergoes an univalent reaction and produces superoxide
[4]. The superoxides that are formed at complex I and complex III level are rapidly
transformed by metalloenzymes like superoxide dismutase into hydrogen peroxide. In
the first minute, it is small but in a later stage, it increases dramatically, leading to the
disruption of mitochondrial membrane potential. Therefore, the consequence of ROS
formation has been linked to the opening of the MPTP channel leading to apoptosis.
These episodes put together in series lead to a gradual and irreversible decline of the
cell integrity.

The opening of MPTP can occur through all the factors mentioned here, such
as an increase in Ca”* ion, depolarization, increase in the ROS, and phosphate con-
centration [18]. Certain factors like a high concentration of H*, Mg**, and ADP can
counteract the MPTP opening and work as antagonists [19, 20]. On the contrary, in
the condition of reperfusion, the change in the pH is recovered by the burst forma-
tion of ROS in the presence of Ca*", which creates the most favorable condition for
MPTP opening even though the antagonizing effect of membrane potential recovery
occurred. In isolated mitochondria, the MPTP opens at a very high Ca’* concentra-
tion which is practically not possible in vivo therefore the increased Ca** alone is not
responsible for MPTP opening rather can be triggered by several processes like ROS
generating Ca’* dependent enzyme.

4. Cardioprotection

It is believed that to reduce the damage occurring in the heart cells in a prolonged
ischemic episode, the heart cells can be trained beforehand through small and
regulated episodes of either cardiac ischemia or reperfusion that resulted from ATP
deprivation or concentration increase of ROS and Ca™ (Figure 1). This method has
been tested in dogs [21] and higher mammals including humans [22, 23]. This process
is known as ischemic preconditioning (IpreC). Similarly, ischemic postcondition

Membrane
Disruption

Mitochondrial Damage by I/R

Cardioprotection

Figure 1.
The ischemic/reperfused heart mitochondria in comparison to the cardioprotected mitochondria. In
cardioprotected mitochondria MPTP and MCU channels are closed and mitoK channel is opened.
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(IpostC) can also be done in a brief intermittent cycle after a severe event [24]. These
are performed by natural or artificial biomolecules which will be discussed later in

this chapter.

The process of IpreC and IpostC usually activates protein kinase C isozymes [25]
and other kinases [26] whose roles in cardioprotection are very dicey, because as e
isozyme protects the mitochondrial function by activating ALDH, aldehyde dehy-
drogenase which removes the lipid peroxidation products, Baines et al. showed that
the translocation of € isozyme prevents the opening of MPTP pore [27]. Whereas
8 isozyme of protein kinase C increases the tissue injury by flawed perfusion of
myocytes and inhibits ATP and pyruvate dehydrogenase regeneration [27]. Several
mitochondrial pathways are activated in the conditioning process contributing
significantly to the process of cardioprotection and therefore they are considered
attractive pharmacological targets.

5. Mitochondrial channels with an integral role in cardioprotection

The multifaceted relationship of mitochondria with cell death makes it an ideal
target for aiming to preserve cardiomyocytes viability. In the lack of oxygen during
ischemia although the ATP synthesis cannot be restored yet can protect through
decreasing ATP hydrolysis. Several self-defense mechanisms are triggered by ischemic
preconditioning like the depolarization of mitochondrial matrix promotes F1F0
ATPase binding to its natural inhibiter Factor (IF) [28]. A similar effect has been
shown by overexpressed the BCL-2 gene in mice hearts, to conclude that ATP hydro-
lysis is modulated by BCL-2 as well since the oligomycin addition did not possess any
additional effect. BCL-2 is upregulated in the preconditioned heart and downregu-
lated by ischemia and reperfusion [29]. However, the cardioprotective effect caused
by preconditioning can be abolished by antisense nucleotide in a perfused rat heart
[30]. Another way to prevent ATP hydrolysis is by MPTP inhibition, which presents
a wide range of protective actions like maintaining Ca®* homeostasis, NAD" deple-
tion prevention, and preventing the release of pro-apoptotic protein [20, 31, 32]. The
preconditioned heart prevents the opening of MPTP pores conferring stress-tolerant
condition of the cardiomyocytes [33, 34].

In addition to protective effects posed by MPTP inhibition, numerous studies have
vouched for the supporting effect of the mitochondrial potassium channel, specially
mitoKarp and calcium-dependent mitoKc, The influx of K* into the inner mitochon-
drial matrix causes depolarization, with pH increase and matrix swelling [35-37]. It
is suggested that matrix swelling due to K* uptake compensates for the contraction
of the matrix caused by increased potential difference due to lack of oxygen. The K*
uptake and matrix swelling are suggested to increase the recovery of ATP concentra-
tion, by preventing the loss of substrate channeling which happened due to increased
potential difference at the onset of reperfusion [38].

5.1 Mitochondprial permeability transition pore

A sudden increase in the permeability of the solute in the inner mitochondrial
membrane (IMM) is known as the permeability transition [16]. The MPTP was first
described by Haworth and Hunter in 1979, who showed that the addition of high
levels of calcium to bovine myocardial mitochondria induced a nonspecific increase
in permeability of the inner mitochondrial membrane [39]. Although the occurrence

27



Ion Transporters - From Basic Properties to Medical Treatment

of permeability transition and its inhibitor as adenine dinucleotide has been known
since 1950 [40]. Our understanding of mitochondrial physiology and the acceptance
of the pore theory of permeability transition is greatly attributed to the study of a
mitochondrial channel.

The opening of the MPTP channel causes depolarization, blocks ATP synthesis,
releases Ca”™*, depletes pyridine nucleotide, inhibits respiration, causes matrix swell-
ing, which subsequently leads to cytochrome C mobilization and outer mitochondrial
membrane rupture which ultimately releases endonuclease G and apoptosis-inducing
factor (AIF) and other proapoptotic protein to kill the cell (Figure1) [41, 42]. It
should be noted though, that this detrimental effect of MPTP opening occurs only
when the pore opening is long-lasting [43]. Whereas the short-term opening, both
in vivo and in vitro [44], is suggested to be involved in the physiological regulation
of Ca®* and the homeostasis of ROS [4], subsequently providing mitochondria a fast
mechanism for Ca*" release. According to a study performed on a mitochondria cal-
cium uniporter (MCU), null mice had an equal I/R injury as the wildtype littermates
overruling cyclophilin-D (CyPD) protection (Figure 1). It leads to challenging the
established concept and awaits the molecular details of the myocardial reperfusion
mechanism and the precise roles of the channels for answers to these contradicting
observations. The potential role of MPTP opening in heart failure was recognized way
before the discovery of the role of mitochondria in apoptosis.

Although the molecular nature and precise composition of MPTP remain
unknown it is believed that some proteins regulate the function of MPTP like CyPD
(Figure 1). After the observation that cyclosporin (CsA) is a potent inhibitor of
MPTP opening [45, 46], Halestrap et al. demonstrated that it occurred due to an inhi-
bition of a peptidyl-prolyl cis-trans isomerase PPlase in the matrix [47]. They further
purified and demonstrated the protein to be CyPD, which is an 18 kDa matrix protein.
A range of other CsA analogs and sanglifehrin A (SfA) that showed their potency in
preventing MPTP opening also acted as inhibitors of PPIase of CyPD. On the other
hand, the MPTP opening is also inhibited by ATP and ADP but their complexes with
Mg2+ and other nucleotides like AMP, GTP, or GDP fail to show a similar effect, it is
worth noting that none of them are transported by the adenine nucleotide translocase
(ANT) [48]. Furthermore, the increased sensitivity of MPTP opening towards Ca*
is attributed to the inhibition in the binding of the ATP and ADP with ANT either
by depleting the matrix of adenine nucleotides or by modifying ANT by thiol [49].
Helstrap group developed a model for MPTP, where CyPD binds to ANT and they
undergo conformational changes to induce pore formation under Ca*" trigger, and
they showed that matrix Ca®* favored ‘C’ conformation for ANT. Several matrices
facing glutamate and aspartate residues on ANT are present whose carboxyl groups
might play the role of Ca®* binding as there is no Ca®* binding motif established on
ANT [49]. Another data consistent with the model showed the coprecipitation of
CyPD specifically with ANT and the bonding increases with rising oxidative stress
and decreases with the introduction of CsA but not with inactive CsH analog [50,

51]. The crystal structure of bovine ANT1 [52] showed a constriction provided by

3 helices, block the channel and if these are rearranged by the change facilitated by
CyPD, then an extensive conformational change might account for MPTP forma-

tion. Phosphate ion has been known as an MPTP activator and carboxyatractyloside
(CAT) prevents ANT from binding the phenyl arsine oxide (PAO) column but still
does not prevent MPTP activation, which suggests that PAO can have an additional
MPTP activation site apart from the ANT. When CAT treated beef heart mitochondria
was passed through the PAO column phosphate carrier protein (PiC) was bound to
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the column [53]. Pretreatment of the column with MPTP inhibitors like ubiquinone
(UQo) prevents the PiC binding to the column which suggests a key role in MPTP
formation. Other proteins have also been suggested to have the structural and regula-
tory role in MPTP formation like peripheral benzodiazepine receptor and voltage-
dependent anion channel, hexokinase, creatinine kinase, BCL2 proteins, and Bcl 2
associated X (BAX) proteins may also be associated with MPTP, but which proteins
eventually constitute the formation of the pore is still unknown [54, 55].

Recently, another theory of multiple pores in MPTP has been proposed. Studies
have been supporting the potential roles of ANT, PiP, F1IFO ATP synthase, and CyPD
to be inner membrane component but all of them has shown CsA sensitive permeabil-
ity despite the genetic deletion of the responsible gene, which raises a question on the
hypothesis and further investigation led to propose the multiple pore-forming mecha-
nisms. Deletion of the C subunit of FIFO ATP synthase showed that CsA induced
MPTP synthesis showed much lower conductance as compared to wild-type MPTP
[56]. This C-subunit lacking channel could be inhibited by an ANT inhibiter bong-
krekic, therefore it was suggested that a classic MPTP was not formed in the knockout
mitochondria. It was concluded that the MPTP formation could be enhanced through
other proteins e.g. ANT in the lack of c-subunit. Another study proposed that dimer
of F1IF0 ATP synthase, ANT and PiC can assemble into synthasome complex, and
it requires CyPD for disassembly into its components. They further suggest that
ATP synthasome assembles and disassembles in high work conditions and MPTP
formations respectively. Low ADP, high calcium enhancement leading to increase the
membrane potential, and ROS formation trigger the disassembly of ATP synthasome
leading to MPTP formation. Additional studies will be required to completely under-
stand all the components of synthasome in generating MPTP [57].

As aresult of its central role in myocardial infarction, MPTP poses itself as an
obvious target for cardioprotection. A wide variety of cardioprotective protocols
have been demonstrated to prevent MPTP opening during reperfusion. Certain
drugs directly inhibit MPTP like CsA and SfA and their non-immunosuppressant
derivatives like 4-methyl-val-CsA and D-3-MeAla-4-EtVal-CsA etc. and certain
protocols that decrease oxidative stress and pH for inhibiting MPTP pore opening
such as ischemic preconditioning [34] and ischemic postcondition [58], temperature
preconditioning [59], Na*/H" exchanger inhibiter like cariporide [60], mitochondrial
ubiquinone antioxidants [61], the anesthetic propofol [62], urocortin [63], antioxi-
dants including pyruvate [64].

The drugs that directly inhibit MPTP pose great value in protecting the heart
during cardiac surgery, it has been shown that CsA improved cardiac performance
following angioplasty treatment [65]. However, CsA and Sfa administration pose
unwanted side effects because they interact with other cyclophilins like CypA more-
over, their MPTP opening inhibition is overruled by the intensity of the pore opening
stimulus [66]. This situation requires the development of new MPTP inhibitor drugs
which can overcome these constraints. The development of new drugs requires
structural insight into the MPTP pores.

5.2 Inner mitochondrial anion channel (IMAC)

The inner mitochondrial anion channel (IMAC) was the first mitochondrial
channel to be identified using the patch-clamp method [67]. The pharmacological
drug testing on the cardiomyocytes, for analysis of the mitochondrial matrix swell-
ing, led to the discovery of its role in membrane potential perturbation. Its activity
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is promoted under stressed oxidizing conditions [68]. O’Rourke and co-workers
proposed that the arrhythmias and electrophysiological alteration in cardiomyocytes
are the results of disturbed membrane potential due to failed cellular mitochondrial
network under oxidative stress [69]. The inhibition of IMAC mediated mitochondrial
membrane potential oscillation with 4-chlorodiazepam showed a significant reduc-
tion and stabilization of the sarcolemmal action potential [70]. High-resolution
optical action potential mapping showed that the introduction of 4-chlorodiazepam
facilitates the restoration of action potential duration and prevents ventricular fibril-
lation. The thiol oxidants trigger the oscillation of membrane potential, glutathione,
and NADH, which in turn increases the ROS concentration [71]. The inhibition of
IMAC activity is triggered by the binding of 4-chlorodiazepam with benzodiazepine
receptors. The inhibited IMAC preserves the membrane potential; however, the pro-
hibited efflux of superoxide from IMAC further increases the ROS concentration [72].
The increasing ROS and decreasing glutathione concentration in the mitochondrial
matrix trigger the opening of the MPTP pore, and therefore, IMAC can be considered
as an instigator of MPTP opening [71].

5.3 Mitochondrial Ca** uniporter

The macromolecular structural assembly responsible for mitochondrial Ca**
uptake machinery is known as the mitochondrial calcium uniporter (MCU) complex.
It was initially assumed that an active uptake and passive release are required for the
transport of Ca®* across the inner mitochondrial membrane [73], but multiple groups
showed that the uptake is energetically favored whereas efflux requires electrogenic
ion-exchange [74].

Ca”" uptake in mitochondria results from a single transport mechanism by a Ca**
sensitive channel of mitochondria known as MCU (Figure 1). The molecular identifi-
cation of the MCU protein complex which was closely connected to a comprehensive
protein compendium MitoCarta was done in 2008 [75]. Following the establishment
of a compendium Ca’* sensing regulator, mitochondrial Ca** uptake 1(MICU1) was
discovered in 2010 [76]. MICU1 was predicted to contain no transmembrane domain
and was therefore not considered forming a pore. Later 40 kDa two transmembrane
domains were identified termed MCU in 2011 [77, 78] followed by the identification
of other regulatory subunits.

The concentration Ca®* increases in the mitochondrial matrix during ischemia and
reperfusion and this increase is proposed to activate MPTP opening [16]. Therefore,
the inhibition of mitochondrial calcium uniporter is studied to reduce cell damage in
I/R. Studies from MCU knockout mice in the germline [79] and MCU mutated gene
[80], in both the cases the Ca®* uptake was hindered leading to no MPTP opening,
but neither of the situations reduced the size of cardiac infarct at the onset of I/R. In
contrast, where the MCU was deleted after birth in adult hearts showed cardioprotec-
tion in an in vivo model [81]. The reason for this kind of difference is not very clear
but apparently, the MCU knockout before birth could generate a more robust MPTP
pore not regulated by CsA as well. Alongside MCU, the other two core structural
components are mitochondrial calcium uniporter b MCUb and an ion transport com-
ponent termed “essential MCU regulator” or EMRE. MCUD is closely related to MCU
with 50% amino acid homology, containing two similar transmembrane domains
linked with coiled-coil domain. On the other hand, EMRE is a 10 kDa protein span in
the inner mitochondrial membrane that contains an aspartate-rich, highly conserved,
C-terminal region, whose topology however is still unclear [82]. It was proposed by
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Mootha et al. that EMRE is required for Ca®* channeling activity and also helps in
keeping the MICU1/MICU?2 intact to the MCU complex [83].

Altering the levels of regulators of MCU complex the calcium uptake can also be
regulated in mitochondria, subsequently altering the susceptibility to MPTP-induced
cell death. A mitochondria Ca®* uptake proteinl (MICU1) mutation causing a loss of
function in a human patient is associated with ataxia, attributed to mitochondrial Ca**
overload [84, 85]. In a failing heart, an increase of MICU1 and Na*/Li*/Ca** exchanger
(NCXL) has been observed to compensate for the Ca** overload [86]. MICU2 on the
other hand has been observed to increase, with cardiovascular disease in both humans
and mice, at the transcriptional level [87]. Mice with deletion of MICU2 showed a
certain degree of diastolic dysfunction. The low ratio of MICU/MCU maintains a low
threshold of calcium entry in mitochondria and the overexpression of MICU1 causes
contractile dysfunction to the heart. Therefore, the rise in MICU1 and MICU2 with
age and disease alters the susceptibility of calcium overload and MPTP inhibition.

In a cardiac muscle, constant rhythmic cycles of contraction are dependent on
permanent uptake and release of Ca®* in the cytoplasm and buffering organelles
[88]. After a myocardial contraction, the removal of the Ca** from the cytoplasm is
provided by Na*/Ca** exchanger (NCX) in the endoplasmic reticulum, on the other
hand in non-muscle cells the cytosolic Ca®* signals and Ca** buffering depends on
mitochondrial Ca®* uptake [89]. Although this mitochondrial Ca** uptake in cardio-
myocytes possesses a very low MCU current and constitutes less than 1% of total Ca**
uptake [88, 90], it plays a key role in coordinating between excitation and metabo-
lism coupling [91]. In a healthy heart, two models of mitochondrial Ca** dynamics
have been suggested by Cao et al., the first model suggests that Ca** concentration
oscillates in a beat-to-beat manner in cardiomyocytes whereas, the second model
emphasizes gradual Ca** uptake by cardiac mitochondria. On the contrary, in the
damaged heart the Ca®* mishandling within the mitochondria is well documented
[92]. The MICU1 protein content is significantly low following I/R due to inhibition
of translocase expression of the outer membrane. Furthermore, treatment attempts
using siRNA on myocardial MICU1 aggravated the ischemic episode increasing tissue
damage and depressing cardiac function due to apparent Ca** overload [86].

As it is quite evident that the uncontrolled influx of Ca** is disastrous for cardio-
myocytes, and MCU is the major route for Ca™* entry. Therefore, alteration in the
expression of MCU can be a promising target for cardioprotection. For the inhibition
of MCU ruthenium red and its derivatives are generally used, however, ruthenium red
has nonspecific activity towards other ion channels [93] as well which does not make
it a suitable inhibitor and prevents it from usage as a therapeutic agent. Recently, two
new highly selective MCU inhibitors were developed one is DS16570511 prevents
Ca”* overload and raises cardiac contractility without affecting heart rate [94]. The
second one is Ru265 is negligibly toxic and prevents hypoxia in the cell model [95].
Mitoxanthrone, an anticancer drug that showed its efficiency in inhibiting MCU
[96], similarly kaempferol known as an anticancer [97] and cardioprotective drug
[98] could prevent Ca’* created arrhythmias [99]. These can be promising drugs in
preventing Ca”* related risks to cardiomyocytes but they require more animal study,
and careful modeling and validation before adapting as therapeutics.

5.4 Mitochondrial potassium channel

On one side where the opening of mitochondrial mega channels like MPTP and
Ca”" uniporter represents a hallmark of cell death, on the other hand, the transport of
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K* through ion channels is known to play a central role in neural and cardioprotection
[100-102]. The membrane potential and permeability of the inner mitochondrial
membrane are strictly controlled for efficient ATP production. The presence of an
electrophoretic pathway for entry and antiporter mechanism for the exit of K" has
been well established and they critically regulate the mitochondrial volume and func-
tion. The transport of K* ions from the cytosol to the mitochondrial matrix is care-
fully conducted through ion channels by utilizing electrogenic transport, where the
proton ejection by the electron transport system generates enough membrane poten-
tial for the influx of K*. There are four kinds of mitochondrial K* channels (Figure 2)
present in the inner membrane the ATP regulated [103], Ca* regulated [104], Twin
pore TASK channel [105], and voltage-gated Kv1.3 potassium channel [106]. These
channels resemble the plasma membrane potassium channels in their basic biophysi-

cal properties and are regulated to avoid the membrane potential collapse.
5.4.1 ATP sensitive potassium channel

Several mitochondrial K* channels (Figure 2) have been discovered so far but ATP
sensitizing uptake of K has gazed maximum attention. The cardiac ischemic condi-
tioning was first believed to be working on Kurp of the plasma membrane counterpart
but based on pharmacological analysis with channel openers and inhibitors shown
to affect mitochondrial Krp channel. The mitoKrp channel was first identified in
rat liver mitochondria using the patch-clamp method [90] and was later found in
the inner mitochondrial membrane [107, 108]. They are situated at the crossroad of
metabolism and membrane sensitivity. The molecular identities of a mitoK rp were
recently determined by Angela Paggio et al. [109], which is similar to its plasma
membrane counterparts that consisting of pore-forming potassium channel CCDC51
(MITOK) and ATP-binding cassette (ABC) transporter ABCB8 (MITOSUR);
however, the detailed assembly and function mechanism is still unknown due to the
missing of structural information. The plasma membrane Karp is heterooctameric,
containing four inward rectifying potassium channel subunits of Kir6.1 and four

Mitochondrial matrix

Inner mitochondrial
surface

Cardiac mitochondrial K*channel

Figure 2.

Mitochondrial potassium channels (a) voltage-gated potassium channels (Kv 1.3, Kv 1.1, Kv 1.5), (b) small and
lavge conductance mitoK yrp channel (IKca, BKc,), (c) ATP sensitive K* channel, (d) twin pore K* channel.
mitoK arp and mitoBKc, having extensively studied for cardioprotection.
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sulfonylurea receptor subunits, which belong to the ABC transporter family [110].
Whether this newly identified mitoKarp is occupying a similar octameric assembly
as the plasma membrane Krp is still unknown and moreover, it may not present the
only version of mitoKurp as channels such as Kir6.1 has also been suggested in the
formation of mitoKrp [111]. Nevertheless, they are believed to play a central role in
cardioprotection, since the bizarre method of cardioprotection called ischemic con-
ditioning was introduced. Ischemic preconditioning was first observed with plasma
membrane using Krp channels as effectors, but later mitochondrial potassium
channel became an interesting target for the same. The pathway involves activating
the protein kinase and generating ROS, but the precise role of mitoKrp is not very
well established. Therefore, evidence of molecular structure for the mitoK yrp will
subside the pharmacology-based arguments of its existence and role in the process of
preconditioning. According to a study by Peng Duan et al., mitoKarp channel opening
is helpful in the optimal expression of protein kinase B (p-AKT) and forkhead box
protein O1 (pFoxol) in an insulin-resistant cell. The increased p-Foxol is phosphory-
lated by p-AKT, reducing its transcriptional efficiency, and transferred out of the
nucleus, and prevents the expression of pro-apoptotic protein, thereby preventing
apoptosis [112].

A study done by Garlid et al. in 2006, showed that the K* ion uptake in the mito-
chondria leads to increased ROS production as they explain that the opening of the
mitoKurp channel will lead to a small amount of K* uptake but this lowered potential
will increase the matrix volume and pH by a persistent steady state. Valinomycin was
used to induce the mitoKarp opener and an increased pH caused an increased ROS
production, when the acetic acid influx increased for compensation of the alkaline
matrix the ROS production also reduced proving that the alkalinity is a cause for ROS
production. It was also proved by them that the ROS was generated from the complex
I of the electron transport system [113].

5.4.2 Ca®" activated potassium channel

These channels were first discovered in the glioma cell line LN-229 and have been
extensively studied in the brain and cardiac cells since then [104]. The calcium-
activated potassium channel is of two types small and intermediate conductance K*
channel and large or big conductance K* channel. The small and intermediate chan-
nels are only calcium-dependent and not voltage-dependent they possess calmodulin
for the Ca** binding at the C-terminal region. Their major function is promoting
proliferation and migration of dendritic cells and smooth muscle [114].

The first evidence of its presence in the inner mitochondrial membrane was found
in the late 90s by Siemen and coworkers although showing that it possesses a conduc-
tance of 300 pS [104]. Its role in protecting the heart from ischemic insult was first
discovered by Xu et al. and their structural characterization in the plasma membrane
indicates that it originates from potassium calcium-activated channel subfamily
M alpha 1 (Kcnmal) gene containing extracellular N terminus and intracellular
C-terminus [115]. It has been proven in 2013 that the BKc, pore-forming alpha subunits
are encoded by the same genes (Kcnmal) as the basis of why they possess the same
physiological properties [116].

The big conductance Ca®* sensitive K* channel also known as MitoBKc, on the
other hand is intuitive to voltage and mechanical stress alongside Ca** sensitivity.
The knockout experiments have proven for the MitoBKc, channels to have a cardio-
protective effect by reversing the ROS production and opening MPTP. It has also
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been shown that these channels form a multiprotein complex with several proteins
involved in apoptotic machinery [117].

mitoBKc, channel [118] represent themselves as a key pathophysiological target
due to their sensitivity towards calcium, voltage, and a range of cellular components.
Several small molecular openers for BK¢, and pharmacological agents have provided
very insightful information to decipher the role of BK¢, channel. Pharmacological
agents like NS1619 and NS11021 have been used to activate BK¢, can potentially play
avital role in cardioprotection. However, they fail to reach the clinical applications
due to their non-specificity [119-122]. Although it is posing a great deal of difficulty
in developing the BK, activators, it becomes essential considering that expression of
BKc, is vital for cardioprotection [116, 123].

The first representation BK¢, playing an essential role in cardioprotection from I/R
injury was performed by using NS1619, whose effect was blocked by praxilline [115].
A 3 mM NS1619 preconditioning showed an improved reduction of infarct size, possi-
bly by modulated Ca”* and ROS concentration [117]. BK¢, mediated cardioprotection
involves ROS, Ca* and MPTP and their interplay. It is anticipated that reduction of
deleterious ROS through BKc, activation prevents the excess release of Ca’* from the
endoplasmic reticulum subsequently reducing the influx and overload in mitochon-
dria preventing the cell from injury.

5.4.3 Voltage-gated potassium channel

These are the most diverse family of K" channels. They are grouped into 12
families comprising 40 of the 90 genes present in human cells [124]. These channels
mostly consist of six transmembrane helices (S1-S6) where two of them (S5-S6)
form the loop and four of them are proceedings to the loop (S1-S4). The fourth
positively charged loop senses the change in the membrane potential. These chan-
nels have a wide variety and therefore, they represent a fine regulation of K* flux
in the homeostasis and pathological processes. The mitochondrial counterpart
mitoKv1.3 is found in lymphocytes [125] and many carcinogenic cells [126, 127],
they present similar physiological functions as the plasma membrane counterpart
and, they are translated from the same gene. mitoKv1.3 is a target for pro-apoptotic
protein Bax [128]. Their complex prevents the opening of mitoKv1.3 channel for
K" influx and therefore causes the disturbance in membrane potential and eventu-
ally leads to apoptotic cell death. Therefore, mitoKv1.3 has represented itself as a
new tool for targeted cell death for many tumor cells by triggering mitochondria-
induced apoptosis. Their presence in cardiac cells has not been reported. Similar
to Kv1.3 other potassium channels like Kv1.1 and Kv1.5 have also shown dual origin
in both mitochondrial and plasma membrane causing cell apoptosis by targeting
macrophages [129, 130].

5.4.4 Twin pore potassium channel

The mitochondrial TASK-3 was discovered in human keratinocyte HeCaT cells
using the patch-clamp method [131]. It shows similarity with its plasma membrane
counterpart and its activity is inhibited at acidic pH [132]. Lidocaine and low pH
completely block the task channel activity in mitochondria. TASK-3 is essential for the
survival of WM35 melanoma cells [133] but its activity in the mitochondrial dysfunc-
tion in cardiac reperfusion is not known.
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6. Mitochondria channels as a therapeutic target of heart failure

The above discussions have made it clear that since the inner mitochondrial chan-
nels regulate the onset of apoptosis and cell death, they present an important target
for cardioprotective therapeutics. Not only mitochondrial potassium channel but also
MPTP, MCU, connexin-43, and protein uncoupling have shown their potential roles
in reducing myocardial infarct size and preventing heart failure.

A sudden opening of MPTP can be triggered through a high concentration of Ca*"
high amount of ROS production, and decrease in mitochondrial membrane potential,
which results in the loss of proton gradient appearing as an uncoupling effect, which
prevents ATP formation and promotes its hydrolysis [40]. Subsequently, the proton
gradient utilizes the Ca** uptake and causes the matrix swelling as an approach of the
MPTP to prevent the detrimental rise in Ca”* in the mitochondrial matrix [134]. It is
known that opening of MPTP for a short duration can proceed without affecting cell
viability and can also contribute to cardioprotection through participating in pre isch-
emic conditioning and it later prevents the opening of MPTP pore during ischemic
reperfusion preventing cell damage and the onset of heart failure [17]. Although the
evidence to support its cardioprotective functions is majorly based on the pharmacol-
ogy and genetic observation that avoided MPTP opening. It has been shown that the
administration of cyclosporin A shows a cardioprotective effect by preventing MPTP
opening in the mice model; however, the results are mixed for the large mammalian
model [135].

As mentioned earlier an increase in the Ca** concentration contributes to the
opening of the MPTP channel, it is also necessary to mention that the Ca*" is essen-
tial for the key enzyme activation in the oxidation of the substrates that fuel the
respiratory chain, followed by ATP formation. It is very unfortunate that despite the
advancement in technologies we are still unable to determine the physiological and
pathological concentration of Ca** in the mitochondrial matrix [136]. Nevertheless,
the Ca” homeostasis is maintained within the mitochondrial matrix by the uptake
of Ca®* through uniporters and the release is catalyzed by Na*/Ca** exchanger. The
understanding of the molecular nature of Ca** uniporter has advanced our knowl-
edge about Ca** homeostasis. The deletion of mitochondrial calcium uniporter gene
from the embryonic and adult mice has shown completely contradicting results and
the reasons of which have not yet been fully understood. However, the results that
appeared in adult mice fully support the role of calcium overload leading to MPTP
opening and eventually cell death. This is further supported by the Na*/Ca**/Li*
exchanger knockout mice which showed the overload of Ca** leading to MPTP open-
ing on the onset of ischemic reperfusion leading to cell death. Therefore, the drugs
that intend to target Ca®* uniporter for therapeutics need to validate the contrast
effects before large animal and clinical testing [137].

Connexin43(Cx43) is a well-known channel for the intercellular connections
by forming the gap junctions, but apart from the plasma membrane occurrence,
they are also known to be present in cellular organelle like subsarcolemmal mito-
chondria [138], nucleus [139], and exosomes [140]. Cx43 plays an important role
in ischemic-reperfusion injury and its prevention. According to pharmacological
evidence the concentration of Cx43 increases with the introduction of diazoxide
DZX or fibroblast growth factor 2 to prevent myocardial injury, but this increase
is not observed after the ischemic preconditioning protocol [141]. It also inter-
acts with the mitochondrial potassium channel [141] and regulates nitric oxide
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formation. The role of Cx43 is certain in cardioprotection but the exact mechanism
and function remain to be elucidated.

At last, the presence of several mitochondrial K* channels and their activity in
the failing heart presents them as a crucial target in the therapeutics of myocardial
dysfunction. The K" uptake and release play a central role in the maintenance of
mitochondrial matrix volume. The electrophoretic influx of K" is balanced by the
K'/H" antiporter [142]. Valinomycin triggers the uncontrolled K* influx disturbing
the mitochondrial polarization and causing the swelling of the matrix. The function
of potassium channels is basically to maintain the matrix volume. Initially, surface
K" channel was suggested to play an essential role in ischemic pre and postcondi-
tioning but later when diazoxide (DXZ), which was involved in cardioprotection
of non-contractable heart, did not show any effect on surface K* channel, whereas
drugs that were only targeting surface K* did not show cardioprotective effect. On
the contrary, the isolated mitochondria showed restored activity of ATP inhibited
flux and showed inhibition caused by 5-hydroxydecanoate (SHD) [143]. This shifts
the attention to the mitochondrial K channel for cardioprotection but ever since the
DXZ and 5HD also affect mitochondrial physiology in general it requires the molecu-
lar structure information and in vivo attempts for concrete statements. The struc-
tural information will provide tools for determining its exact function in myocardial
ischemia/reperfusion in a failing heart, Ca>* transport and MPTP opening, and
protein involved in ROS formation, followed by improving therapeutic approaches
[144]. Similar to the ATP activated K* channel, Ca** and voltage-activated channels
are also pharmacologically proven to play a similar role as mitoKrp, the ischemic
conditioning protocol triggers the formation of protein kinase C which is helpful in
an increased opening mitoKc, channel.

7. Current progress in the field

The strategies used to protect the heart from opening MPTP and mitochondrial
calcium uniporter pores and in the case of ischemia conditioning, the opening
of mitoKurp and BKc, channel plays a vital role in the cardioprotection. CsA is
a well-known desensitizer for MPTP, but it did not prove to be the best option
in clinical trials [65]. CsA exerts its activity by binding to CyPD, but in cases of
intense stimuli, the pore opening becomes independent of CyPD. Therefore, there
is a need of developing more pharmacological agents that can directly inhibit the
MPTP openings, but they require further information about the structural insight
of the pore. Although CyPD activates pore opening the complete mechanism is still
unclear. Similarly, although it is evident that ROS and Ca*" influence the MPTP
opening but without knowing the structural details of MPTP we fail to conclude
how they do so.

Mitochondrial calcium regulates a range of myocyte functions alongside energy
production like cell division and trophism. With the development of MCU structures
over the years, they have emerged as a very important target for cardioprotection,
but the development of a reliable drug is still in process. Potassium channels are
also widely accepted as an important target and are closely linked to modulating
the apoptotic process. This information is present due to the pharmacology of the
channel openers and inhibitors. Very limited knowledge is present to show concrete
evidence. The molecular structure can be helpful in understanding and curing several
mitochondria-associated diseases.
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The inhibition of MPTP channel opening and the mitoK channel both elicit the
cardioprotection and are likely to be related. Uptake of K* through mitoK decreased
the mitochondrial membrane potential which reduces the mitochondrial Ca**, which
in turn decreases the possibility of MPTP opening. Along with ATP production,
and ROS regulation, mitochondrial channels like MPTP, Ca?* channel, and mitoK
channels are established to play a crucial role in cardioprotection. The mechanism,
however, for their connection and coordination with each other in the process of
cardioprotection is far from conclusive.

Recent attempts to translate cardioprotective strategies that target some of these
mitochondrial ion channels have been hugely disappointing, and the translational
of these strategies in clinical settings have not been successful. Several drugs have
been tested on various animal models that have shown certain cardioprotective
mechanisms. However, the lack of knowledge about the underlying mechanism of
protective actions needs a lot of following studies to design modulators specific for
mitochondrial channels with regards to cardioprotection in human trials. In the light
of studies available, we still have a long way to go in the depth of the cardioprotective
mechanism.

8. Conclusions

Conclusively, heart failure is an outcome of cardiac injury that originated due to
avariety of etiologies and denotes a complex clinical syndrome. Several mitochon-
drial channels associated mechanisms have been recognized that drive the depletion
of cardiomyocytes before cell death. These observations not only provide a link of
overall heart health with mitochondrial channel opening and closing but also inspires
therapeutic approaches. The core molecular identity of some mitochondrial channels
like MCU and mitoKarp are discovered recently, whereas most mitochondrial potas-
sium channels are in their intermediate state. These channels act as switches to control
the development of ischemic injury either towards recovery or the loss of viability.
The progress towards understanding the molecular identity and mechanism of chan-
nel opening and inhibition will help to translate the experimental approaches into
promising therapeutic development to combat a deadly health concern.
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Abstract

Transient Receptor Potential Vanilloid (TRPV) channels are expressed in various
skin cells, including non-neuronal cell types such as epidermal keratinocytes. They
are polymodal sensors of the environment, regulating physiological function in
response to a wide variety of stimuli. Indeed, in addition to their significant role in
thermal responses and thermoregulation, TRPV channels are also implicated in local
skin inflammation processes. Thus, these calcium permeable channels are associated
to multiples skin diseases with inflammation, such as atopic dermatitis or psoriasis. In
this chapter, we will mainly focus on TRPV1 and TRPV3 channels, as emerging pivotal
targets for maintaining skin homeostasis in psoriasis-related inflammation.

Keywords: skin, epidermis, TRPV1, TRPV3, calcium channel, inflammation, psoriasis

1. Introduction

Skin is the largest organ of human organism, approximately 2m?. This envelop, in
constant contact with the environment, can be divided into three layers: a deep layer,
the hypodermis; then an intermediate layer, the dermis; and finally, a superficial
layer, the epidermis. This top layer is mainly constituted of keratinocytes, which
form the first physical and chemical barrier between the external environment and
our body. To maintain this function, keratinocytes undergo a multistep process of
differentiation, from proliferating cells of the stratum basale to stratum spinosum
(mature basal cells linked by keratin filaments — desmosomes), granulosum (mature
keratinocytes, which generate keratin and keratohyalin granules), and lucidum (dead
and flattened cells), to finally generate dead cornified corneocytes found in stratum
corneum [1, 2]. These highly differentiated cells, devoid of nucleus and organelles,
form the cornified envelop and are essential for the skin barrier function.

Despite its major keratinocyte content, epidermis is also composed of other
cell populations in order to ensure protection of our organisms [1, 2]. Its immunity
is guaranteed by Langerhans cells, a dendritic cell that contributes to innate and
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adaptative immunity [1, 2]. The sensory nerve endings passing through the epidermis
(C-fibers and Ad-fibers) were thought to be the exclusive transducers for the detec-
tion of environmental factors such as heat and pain, but Merkel cells can also act as
mechanosensors [3]. Free intra-epidermal sensory nerve endings are all unmyelin-
ated: C-fibers are unmyelinated, while AS-fibers lose their myelination when they
enter the epidermis, allowing them to come into direct contact with the epidermal
keratinocytes (Figure 1A) [4]. Therefore, in addition to the intra-epidermal sensory
nerve endings, the epidermal keratinocytes also function as a sensory hub, able to
detect environmental changes [5, 6]. Finally, the epidermis is constituted by another
cell population: the melanocytes, located in the basal layer. With one for 4-10 kerati-
nocytes, melanocytes provide a barrier from ultraviolet (UV) thanks to their ability
to produce melanin, a photoprotector pigment [1, 2]. Opposite to the epidermis, the
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Figure 1.

Schematic representation of skin and TRPV1/TRPV3 location. A. Skin structure. Skin and its three layers:
epidermis, dermis, and hypodermis. Nerve fibers ave present in the epidermis or in the dermis depending

on their properties and their type. Two major groups of skin nerve fibers ave represented: A fibers (green)
poorly myelinated and able to pass through the dermo-epidermal junction, and Ap fibers (yellow) strongly
myelinated and not able to veach the epidermis. C-fibers are unmyelinated and able to pass through the dermo-
epidermal junction. B. TRPV1 and TRPV3 location. TRPV1 is expressed in various cell types with a dominance
in kevatinocytes and sensory nerves (C fibers). TRPV3 expression is vestricted to keratinocytes with a putative
expression on sensory nerves.
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dermis is mainly composed of extracellular matrix produced by dermal fibroblasts.
This intermediate layer also supports dermal blood vessels, nerve fibers, and epi-
dermal appendages (pilosebaceous unit and sweat glands). Finally, hypodermis is
composed of adipocytes separated by connective tissue. This deep layer insulates and
protects the skin from mechanical injuries [1, 2]. Thus, the skin allows a protection
against externals insults (ultraviolet, pathogens, mechanical pressure, etc....) butalso
contributes to the maintenance of homeostasis such as information transfer, vitamin
and metabolites secretions, hydric and thermal regulation.

To cope with various externals constrains, various cells of the skin express trans-
membrane sensors called Transient Receptor Potential (TRP) channels, which are
involved in thermosensation, chemosensation, nociception, and mechanosensation
[7]. TRP channels can be divided into six subfamilies: TRPA (ankyrin), TRPC (canoni-
cal), TRPM (melastatin), TRPML (mucolipin), TRPP (polycystin), and TRPV (vanil-
loid). Although TRPV channels have a major role in thermosensation [8], they also
contribute to keratinocyte differentiation, skin barrier formation, and permeability
thanks to calcium regulation. However, it appears that an aberrant TRP channel expres-
sion and function might contribute to some skin inflammatory diseases. In this review,
we will focus on TRPV1 and TRPV3 structures, activation mechanisms, and their
physiological roles in skin. We will also provide a new approach to study TRPV1 and
TRPV3 channels in a very common chronic inflammatory disease, such as psoriasis.

2. TRPV1and TRPV3 structure and gating
2.1 Expression and genetics

Among the six members of TRPV channels, thermosensors TRPV1 and TRPV3 are
calcium channel both highly expressed in the skin, with different cells types expression
(Figure 1B). The TRPV1 channel was firstly described on nociceptive sensory nerves
from Dorsal Root sensory Ganglia (DRG) by Caterinaet al in 1997 [9]. TRPV1 was
detected on a subset of skin sensory nerves, such as peptidergic and non-peptidergic
C fibers. Different studies have also proposed TRPV1 channel to be expressed on non-
neuronal skin cells population. Indeed TRPV1 is expressed in human and mouse skin as
TRPV1 immunoreactivity has been observed on Langerhans cells, mast cells, endothe-
lium, and smooth muscle cells from dermal blood vessels, differentiated sebocytes, sweat
glands, hair follicles (inner root and infundibulum), and finally on keratinocytes [10-12].

Unlike TRPV1, TRPV3 channels tissue expression is more restricted. Peier et al.
(2002) have demonstrated the expression of Trpv3 in the skin, with a strong immu-
nodetection on keratinocytes from epidermis and hair of rat [13]. We also confirmed a
higher TRPV3 expression in cultured human primary keratinocytes as compared with
TRPV1 (5.5-fold change, unpublished data). In contrast, TRPV3 expression and activity
on sensory nerves are still controversial. Indeed, TRPV3 mRNA was detected on sen-
sory neuron in DRG and trigeminal ganglia of monkey [14], while others have reported
an absence of Trpv3 activity on mouse DRG, and then suggested no expression on these
cells [15]. Finally, another group has proposed a heterodimeric form TRPV1-TRPV3 on
sensory neurons [16]. Even if TRPV3 expression on sensory nerves is not completely
clear, it is believed that epidermal TRPV3 and sensory nerves are able to communicate
via chemical mediators. Indeed, TRPV3 activation in keratinocytes causes the secre-
tion of an array of signaling factors, such as Nerve Growth Factor (NGF), Nitric Oxide
(NO), Prostaglandin E2 (PGE,), and Adenosine-Triphosphate (ATP).
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TRPV1 (chr17:3,565,446-3,609,411) and TRPV3 (chr17:3,513,190-3,557,805) genes
exist in tandem on human chromosome 17, with the same transcriptional orienta-
tion and are distant from less than 7650 base pairs, indicative of an ancestral gene
duplication. In humans, the TRPV1 gene spans 17 exons encoding an 839 amino acids
(aa) protein. Alternative splicing may occur and give rise to a modified amino acids
sequence in the first 150 residues. The TRPV3 gene spans 18 exons encoding a preva-
lent isoform of 790 amino acids. As for TRPV1, TRPV3 might be differentially spliced,
yielding two additional isoforms of 791 (additional A in position 760) and 765 amino
acids (peptide sequence at 760-765 modified from DFNKIQ to GTVAVR together
with deletion of residues 766-790). The most prevalent forms of TRPV3 (790 aa) and
TRPV1 (839 aa) share 43% sequence homology.

2.2 Common features

The TRP superfamily is the second largest class of ions channels with a voltage-
dependent activation mechanism. However, TRP members not only respond to electric
signal but are also able to sense several environmental stimuli, rendering them poly-
modal sensors of the environment. These channels share a highly conserved protein
architecture and require a tetrameric assembly to generate a functional central cation
permeation pore. Apart from this ion channel pore, different subdomains of the TRPV
proteins are responsible for their ability to be responsive to various environmental
signals. Each subunit of the tetrameric complex is composed of six transmembrane

TRPV1 TRPV3

N-ter N-ter
@O0 Ankyrin repeat domain
D TRP domain
e ATP
& Calmodulin binding site (L155) A 2-APB fixation site (S444, H426, Y540)
Heat (N467, K504, K710) 4> G573A, G573C, G573S mutations
AW Capsaicin fixation site (Y511, L547) A& Camphor fixation site (C612, C619)
O Capsazepine fixation site (T550) Heat (N6436 ,L657,Y66, N644, N741)
@ carvacrol fixation site (R696)
#® Calmodulin binding site (L169)

Figure 2.

TRgPV1 and TRPV3 structure. Left — Highlighting the fixation sites of TRPV1 activators (heat, capsaicin) and
interacting protein (calmodulin). Right — Fixation sites of TRPV3 activators (2-APB, carvacrol, camphov, heat),
interacting protein (calmodulin) and mutations involved in the establishment of the inflammatory response
(Gs5734A, G573C, G573S). Ankyrin repeat domain and TRP domain are conserved in TRPV1 and TRPV3
structures.
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segments (S1-S6), with the cation permeable pore formed by a reentrant loop located
between S5 and S6 (Figure 2). The S1-S4 bundle likely forms the voltage sensor
module, although TRPV1 and TRPV3 exhibit a weak voltage dependence for gating.
This relatively low capacity of TRPV channels to respond to electric current may be due
to the scarcity of positively charged amino acids in the S4 domain that contains a single
arginine residue [17, 18]. The large cytoplasmic N-terminal part of a monomer com-
prises six ankyrin repeats, each consisting of a 33-residue motif forming two antiparal-
lel alpha helices separated by loops linking the adjacent repeats. The ankyrin repeat
domains (ARDs) are highly conserved in TRPV1 and TRPV3. The C-terminal part is
also a large intracellular region containing a TRP-domain, another highly conserved
distinctive and fundamental feature of TRP channels, consisting of a 25 amino acids
a-helix structure with a conserved sequence IWKLQR called the TRP box. This TRP
domain is running parallel to the inner plasma membrane and intimately lodged within
the intracellular side of the S1-S4 module [19, 20]. A coiled-coil motif comprising resi-
dues of E684-R721 and overlapping with the TRP domain in the C-terminus of TRPV1
has been identified as an association domain and appears to be the molecular deter-
minant of tetramerization [21]. In TRPV3, the C-terminal domain additionally forms
aloop of 19 residues from V737 to V756, which has not been observed in other TRPV
channels. This unique C-terminal loop domain extends along the TRPV3 intracellular
skirt and forms an extensive network of interactions with ankyrin repeats 2-5 of the
ARD [22]. Among all of these domains, several regions and specific residues have been
mapped within TRPV1 and TRPV3 to regulate the channel gating. Indeed, heat, voltage,
and ligand stimuli are sensed by TRPV channels by different structural domains.

2.3 Pore module

Both pores of TRPV1 and TRPV3 are prone to dilatation during stimulation,
rendering them permeable for large cations [19, 23]. Thus, TRPV1 and TRPV3 are
cation-selective channels exhibiting a notable preference for divalent cations, with the
following permeability sequence: Ca2+ > Mg2+ > Na + ~#K+. As for all TRPV channels,
negatively charged amino acids in the pore play a central role in cation permeation,
and furthermore, the opened pore is blocked by both extra- and intracellular cations.
The S5-S6 segments are forming the central pore and the lower gate. This lower gate is
formed by a hydrophobic seal, blocking permeation by hydrated ions when the chan-
nels are in their closed state. This hydrophobic seal is ensured by the critical residue
1679 on S6 for TRPV1 and M677 on S6 for TRPV3 [20, 22]. An additional upper gate is
formed by a short loop and helix between S5 and S6, called the pore helix (PH), and
acts as a selectivity filter. TRPV1 displays a prolonged loop of 23 residues between S5
and the PH, named the pore turret. This pore turret is a mandatory structural domain
for conformational rearrangements during heat activation of the TRPV1 channel, but
is not part of the capsaicin agonist activation pathway [24, 25]. In TRPV3, the three key
amino acids 1644, N647, and Y661 located in the S6 are responsible for heat activation
of the channel, since single-point mutants of these generate total loss of temperature
activation, without affecting the overall TRPV3 structure [26]. Interestingly, the tem-
perature sensitivity of the TRPV1 channel also implies the C-terminal domain [27].

2.4 Ligands

TRPV1 can be activated by numerous exogenous agonists including capsaicin,
plant toxin resiniferatoxin (RTX), natural substances such as capsaicin-related
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compounds from peppers, aromatic components, and animal vanillotoxins from the
venom of the tarantula [28, 29]. For TRPV1, the three amino acids R491, Y511, and
S512 in the S3 transmembrane segment are responsible for capsaicin sensitivity, while
the region between S481 and T550 is responsible for binding of the antagonist cap-
sazepine, without affecting the temperature activation [30, 31]. Natural substances
also activate TRPV3, including camphor (C612 and C619), carvacrol, thymol, and
eugenol [32]. Moreover, TRPV3 can be activated by synthetic molecules such as the
well-documented 2-Aminoethoxydiphenyl Borate (2-APB).

2-APB is a common activator ligand of TRPV1 and TRPV3 channels [27]. In
TRPV3, several transmembrane segments are implicated in the binding of the agonist
2-APB. In fact, there are three different sites of 2-APB fixation in TRPV3. A first site
of fixation is involving S444 of S1, E501 and W493 of S2, and Y565, H523, and F526
of S3 that establish complementary interactions with different atoms of 2-APB [22].
A second site of 2-APB binding is mostly mediated by polar residues, such as H417
and T421 of the linker domain, H426 and H430 of the pre-S1 helix, and R693 and
R696 of the TRP domain. Interestingly, the mutation H426A completely abolishes
TRPV3 activation by 2-APB but not by camphor neither by carvacrol [22, 33, 34].
However, the residue R696 in the TRP domain appears critical in TRVP3 activation by
external ligands since the mutation R696K abolishes 2-APB- and carvacrol-induced
calcium influx [34]. The third site of 2-APB fixation is nested in a cavity formed by
the extracellular portions of helices S1-S4 and is mediated through both hydrophobic
and hydrophilic residues including V458, Y540, R487, and Q483 [22]. The binding of
2-APB on the first two sites described above does not induce gating-associated confor-
mational changes. In opposite, dramatic structural rearrangements are observed when
2-APB binds the third site [22]. Thus, binding of 2-APB to the first two sites is likely a
prerequisite for gating, by stabilizing the multiple domains during channel opening.

Endogenous ligands were also reported for TRPV1 and TRPV3: unsaturated
N-acyldopamines, lipoxygenase products of arachidonic acid, linoleic acid,
Phospholipase C metabolites, and the endocannabinoid anandamide [35].

2.5 Sensitization/desensitization

In both TRPV1 and TRPV3, the N-terminus module contains a domain able to bind
calmodulin (CaM) ina Ca2+-dependent manner [36]. This domain is located between
the ankyrin repeats 2 and 3, which comprise a conserved site (K155 and K160 for
TRPV1; K169 and K174 for TRPV3) involved in both CaM and ATP binding [37, 38].
In a resting cell, ATP is bound, and the channel is sensitized. Indeed, it has been
shown that ATP binding to the TRPV1-ARD generates larger currents in response to
capsaicin application [39, 40]. Hence, after channel opening, Ca** flows inward and
chelates the ATP, which is released from TRPV1-ARD, thus freeing the binding site. In
parallel, the Ca*" influx activates CaM, and Ca**-CaM can replace the sensitizer and
engages the ARD to close the channel [40]. Thus, CaM is involved in Ca**-dependent
desensitization of TRPV1 [41].

The binding of ATP and Ca**-CaM to the N-terminal ARD observed in TRPV1
is conserved in TRPV3 [38], although differences exist. TRPV1 is desensitized
after cumulative stimulations. In contrast, TRPV3 is the only member among the
TRP channels that sensitizes upon repeated application of stimuli. In addition, the
sensitization of TRPV3 is independent of the origin of the stimulus, it will sensitize
regardless whether it is activated by heat or chemical ligands. TRPV3 also displays
cross-sensitization to stimuli of a different nature, as camphor stimulation causes a
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sensitization to heat [42]. It is known that sensitization is due to the decrease of the
inhibition by calcium from both sides of cells [43]. In the intracellular side, Ca**-CaM
binds ARD and inhibits TRPV3, as described above for TRPV1. The TRPV3-ARD
structure is very close to ARD from other members of TRPV channel family, except

it exhibits a unique particular conformation of finger 3 loop. This linker region in
between the ankyrin repeats 3 and 4 is greatly stabilized by a network of hydrogen
bonds and an hydrophobic environment, instead of being flexible as seen in the other
TRPV-ARD arrangements [44]. This stabilized finger 3 of TRPV3-ARD may cause
steric hindrance, which impedes the binding of CaM. Therefore, CaM binding to ARD
probably forces a conformational change of finger 3, thus resulting in an inhibition of
TRPV3 function. Upon successive simulations, the finger 3 of TRPV3-ARD undergoes
conformational change that decreases the binding of CaM, causing the channel to
open more easily. Thus, the finger 3 of TRPV3-ARD functions as a switch in regula-
tion of TRPV3 upon stimulation. Moreover, this distinctive finger 3 segment precedes
a conserved threonine 264, which has been identified as a putative site for the ERK1-
dependent modulation of TRPV3 [45]. Phosphorylation events could, therefore, alter
the conformation of this important loop and powerfully influence the binding of
regulatory factors [46]. In others contexts, the influence of phosphorylation events
has been demonstrated especially for TRPV1, where phosphorylation of the channel
induces sensitization, whereas dephosphorylation is associated to desensitization
[47]. The TRPV1 C-terminus also contains modulatory domains able to be phosphory-
lated and to bind CaM through the 35 amino acids segment E767-T801 [41, 48].

In contrast to TRPV1, the naive TRPV3 channel does not show any intrinsic
voltage-dependent activation. The voltage dependence only appears when the TRPV3
channel is primo-stimulated by chemicals or heat stimulus [43, 49]. This voltage
dependence of TRPV3 is established by Ca** binding on N641 at the pore loop after
opening. In addition, the voltage dependence is strongly influenced by Ca**-CaM
binding at the cytoplasmic N terminus. Sensitization is accompanied by a decrease in
the voltage dependence. Finally, the sensitized TRPV3 channels are less inhibited than
the naive ones, showing faster activation at positive potentials and less deactivation at
negative potentials. This gradual shift in Ca**-dependent regulation or TRPV3 activity
is likely related to conformational changes after successive stimulations [43, 44, 46].
Considering the huge complexity in the structural arrangement and interactions of
the multiple domains of the TRPV channels, it has been difficult to fully decipher the
mechanisms of gating, and many questions remain open.

3. TRPV1and TRPV3 channels in skin function
3.1 Epidermal barrier function

Ca”" is well known to contribute to epidermal homeostasis and thus to the forma-
tion of an effective skin barrier [50, 51]. In order to maintain its barrier function, the
epidermis needs to be renewed every 28 days depending on a calcium gradient. The
increase in calcium concentration in the outer layer is essential for the terminal dif-
ferentiation of keratinocytes, which will lead to the formation of the stratum corneum
and ensure the skin’s physical barrier role [51]. This supports the role of calcium-
permeable channels in epidermal barrier function.

The role of TRPV3 in the epidermal differentiation process was highlighted after aber-
rant expression of early differentiation markers (i.e., KRT1/KRT10) in keratinocytes from
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Trpv3-KO mice [52]. In addition, the decrease in transglutaminase activity contributed to
an alteration in the stratum corneum formation. This regulation of keratinocyte differenti-
ation process appears to be dependent on the TRPV3/TGFo/EGEFR signaling axis [52, 53].
These data support the importance of TRPV3 channels as actors in the balance between
proliferation and differentiation, thus giving them a crucial role in skin barrier formation.
In contrast, the contribution of TRPV1 channels in the skin barrier remains unknown.

3.2 Sensory modalities in the healthy skin

TRPV1 is a major nonselective cation channel with polymodal mechanisms of activa-
tion [54]. Functional TRPV1 serves as a thermal sensor since it is gated by noxious heat
greater than 42°C and also chili pepper [9, 55]. The heat nociception was almost abolished
following ablation of TRPV1-expressing neurons in mice [56], but Trpvl-knockout mice
display only a partial defect in the ability to sense and respond to acute noxious heat [57].
Partial explanation could be that three channels, including TRPV1, TRPM3, and TRAP1,
act in concert to mediate behavioral responses to noxious heat [58]. Besides heat, TRPV1
channels can be directly activated by proton, such as extracellular acidification (pH less
than ~6.0) [9, 59]. Consistently, an integrative study performed in healthy rats has shown
that cutaneous vasodilation in response to cathodal stimulation was induced by TRPV1
channels, likely through local acidification and the PGIS/PGI2/IP pathway [60].

In contrast to TRPV1, TRPV3 was reported as a warm sensor for innocuous tempera-
tures (approximately 33°C) in different in vitro studies [13, 14, 16]. Not surprisingly, a
profound deficit in sensing warm external temperatures was described in mice lacking
Trpv3 [15]. Later it has been shown that Trpv3-KO mice displayed a preference toward
cooler temperatures [61], showing that TRPV3 influences thermal information that
is used to modulate thermal comfort or preference. TRPV3 on keratinocytes has been
shown to play a role in thermosensation involving ATP signaling, but other molecules
have also been reported [62]. The overexpression of TRPV3 in keratinocyte induces the
release of PGE,, an algogenic substance. Interestingly, in mice overexpressing Trpv3
channels selectively in keratinocytes, an hyperalgesia was observed [63]. These data
support that TRPV3 channels participate to the thermal and pain transduction through
these mediators. More recently, in vivo demonstration was provided for the role of cuta-
neous Trpv3 as a warm sensor of heating and a strong modulator of cutaneous vascular
thermoregulatory mechanisms [64]. Since keratinocytes are representing the primary
site of action of TRPV3 in mice (see the above section on TRPV3 expression), this study
indicates that TRPV3 channels in the keratinocytes serve as heat detectors for warm
temperatures to regulate cutaneous thermal homeostasis via initial changes in local
blood flow. In contrast, TRPV1 channels are not involved in this process since Trpv1-KO
mice displayed a normal heat-evoked vasodilation. It is interesting to note that Trpv3-KO
mice showed a delay in behavioral response to noxious temperature over 50°C and 55°C,
indicating that TRPV3 is also involved in response to acute painful heat stimuli [15].
This coincides with the ability to sensitize TRPV3 upon noxious heat stimuli [13]. Since
Trpv3-KO mice and Trpv1-KO mice have an identical thermal nociceptive phenotype,
this suggests that these two channels have overlapping thermal detection and functions.

4. TRPV1and TRPV3 channels in psoriasis

Psoriasis is a chronic multifactorial inflammatory disease, resulting from the
interaction between genetic predisposing factors and environmental triggers, with a
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global incidence ranging between 0.09% and 5.1% [65]. This dermatosis results from
altered signaling between epidermal keratinocytes and the immune system leading

to an uncontrolled keratinocyte proliferation (hyperplasia), impaired keratinocyte
differentiation (hyperkeratosis), and chronic inflammation. The immune cells (i.e.,
dendritic and T cells) infiltrating skin lesions produce a wide variety of cytokines (IL-
23, IL-17, IFNy), which activate keratinocytes [66, 67]. Once activated, keratinocytes
produce pro-inflammatory cytokines (i.e., IL-6, TNFa), chemokines (i.e., CXCL1,
CCL2, CCL13), and antimicrobial peptides (cathelicidin, p-defensine) that further
stimulate immune cells and thus maintain the disease in a chronic state. Therefore,
keratinocytes not only respond to inflammation but also contribute to the recruit-
ment and the activation of immune cells. Moreover, TRPV1 and TRPV3 channels have
a predominant role in inflammation, pain, and pruritus and could be involved in the
vicious cycle of the inflammation process in psoriasis.

Indeed, TRPV1 overexpression has been found in the skin of psoriatic patients and
in the mouse model of “imiquimod-induced psoriasis” [68, 69]. Imiquimod (IMQ) is
a potent immune activator stimulating the IL-23/IL-17 axis and thus mimicking pso-
riasis inflammation [70]. In 2014, Riol-Blanco et al have shown that ablation by RTX
of TRPV1*/NaV1.8" nociceptors reduces immune cells infiltration and psoriasis skin
inflammation, by acting on IL-23 and IL17 release (Figure 3) [71]. Furthermore, this
study revealed that TRPV1*/NaV1.8" nociceptors can interact with dermal dendritic
cells to regulate the IL-23/IL-17 axis during the initiation phase of psoriasis. Further
data support a role for TRPV1 in this skin disease. In 2018, Zhou et al. also highlighted
a significant decrease in epidermal hyperplasia, inflammatory cell infiltration, and
cytokine production (IL-1, IL-6, IL-23) in IMQ-treated Trpv1-KO mice [69]. The
NGF-TrkA-TRPV1 signaling pathway in nerve fibers has also been shown to play
arole in psoriasis lesion formation [72]. Indeed, both nerve growth factor (NGF)
and Tropomyosin receptor kinase A (TrkA) are highly expressed in psoriasis, and
their interaction induces activation of TRPV1-mediated pain and pruritus [72-74].
Consistently, a TrkA kinase inhibitor (CT327) reduced pruritus of psoriatic patients
(15). It is possible that NGF could sensitize TRPV1 channels on nerve fibers (NaV1.8")
during the initiation phase and then stimulate innate immune dermal dendric cells
for the induction of IL-23/IL-17 signaling, leading to the development of psoriasis.
Together, these data confirm the involvement of TRPV1 in psoriasis, with a major role
of sensory nerve fibers.

In contrast to TRPV1, TRPV3 channels seem to act on psoriasis from upper
cell layers, such as keratinocytes. Indeed, TRPV3 channel expression is increased
in psoriatic skin lesions, with significant labeling within the epidermis [68, 75].
Moreover, many studies have supported the role of TRPV3 on inflammation. Upon
stimulation, TRPV3 can activate the EGFR/NF«kB pathway and induce the release of
mediators, such as IL-1a, IL-6, IL-8, TNFa, ATP, and PGE2 [53, 76], which will in
turn act on sensory nerves and provoke pain and itching [62, 63]. In addition, Zhao
et al. recently proposed that protease-activated receptor (PAR2) sensitizes TRPV3
channels on keratinocytes, resulting in secretion of thymic stromal lymphopoietin
(TSLP), a potent pro-inflammatory cytokine. The latter then contributes to the
production of IL-23 by dendritic cells and induces severe itching [77, 78]. Finally, the
TRPV3 gain-of-function mutations G573S or G573C result in hyperkeratosis in mice,
increased inflammatory cytokines in serum (IL-1a, I11-6, IL-17), and high levels of
pruritogenic substances, such as NGF (Figure 3) [79, 80]. To further endorse the role
of TRPV3 in inflammation, the 17(R)-resolvin D1, an anti-inflammatory lipid, is able
to suppress TRPV3-induced hypersensitivity/pain during the inflammatory response
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Figure 3.

TRPV1 and TRPV3 in the physiopathology of psoriasis. Left — Inflammatory environment in skin psoriasis
stimulates PAR2 on keratinocytes. Activated PAR2 stimulates TRPV3, which leads to the production of TSLE, an
activator of the IL-23/IL-17 axis (red arrows). Inflammation also divectly activates TRPV3, which leads to the
production and the fixation of ATP and PGE2 on C-fibers, leading to pain and itch (blue arrows). Activated
TRPV3 also stimulates and activates EGFR. In this context, the EGFR activation induces the transcription of
NF-kB, allowing the production of inflammatory cytokines that sustain the inflammatory process in the skin.
Right — In a psoriasis skin, keratinocytes release NGF in the extvacellular envivonment. NGF can interact with
TrkA present on the TRPV1+/Nav1.8 nerve endings. This interaction activates TRPV1 and leads to pain and
pruritus. The interaction of dermal dendritic cells (DDC) with TRPV1+/Nav1.8 nerve endings potentiates the
activation of the IL-23/IL-17 axis.

in mice [81]. Moreover, injection of the TRPV3 antagonist 74a is able to attenuate
pruritus and inflammatory response in mice with chronic inflammatory disease such
as atopic dermatitis [77]. Thus, either through the activation of signaling pathways
(EGFR/NFkB; PAR?2) or the release of algogenic and pruritogenic mediators, TRPV3
channels appear to play a role in the initiation of psoriasis.

Altogether, these data support that TRPV1 and TRPV3 are actors of inflamma-
tion, either from sensory nerve fibers or from keratinocytes. Both channels seem to
have fundamental role in the pathogenesis of psoriasis due to their ability to activate
immune cells or to induce cytokine production. It could also be hypothesized that
these two channels cooperate during the initiation process of psoriasis.

5. TRPV1and TRPV3 channels in therapeutic perspectives of psoriasis

The well-known biological strategies to treat an inflammatory disease such as
psoriasis consist of using a specific blocking antibody to freeze the interaction of a
cytokine with its receptor and then blocking the underlying cytokine-specific bio-
logical response. As mentioned earlier, both TRPV1 and TRPV3 are involved in the
inflammatory process of psoriasis and could also be potential therapeutic targets in
this disease. Indeed, TrkA appears to be a potential target because its inhibition with
CT327 blocks the overactivation of TRPV1 on sensory neurons. The discovery of this
new molecule is promising since the decrease in pain and pruritus has been observed
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in psoriatic patients [72]. Interestingly, another study also demonstrated a decrease
in skin hyperplasia and erythema in psoriasis murine models treated with the TRPV1
antagonist SB366791 [82]. Research on the inhibition of TRPV1 in psoriasis disease
has already emerged and needs to be further explored.

As the TRPV3/TGFa/EGFR signaling complex seems to play a role in psoriasis, EGFR
also becomes a potential therapeutic target. A recent clinical study showed that erlotinib,
an EGFR inhibitor, significantly decreases hyperkeratosis and pain in Olmsted syndrome
patients displaying a TRPV3 overactivation mutation [83]. This highlights that inhibition
of EGFR could decrease keratinocytes hyperproliferation/differentiation and might also
act on inflammation and pain. Since TRPV3 acts at the first line, directly targeting this
channel could also be very promising. Indeed, we reported above some anti-inflamma-
tory molecules, such as 17(R)-resolvin D1, which suppresses TRPV3-induced pain and
inflammation. Another potential promising molecule is the TRPV3 antagonist called 74a,
which has already proved its efficacy on another inflammatory skin disease [77].

It could be suggested that inflammatory environment activates TRPV3 from
keratinocytes and TRPV1+ nerves for the induction of pain, itching, and inflamma-
tion. The cooperation of these two channels, with the potential activation of TRPV1
induced by downstream mediators of TRPV3, cannot be excluded. To increase fur-
ther the complexity of the TRPV1 and TRPV3 relationship, it has been demonstrated
that TRPV1 and TRPV3 could form interacting partners, therefore assembling
heterochannels [84, 85]. The biological significance of these heterochannels is still
not known, but this could be involved in a very fine-tuning of sensitivity. In addtion,
arecent study showed that the intergenic region between TRPV1 and TRPV3 coding
sequences contained a human specific transposable element (SVA: SINE-VNTR-Alu
retrotransposon) insertion, located upstream of the TRPV3 promoter and down-
stream of the 3’ end of TRPV1 [86]. This SVA insertion acts as a cis-regulatory ele-
ment allowing coexpression of TRPV1 and TRPV3 in multiple human tissues, which
is not observed in mice. Thus, targeting these two channels simultaneously could be
a very promising approach for the treatment of psoriasis in human.

6. Conclusion

TRPV1 and TRPV3 are important channels for maintaining the skin homeostasis
and its function. A deregulation of their expression and/or activity is associated to the
establishment of an inflammatory response. Several studies already demonstrated their
contribution in psoriasis by highlighting their capacities to activate typical inflammatory
pathways (IL-23/IL-17 axis, NF-kB pathway) and/or to provoke the release of inflam-
matory mediators. It would therefore be interesting to explore the exact contribution
of TRPV1 and TRPV3 in the psoriasis typical chronic skin inflammation: are they the
trigger or are they one of the multiple factors involved in maintaining inflammation?

It would be interesting to explore the presence of TRPV1 and TRPV3 in other tis-
sues of the body subjected to chronic inflammation, such as the intestinal epithelium.
The future challenge will be to develop specific compounds that target the TRPV1/
TRPV3 to limit chronic inflammation without affecting their physiological functions.
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Chapter 4

TRPV Family Ion Channels in the
Mammary Epithelium: Role in
Normal Tissue Homeostasis and
along Breast Cancer Progression

Sari Susanna Tojkander

Abstract

Calcium homeostasis directs various intracellular cascades and therefore strict
spatio-temporal control of calcium influx is also crucial for diverse physiological
processes. In the mammary gland, calcium is important for the specialized tasks of
this organ during lactation, but it also guides other structural and functional features
of the mammary epithelium and in this way the maintenance of the whole tissue.
Transient receptor potential, TRP, family ion channels are cationic channels, perme-
able to both monovalent and divalent cations and play a role in the influx of calcium
mainly through the plasma membrane. These channels also represent vital calcium
entry routes in the mammary epithelium and may thus act as central players in the
preservation of calcium balance within this tissue. Moreover, TRP family channel
proteins are abnormally expressed in breast cancers and may promote cancer progres-
sion through deregulation of intracellular signaling, consequently triggering several
hallmarks of cancer. This chapter concentrates on the role of transient receptor poten-
tial vanilloid, TRPV, a subfamily of proteins in the calcium-dependent functions of
normal mammary epithelium and the evident role of these channel-forming proteins
along breast cancer progression.

Keywords: TRP, TRPYV, calcium, calcium signaling, mammary epithelium, epithelial
integrity, breast cancer, invasion

1. Introduction

In adult individuals, the mammary gland is composed of bilayered epithelial
structures, forming a branched ductal tree within an adipocyte-rich stroma [1].
These tree-like structures consist of distinct epithelial cell populations that form
secretory alveoli, organized into lobules and a branched network of ductal structures.
Development of the mammary epithelial cell populations within these structures,
occurs hierarchically through specific intermediates and coordinated expression of
several lineage-specific markers [2-4]. Functionally these distinct cell populations
are organized into an inner luminal epithelial (LE) cell layer and outer basal cell layer,
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the basal layer containing both mature myoepithelial (ME) and stem/progenitor
cell populations [5]. These specific cell populations within the bilayered mammary
epithelium can be distinguished by the expression of various markers, including the
cytokeratin expression pattern [6].

The basal cell layer is responsible for the regenerative potential of the mammary
epithelium due to the colonization of the mammary stem cells with multilineage
potential, within this compartment [5, 7, 8]. Contractile ME cells, localized to the
same cell layer, provide a niche for these stem cells. Additionally, ME cells have an
important role in synthesizing and maintaining normal basement membrane (BM),
controlling polarization and proliferation of the LE cells as well as directing branch-
ing and differentiation of the developing structures [9, 10]. Upon gestation, epithelial
cell populations further undergo directed differentiation and proliferation, conse-
quently leading to side-branching and formation of alveolar, lactating units within
lobular clusters [11-13]. In such functionally mature mammary epithelial structures,
the inner luminal cell population produces and secretes milk into the lumen [14, 15],
whereas the outer, smooth muscle actin (a-SMA)-expressing myoepithelial cells
provide contractile forces for milk ejection in response to oxytocin [14, 16, 17]. When
lactation is over, the alveolar cells undergo programmed cell death and the epithelium
is returned to its pregestational state [18-20].

Calcium is crucial for various physiological processes through activation of
specific intracellular cascades and by modulating the integrity of cellular junctions
[21, 22]. Alterations in the activity or expression levels of different Ca”* channels,
or factors involved in their regulation can therefore significantly change cellular
responses to various cues that direct tissue homeostasis [23, 24]. Consequently,
deregulation of calcium signaling is therefore associated with several pathological
conditions, including cancers. In cancers, abnormal calcium signaling has been linked
to high proliferation, inhibition of apoptosis and invasive migration through the
epithelial-to-mesenchymal transition, EMT [25, 26]. As for any other tissue, calcium
signaling is likewise crucial for the regulation of mammary epithelium, its various
calcium-dependent intracellular functions, the integrity of the epithelial sheets and
mammary tissue-specific task, lactation [27]. The functional maintenance of the
bilayered mammary epithelium is importantly also guided by various hormones and
growth factors, which may also cooperate with calcium-triggered pathways [28-30].
In this review, the role of TRPV; vanilloid subgroup of transient receptor potential
family ion channels are discussed in respect of their significance in the regulation of
normal mammary epithelial homeostasis and along breast cancer progression.

2. TRPV family channels

TRPV channel proteins belong to the transient receptor potential, TRP, the family
of proteins [23]. This superfamily of proteins is formed by over 30 different cationic
channel proteins, which are further divided into seven subfamilies: TRPV (vanilloid),
TRPA (ankyrin), TRPC (canonical), TRPM (melastatin), TRPML (mucolipin), TRPN
(NOMPC), and TRPP (polycystin) families [23, 31]. TRP proteins possess crucial
functions in various tissues, in both non-excitable cells as well as in the cells of the
nervous system [23, 31]. The members of this family display both structural and
functional similarities and many of them are voltage- and temperature-sensitive for
functioning as sensors in the peripheral and central nervous systems. Besides these,
they can sense various other extracellular cues, both biochemical and physical ones,
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leading to their spatio-temporal activation, ion influx and adjustment of the down-
stream signaling cascades [32, 33].

The subfamily of TRPVs has six members, TRPV1-6 that can form both homo-and
heterodimeric channels. Of these subfamilies, TRPV1-4 do not display high Ca*'-
selectivity [34-37]. On the opposite, TRPV5 and TRPV6 are highly selective for Ca**
[38-40]. Most of these TRPV family members can sense and respond to various stimuli,
consequently activating multiple intracellular signaling cascades [31, 41, 42]. TRPV1is
found in the plasma membrane and prominently expressed in sensory neurons but it
is also clearly expressed in other cell types [43]. TRPV1 is involved in nociception and
triggered by heat, pH and some compounds, including capsaicin [44-46]. TRPV2 is
found in all tissues, and is highly expressed in sensory neurons. Its main localization in
cells is not at the plasma membrane but in the intracellular membranes [47-49]. TRPV2
displays various physiological functions through its actions as a thermo-, lipid- and
mechanosensor. Additionally, it can also respond to growth factors, hormones and
cytokines [50-52], leading to a wide range of functions that play a role in healthy tissues
and in pathophysiological conditions.

Both TRPV3 and TRPV4 are highly ubiquitous and they are noticeably expressed
in epithelial tissues [35, 37, 53]. TRPV3 is a non-selective cation channel and is
especially abundant in the skin keratinocytes [54]. It can sense temperature and plays
arole in various tasks, including maintenance of the skin barrier function, wound
healing, pain sensation and itch [53, 55]. Therefore, TRPV3 seems to be particularly
important for the skin health. Like TRPV3, TRPV4 is an abundant cationic channel in
the epithelial tissues and can trigger ion-influx upon various cues, such as mechanical
stretching, osmolarity and heat [56-60]. The activity of TRPV4 has been associated
with various physiological functions, it has an important role in cell volume regula-
tion, homeostasis of the vasculature, central nervous system and as a mechanosensor
in a wide array of tissues [37, 61, 62].

Unlike the other TRPVs, TRPV5 and its close relative TRPV6 are the only highly
calcium-selective channels among TRPVs and the whole TRP superfamily [38-40].
TRPVS5 is highly expressed in the kidney, while TRPV6 has a broad expression pattern
in some different tissues. TRPV5 and TRPV6 constitute the apical Ca’* entry mecha-
nism for active calcium transport in the kidney and intestine, respectively. Their roles
in the active Ca**-reabsorption and maintenance of cellular Ca**-homeostasis are
essential, loss of these proteins leading to reduced bone thickness, defects in the intes-
tinal calcium absorption, reduced fertility, and hypocalcemia [63-67]. Interestingly,
TRPVS5 and TRPV6 are under the regulation of 1,25-dihydroxyvitamin D3, and
hormones, such as parathyroid hormone, estrogen, and testosterone may participate
in fine-tuning the calcium-uptake [68-73].

The hormonal regulation of TRPV channels has mainly concentrated on the role
of sex hormones, which can impact the expression of ion channels either directly or
indirectly through intracellular signaling [74, 75]. Progesterone, a steroid hormone, is
known to elevate TRPV6 levels in mammary carcinoma cells [76]. In human mam-
mary epithelium, progesterone receptor, PR, is expressed in both luminal and basal
epithelial cell populations, and it promotes the proliferation of the basal mammary
epithelial cells. Luminal PR may also promote the proliferation of neighboring cells
through paracrine signaling mechanisms [77]. In addition to TRPV6, TRPV4 is under
the control of progesterone receptors in the mammary gland, airways and smooth
muscle cells of the vasculature [78]. In the case of TRPVA4, progesterone was found
to decrease both mRNA and protein levels of TRPV4, while silencing of PR led to
increased level and activity of TRPV4 in the T47D mammary epithelial cell model [78].
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In adult individuals, the PR-positive cells are usually also ERa positive [79] and
estrogen acts through ERa to induce the expression of PR [80, 81]. This intercon-
nection between the hormone receptors and specific TRPV channel proteins should
be further assessed in future studies, as they may also play a role in the disease
progression.

3. TRPV channels in the structural maintenance of the mammary
epithelium

Calcium signaling is known to direct developmental processes and is also crucial
for both structural and functional maintenance of the mammary epithelium [82].
Different TRP family proteins serve as important calcium influx routes in the
mammary epithelium and may thus act as central players in the maintenance of
the mammary epithelium through calcium homeostasis.

Among the TRPV family channel members, the TRPV4 channel is probably the
most well studied in respect of its role in epithelial integrity through the regulation
of adherens- and tight junction proteins [83-90]. In a mouse mammary epithelial
cell line, HC11, TRPV4 localizes at the basolateral membrane to regulate calcium
influx and permeability [86]. This TRPV4-mediated Ca*'-intake is known to trigger
activation of some calcium-dependent voltage-gated potassium channels, BK chan-
nels, that have a major role in tight junction regulation through at least claudin family
proteins. Mechanistically, TRPV4-mediated calcium influx leads to two separate
cellular events: A fast elevation in the transcellular conductance via the activation of
apically-located large BK potassium channels and a slower increase in paracellular
permeability for small soluble molecules. Associated with these alterations, down-
regulation of several claudin family tight junction proteins was detected together with
large break formation in the tight junction strands [86]. In contrast, studies by Islam
et al. showed that TRPV4 can also positively affect the expression of tight junction
proteins through X-box-binding protein 1, XBP1, in the mammary epithelial cells
upon heat induction [89]. Besides TRPV4, also TRPV6 may play a role in the homeo-
stasis of the mammary epithelium, both during differentiation and maintenance of
the intact epithelial structures: Zinc finger homeobox 3 (ZFHX3) is a transcription
factor that directs numerous cellular processes, including differentiation. ZFHX3 was
found to regulate calcium homeostasis in the mammary epithelium through positive
regulation of TRPV®, leading to differentiation of MCF10A mammary epithelial cells
in the 3D environment [91]. These observations support the role of TRPV6-mediated
calcium influx in the differentiation and maintenance of the mammary epithelium,
downstream of ZFHX3. As ZFHX3 is also linked to the function of hormones, includ-
ing progesterone which can upregulate TRPV®, it would be interesting to investigate
the possible connection between them. Furthermore, TRPV6 seems to be important
for the maintenance of the junctional integrity of the mammary epithelium [92].
TRPV6 was found to localize at the cell-cell junctions together with adherens junction
protein E-cadherin and its depletion led to the loss of epithelial integrity as detected
with both MCF10A and 184A1 mammary epithelial cell cultures, treated with TRPV6
siRNA. This could be at least partially through the regulation of peripheral actomyo-
sin bundles that maintain junctional tension as TRPV6 depletion affected pathways
upstream of actomyosin assembly [92]. While there is evidence for the role of TRPV4
and TRPV6 in the structural maintenance of the mammary epithelium, the possible
role of the other TRPV channel family members have not been properly assessed in
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this respect, at least in the mammary epithelial model. Additionally, it may be that
these channel proteins respond differently to distinct cues to regulate the junctional
integrity in the epithelial sheets. At least in the case of TRPVA4, there seems to be dual
modulation depending on the initial cues.

4. Functions of TRPV channels along gestation and lactation

In the course of gestation, the mammary gland and its epithelial structures
undergo major architectural changes, leading to the formation of milk-producing
alveolar structures. These morphological events are jointly guided by hormones
and growth factors, alterations in the physical microenvironment as well as the
paracrine signaling in between the mammary stroma and the bilayered epithelium
[93-95]. Coinciding with the formation of alveoli, TRPV4 mRNA levels are known
to be increased at the day 15 of gestation and to be downregulated immediately
after lactation [89]. These findings suggest that at least TRPV4 could have a role in
the pregnancy-linked developmental processes within the mammary gland. While
other, TRPV channels are also responsive to hormones and changes in the mechanical
microenvironment, their role along gestation-linked epithelial changes have not been
assessed.

During lactation, the maternal calcium and magnesium homeostasis encounter
significant alterations due to excessive need of the divalent cation Ca*" in breast milk.
Consequently, demineralization of the skeleton is observed together with changes
in both renal and intestinal Ca®* transport [96]. For this, several proteins, playing a
role in the transcellular Ca** and Mg”* transportation are upregulated along lactation.
Vitamin D also contributes to this process by inducing intestinal hyperabsorption
[97]. TRPVS is highly expressed in the kidney epithelium, in the distal convoluted
tubules and connecting tubules [98]. Structurally similar TRPV6 is more widely
expressed but exhibits prominent expression in the intestine epithelium [99, 100].
Moreover, both TRPVS and 6 are Ca**-selective and also vitamin D-responsive [101],
and in line with this connection to lactation-induced alterations in Ca**-homeostasis,
they are also upregulated in renal and intestinal epithelium upon lactation [97].
Furthermore, prolactin is known to regulate both vitamin D metabolism and induce
TRPV6 levels to regulate calcium intake during lactation [102]. TRPVS5 and TRPV6
thus participate to lactation by enabling the excessive need of calcium during this
physiological phase.

Production of milk is triggered by heat as mammary epithelial cells can activate
their milk generation at 39 degrees [103, 104]. Mammary epithelial cells also undergo
heat-evoked proliferation and differentiation [105]. Interestingly, many TRP chan-
nels act in sensing heat and from the vanilloid subfamily of proteins, TRPV1-4 acts
as major thermosensors [45, 106-108]. Upon heat-treatment, TRPV4 is also able to
activate the expression of milk protein beta-casein and tight junction (TJ)-associated
proteins, Zonula occludens-1 (ZO-1), Claudin 3 (Cldn3) and Occludin (Ocln) [89].
Permeability of TJs is known to be modulated upon milk production and immediately
after parturition [109], and this feature may thus be dependent on TRPVA4. Heat stress
is also known to induce unfolded protein response, UPR [110] and UPR-associated
transcription factor XBP1 plays a role in the differentiation of mammary epithelium
together with the expression of milk protein beta-casein [104, 111]. Intriguingly,
recent work by Islam et al. proposes that TRPV4 acts through XBP1 [89]. Besides heat,
TRPV4 is activated by mechanical changes and stretching in the cell environment that
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are also known to take place along lactation. In addition to TRPV4, the TRPV2 channel
can play a role in lactation as it localizes to oxytocinergic neurons [112].

After lactation is over, the milk-producing structures regress to the pre-pregnancy
state in a complicated reverse action, involution [113]. Ca®*-dependent signaling may
also impact this transfer from lactation to involution [14]. Whether any of the TRPV
family members play a role in this process, remains to be studied.

5. Abnormal expression of TRPV channels along breast cancer
progression

The characterization of breast cancers is based on different criteria, including the
histopathological evaluation, grading and staging as well as defining the expression
of estrogen (ER), progesterone (PR), and epidermal growth factor (HER2) receptors
[114]. Additionally, gene expression profiles can be used to determine the molecular
subtypes, which can be Basal-like, HER2-enriched, Claudin-low, Luminal A, Luminal
B, or Normal-like. The heterogeneity of breast cancer as a disease is well seen also
on the differences in Ca**-channel expression that vary greatly in between specific
breast cancer subtypes. Often the levels or activity of plasma membrane-embedded
calcium channels can also reflect the metastatic potential and prognosis of distinct
mammary carcinomas [26]. Abnormal activity of the Ca**-channels in breast cancers
could potentially take place due to mutations, deregulation of the channel gating or
changes in the expression levels, triggering Ca®*-influx in unfavorable patterns, both
spatially and temporally. As several calcium channels can respond to a wide variety of
biochemical and mechanical cues in their microenvironment, any alterations in such
could lead to deregulated calcium channel activity to sustain an elevated or abnor-
mally low calcium entry. Additionally, a variety of the plasma membrane-associated
calcium channels could be deregulated at the same time, within similar cancer types,
further cooperating in adverse processes along the course of neoplastic progression.

TRPV channel family, among the other TRP family members, has been linked to
the progression of a variety of human cancers [115, 116]. These cationic channels can
also mediate Ca**-influx and have been shown to contribute to several hallmarks of
cancers, including the potential to proliferate, resistance to apoptosis, angiogenesis,
and invasion [117, 118]. Additionally, these channel proteins may have different
roles, as either cancer promoters or suppressors, depending on the cancer type and
its genetic background as well as the expression levels of distinct channel proteins.
The primary Ca*-triggered pathways that play a role in promoting these cancer-
associated features through specific TRP channels, include CaMKII, NF-kB, calpains
and calcineurin pathways [119, 120], but other less studied signaling cascades may as
well be involved.

While the members of TRPV family channels are frequently deregulated in many
cancers and associated with certain cancer-specific cellular features, their regula-
tion along the breast cancer progression is still poorly understood. TRPV1 channel
is often upregulated in breast cancers and its high expression correlates with the
tumor grade [121]. Some studies have shown no differences in between distinct breast
cancer sub-types and expression levels of TRPV1 [122-124]. Aggregated TRPV1in
the intracellular compartment has, however, been linked to poor prognosis in breast
cancer patients [125]. TRPV2 expression also seems to display oncogenic activity in
various cancers [126, 127]. In triple-negative breast cancers (TNBCs), TRPV2 levels are
especially prominent but correlate interestingly with high relapse-free survival in this
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case [122, 128]. Additionally, the study by Elbaz et al. [128], proposed the therapeutic
potential of high TRPV2 to elevate the uptake and efficacy of chemotherapeutic agents
in patients with TNBC. The role of TRPV4 in cancer progression has been investigated
by several labs and its expression in breast cancers is highest in the basal-like cancer
subtype [122, 129]. High TRPV4 expression has also been detected in IHC stainings
from the metastatic lesions of invasive ductal carcinomas and its levels correlate with
the tumor grade and size [130].

TRPV6 channel is likewise overexpressed in various cancers, including cancers
of the mammary tissue [76, 131-134]. The levels of overexpressed TRPV6 vary a lot
depending on the breast cancer subtype, and as with the TRPV4 channel also TRPV6
levels are highest in the basal-like breast cancers and HER2-enriched molecular
subtypes [76, 135, 136]. In line with this, ER receptor-negative breast cancers and
cancer cell lines with several overlapping features with the basal and HER2-enriched
subtypes display significant amounts of TRPV6 [136]. High TRPV6 in the patients
is also associated with lower survival in comparison to patients that express lower
TRPV6 levels [136].

Of the TRPV family, TRPV3 and TRPVS have been studied to less extent. TRPV3
is known to be expressed at low levels in different types of breast cancer subtypes
and its possible association with cancer progression has not been well assessed [122].
Likewise, there are no reports on TRPVS5 and its link to the progression of distinct
breast cancer types [122]. While these two subtypes may not be important in respect
of breast cancer progression, more studies are needed on the field to understand how
the deregulation of the other TRPV forms takes place along cancer progression and
whether for instance hormonal regulation or stromal changes could impact their
expression and activity.

6. TRPV family channels: implications for cancer cell-associated features
along breast cancer progression

6.1 Excessive proliferation

Various studies have shown the significance of calcium signaling in the uncon-
trolled proliferation of cancer cells [25, 137, 138]. Various plasma membrane-embed-
ded calcium channels are acting as major sources of calcium for the regulation of such
pathways that lead to elevated cell amounts [139, 140]. Among the TRP family, also
TRPV channels contribute to these processes, related to malignant growth [120].

TRPV1 channel can mediate both Ca®* and Na*-influx and trigger cell proliferation
by two separate mechanisms: It can contribute to the activation of serine-threonine
kinase Akt as well as to the activation of ERK1/2 downstream of the epidermal growth
factor (EGFR) [141]. However, studies in the MCF-7 breast cancer cell line show
that both agonists and antagonists of the TRPV1 channel can inhibit cell growth
through yet unidentified mechanisms [142]. Thus, it may be that the balance in
the expression of this protein is important for controlled cell proliferation through
distinct intracellular pathways in a cell type-specific manner. MCF-7 cell line has also
been utilized as a model to study TRPV2 in respect of cell proliferation. TRPV2 was
shown to be responsive to insulin-like growth factor-I (IGF-I) [143] and tranilast,
an anti-inflammatory agent, was reported to inhibit IGF-1-induced cell growth by
blocking the calcium influx through TRPV2 [144]. Significant overexpression of
TRPV4 is also linked to breast cancers and this seems to correlate with the tumor
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grade and size, leading to poor survival [122, 130, 145, 146]. However, evidence from
studies performed with 4 T07, MDA-MB-231 and MDA-MB-468 breast cancer cell
lines show that TRPV4 is dispensable for the proliferative potential of these specific
breast cancer cell lines, since its silencing or pharmacological inhibition was not
anti-proliferative [145, 147]. In contrast, high expression of TRPV6 is linked to the
proliferation through Ca**-triggered intracellular pathways and the high levels also
act as prognostic factors together with potential resistance to chemotherapy [76,

134, 135]. Depletion of TRPV6 from the T47D breast cancer cell line, displaying high
endogenous TRPV6, also decreases the proliferation of these cells [76, 136]. The pre-
cise mechanisms behind this are not understood but may involve PI3K/pAKT pathway
that regulates cell proliferation, survival and therapeutic resistance in some breast
cancer subtypes, including the HER2-enriched subtype. In line with this, depletion of
TRPV6 was associated with lower levels of active, phosphorylated AKT in HCC-1569
breast cancer cells [148]. Studies in breast cancer cell lines, MCF-7 and MDA-MB-231,
additionally showed the link in between TRPV6 and PI3K/Akt pathway as a function-
ally auto-inhibitory intramolecular interaction between S5 and S6 helices of TRPV6
was shown to contribute to TRPV6/PI3K association and the activation of PI3K/Akt/
GSK-3p pathway [149].

TRPV6 activity and expression are known to be controlled by estrogen, progester-
one, and 1,25-vitamin D that all play a role in the proliferation of breast cancer cells
[76, 120]. Treatment of breast cancer cell line T47D with estrogen receptor antago-
nist, tamoxifen, also led to lower activity and expression of TRPV6 calcium channel
protein. Further, the effect of tamoxifen on the functionality of TRPV6 was shown
in EYFP-C1-TRPV6-transfected MCF7 breast cancer cells by Fura-2 calcium imaging
[150]. Calcium levels in the transfected cells were found to be higher than in non-
transfected cells and the calcium levels were lowered by 50% with tamoxifen-treat-
ment. Interestingly, tamoxifen also played a role in TRPV6 inhibition in MDA-MB-231
cells that are estrogen receptor-negative [150], suggesting a direct impact on TRPV6-
mediated Ca**-influx. Besides tamoxifen, TRPV6 activity can also be negatively
regulated by a protein called Numbi1 [151]. Numbl is maybe more known for its role
in the stabilization of tumor suppressor protein p53 [152], affecting both cell cycle
progression and apoptosis. Studies on the Numb1-TRPV6 link in MCF-7 breast cancer
cells showed that Numbl-depleted cells displayed elevated TRPV6 expression and
calcium influx as well as enhanced proliferation. TPV6 thus has interesting connec-
tions to the pathways of the major tumor suppressor protein as well as to hormones
that play a role in breast cancer progression through the proliferative potential of the
cells.

6.2 Resistance to apoptosis

Apoptosis can be characterized as a programmed cell death process, which leads
to the fragmentation of DNA. This strictly controlled process can take place through
cell death-receptors or through mitochondria-mediated apoptotic pathways [153].
Apoptosis is also controlled by calcium-dependent pathways [154-156]. Changes in
intracellular Ca**-levels are known to influence the two major apoptotic pathways
through gene expression [157-161]. For instance, the calcium/calmodulin-dependent
signaling cascades can affect the balance in between cell cycle progression and
apoptosis [160].

TRPV1-triggered calcium influx has been shown to act as a determinator of the
balance in between cell proliferation and apoptosis. TRPV1-mediated apoptosis can
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take place through the mitochondrial mechanism, while its proliferation-supportive
actions usually involve other cell membrane receptors or specific intracellular signal-
ing cascades [141]. Studies with MCF-7 breast cancer cell line have also shown that
high TRPV1 sensitizes cells to programmed cell death, induced by TRPV1 activator
capsaicin [162, 163]. Likewise, capsaicin is involved in the induction of cell death in
breast cancer cell line, SUM149PT through TRPV1 activation [121].

The role of TRPV4 in apoptosis has as well been investigated during the past few
years and these studies support the role of high TRPV4 expression in inducing cell
death. In breast cancer cell lines, MDA-MB-468 and HCC1569, activation of TRPV4
by pharmacological compounds reduced the viability of the cells [147]. Both cell lines
display high endogenous TRPV4 levels and its activation was able to promote cell
death by apoptosis or oncosis, while the same phenomenon was not detected in breast
cancer cell lines with low TRPV4 levels. Moreover, the studies by Peters et al. found
that TRPV4 activation has therapeutical relevance in vivo and can inhibit the growth
of tumors [147]. Similarly, to TRPV4, overexpression of TRPV2 and its pharmaco-
logical activation with cannabidiol have been linked to inducing cytotoxic impact in
SUM159 and MDA-MB-231 breast cancer cells via doxorubicin-treatment [128]. In
contrast, the TRPV6 calcium channel seems to act oppositely and its high levels are
rather protecting from apoptosis: TRPV6 calcium channel is known to get transported
to the plasma membrane in an Orail-mediated mechanism to control the survival of
the cancer cells [164]. On the other hand, TRPV6 depletion from breast cancer cells
with high expression of this protein can be used for decreasing the viability of the
cells, as shown by studies in T47D breast cancer cells [76].

6.3 Tumor microenvironment and angiogenesis: connection to TRPV channels

The tissue microenvironment undergoes drastic alterations along breast cancer
progression [165-167]. Besides stiffness and composition of the matrix, there are also
changes for instance in the amount of growth factors and acidicity of the environment
that may trigger specific calcium channels [168, 169]. How TRPV channels, among
other ion channels on the plasma membrane, respond to such cancer-linked cues
from the extracellular space, is poorly understood. Additionally, stromal cells, such
as fibroblasts, immune cells, or adipocytes that also express channel proteins, may be
functionally altered and contribute to abnormal signaling from the stroma.

At least TRPV4 and TRPV6 are known to be responsive to stromal stiffening
[92, 170-173] and could be triggered by cancer-associated mechanical changes in
the extracellular space. Furthermore, TRPV4 has been shown to control the expres-
sion of some extracellular matrix proteins, in this way contributing itself to the
stiffness of the environment [130]. Stiffening may impact various processes along
cancer progression and one of these features is the growth of new vasculature,
angiogenesis. The first evidence that TRPV4 could also be involved in angiogenesis
along breast cancer progression was presented in the work by Fiorio Pla et al. [174].
The authors discovered the role of TRPV4 in mediating arachidonic acid (AA)-
promoted migration of endothelial cells (ECs), derived from breast tumors. These
endothelial cells displayed high endogenous TRPV4 and were enhancing the migra-
tion of ECs, a key step in the growth of new vessels. This step could be inhibited
by antagonist or siRNAs against TRPV4 and the opposite was detected with TRPV4
stimulation [174].

Support for the role of TRPV4 in angiogenesis has also been shown in studies
by Adapala et al. [170]. TRPV4 seems to control the mechanosensitivity of tumor
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endothelial cells (TECs), and the angiogenetic process all the way to the maturation
of the vessels. Interestingly, the authors found that these TECs display lower TRPV4
levels than normal endothelial cells, leading to angiogenesis through the altered
ability of the cells to sense the mechanical environment. Besides, they discovered that
normalizing TRPV4 levels could be acting as an anti-angiogenetic therapy to normal-
ize the vasculature and enhance drug efficiency. Moreover, studies by Thoppil et al.
have shed light on the mechanisms that TRPV4 could utilize in the regulation of the
angiogenetic process [175]. These studies also linked low TRPV4 levels of endothelial
cells to enhanced migration and disturbed angiogenesis. This could be reversed by the
treatment of cells with Rho kinase inhibitor, Y-27632, suggesting that TRPV4 action
in angiogenesis involves modulation of mechanosensitivity of ECs via Rho pathway
[175]. Based on these data, TRPV4 may therefore be a significant regulator of angio-
genesis and this information could potentially be utilized in therapeutical approaches.
TRPV4 thus has an important role in the modulation of tumor stroma by affecting
both its mechanical features as well as the growth of new blood vessels in the stroma.
Interestingly, TRPV4 is this far the only channel protein among the TRP superfamily
that has been implicated in the growth of new vessels along cancer progression.

6.4 Invasion and metastasis

Abnormal expression of distinct TRPV channels has also been linked to invasive
migration and metastasis. Several TRP channel family members are connected to
Rho-pathway and display the potential to promote invasive migration through Rho-
dependent cytoskeletal reorganization [174, 176]. Of the TRPV family members, at
least TRPV2 appears to be under the control of Rho-kinase as the treatment of breast
cancer cells with Rho-inhibitors lowers the levels of TRPV2 [177]. Another factor,
known to impact cell migration through activation of TRPV2, is the antimicrobial
peptide, LL-37. LL-37 can influence cancer progression through various ways,
including its positive impact on cancer cell migration [178]. The expression of LL-37
correlates with the expression levels of TRPV2 in breast cancer cell lines and has been
shown to promote invasive migration of MDA-MB-435, MCF-7 and MDA-MB-231
cells dependently on TRPV?2 [179]. Mechanistically, LL-37 increases calcium influx
through TRPV2 and enhances cell migration via PI3K/AKT signaling [180]. Activation
of PI3/Akt pathway as such leads to recruitment of TRPV2 into pseudopodia, impact-
ing the migration of specific breast cancer cell types [179].

TRPV4 has also been associated with invasive migration and has been linked to
EMT and lower relapse-free survival in basal breast cancers with lymph node involve-
ment [181]. In MDA-MB-468 breast cancer cells, TRPV4-mediated calcium-influx
plays an important role in the EGF-triggered EMT: activation of TRPV4 by chemical
compounds was able to drive the upregulation of various EMT markers in these cells
[181]. In line with these results, TRPV4 depletion from a murine mammary cancer
cell line, 4T07, lowered the migration capability and 3D invasion of these normally
high TRPV4-expressing cells [145]. Furthermore, determining TRPV4 levels from
database information of human clinical samples as well as phosphoproteomic analyses
of xenograft-derived in vitro models, indicated the role of TRPV4 in breast cancer
metastasis, high expression of TPV4 in basal breast cancers and its association with
poor prognosis [145]. Additionally, TRPV4 KD decreased the levels of metastatic
nodules in mouse xenografts [145].

Interestingly, TRPV4 also implies to determine the stiffness of cancer cells through
actin dynamics, in this way affecting deformability and metastasizing potential of
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breast cancer cells [130, 145]. TRPV4 was regulating the compliance of cancer cells
through Ca**-mediated AKT-E-cadherin signaling [130]. Additionally, TRPV4 was
involved in the expression of extracellular matrix proteins and the modeling of the
matrix [130]. Knowing the mechanosensitive nature of TRPV4, there seems to be a
functional feedback loop in between TRPV4 and its mechanical environment that
plays a role along cancer progression. TRPV4 may therefore impact invasion and
metastasis of breast cancer cells through various means.

Besides TRPV?2 and -4, also TRPV6 has been linked to invasion and metastasis in
breast cancers. Overexpression of TRPV6 is very common in breast carcinomas and
TRPV6 levels have been shown to be very high in the invasive regions of the mam-
mary carcinoma samples [76, 135]. The mechanisms of how TRPV6 could impact
invasive progression, are not well understood. However, it seems to be linked to both
actomyosin dynamics and the expression of EMT markers that could be critical along
the development of invasive disease [92]. Further, inhibition of TRPV6-mediated
calcium-influx by lidocaine, led to lower migration and invasion ability of the
MDA-MB-231 breast cancer cells [182]. The exact molecular pathways, affecting
TRPV6-mediated invasion in breast carcinomas, needs still to be further clarified.

7. Pain sensation

TRPV channels have been indicated to function in nociception, the sensation of
pain [41, 44]. Although, not directly linked to the function of the mammary gland, it
plays a role in breast cancer progression in the form of bone pain as a consequence of
bone metastasis formation.

One of the main TRPV channels, playing a role in nociception, is TRPV1 [44, 46].
Interestingly, the formation of a tumor within a bone is known to increase the expres-
sion of TRPV1 in a specific population of dorsal root ganglion neurons [183]. In addi-
tion, TRPV1 is important for both the development and maintenance of cancer pain
[184]. Likewise, it has been observed that extracellular cues within the bone micro-
environment, developed during the formation of breast cancer-derived metastasis,
are contributing to the pain sensation via TRPV1 activation [185]. In line with these
data, experiments with rat models have revealed that when mammary carcinoma cells
are injected to the rat bones, TRPV1 expression is upregulated within the dorsal root
ganglion cells [184, 186]. Further, MDA-MB-231 breast cancer cells have been shown
to promote sensory neuronal growth and elevate sensitivity to active TRPV1 [187].
TRPV1 may therefore be important in the sensation of pain upon metastatic breast
cancer and its pharmacological targeting has also been pursued for instance by block-
ing the capsaicin receptor [188].

The mechanisms through which TRPV1 is induced upon bone cancer and -metasta-
sis have been studied as well: in a rat bone cancer-pain model, utilizing mammary car-
cinoma cells injected to the bone cavity, TRPV1 was upregulated and activated through
induction of Insulin-like Growth Factor 1, IGF-1 [184]. Additionally, TGF-p1 is known
to contribute to pain upon bone cancer via upregulation and sensitization of TRPV1
in sensory neurons [189, 190]. In conjunction with these observations, TGFpRI and
TGFpRII are known to be upregulated in this rat bone cancer-pain model upon inocula-
tion of rat mammary carcinoma cells [190]. Furthermore, lysophosphatidic acid, LPA,
triggers TRPV1 through a PKCe-dependent signaling cascade in dorsal root ganglion
neurons upon bone cancer formation in rats [191]. TRPV1 may thus be a central player
along the pathways that are behind bone cancer pain in advanced breast cancers.

81



Ion Transporters - From Basic Properties to Medical Treatment

8. Potential for therapeutical targeting

The emerging role of TRP channels in cancer progression has been widely admit-
ted. Abnormal expression of several TRPV family members, along with the altered
expression of other TRP family channels, direct various cancer-linked features,
including proliferation, apoptotic control, angiogenesis, and invasive migration
leading to distant metastasis [76, 122, 129, 133, 191] (see also Figure 1). For that,
these calcium channel proteins can also serve as biomarkers and as attractive objec-
tives for therapeutical targeting. The fact that these ion channels can be activated by
small pharmacological compounds, also supports their potential for therapeutical
approaches and several studies have been performed with potential modulators
against the activity of these proteins to target cancer cells [191-195].

TRPV1 channel is activated by a natural compound, capsaicin, the primary
pungent component of the chili pepper, and there is evidence for its potential anti-
cancer activity and ability to induce apoptosis [196]. In breast cancer models, ectopic
expression of TRPV1 combined with capsaicin-treatment, leads to mitochondrial
Ca’* accumulation and necrosis [197]. TRPV1 expression alone was able to stop cell
proliferation and induce apoptosis via activation of caspase-3 activity in breast cancer
cell lines [197]. As capsaicin, through its impact on TRPV1 activity, also causes pain
sensation, it cannot be used as a therapeutical compound in high doses to induce
apoptosis. However, a chemical compound, dihydropyridine derivative MRS1477,
operates as a modulator of TRPV1 activity, and can be used together with capsaicin
to promote apoptosis in breast cancer cells [163]. A study by Wu et al. investigated
the mechanisms behind capsaicin-mediated apoptosis by utilizing a TRPV1-inducible
MCF-7 breast cancer cell line [162]. They found that the cell death upon capsaicin-
treatment was necrotic and linked to elevated levels of c-Fos and receptor-interacting
serine/threonine kinase 3, RIP3 that plays a role in the inflammatory mode of cell
death, necroptosis [162]. Additionally, an alkyl sulfonamide analogue of capsaicin,
RPF151, shows potential for targeting breast cancer cells as shown by studies with
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Figure 1.

The role of TRPV family members in the maintenance of novmal mammary epithelium and in the induction

of hallmarks of cancer. The connection of distinct TRPV family members to the structural and functional
maintenance of the normal mammary epithelium as well as their connections to specific steps along breast cancer
progression are summariged in this figure. The corresponding references are found within the brackets.
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MDA-MB-231 cells [198]. In this study, capsaicin analogue was found to downregu-
late p21, cyclins A, D1, and D3, subsequently leading to arrest in the S-phase and
induction of apoptosis [198]. Furthermore, modulation of TRPV1 activity in sensory
neurons by pharmacological compounds may also lead to an anti-tumoral immune
response [199]. Systemic treatment with low-dose of capsaicin was shown to trig-
ger an anti-inflammatory response against metastatic breast carcinomas and have
potential as a therapy choice [199]. On the other hand, a synthetic antagonist against
TRPV1, capsazepine, CPZ, has also been shown to possess anti-cancer effects in vivo
through its impact on cell proliferation in several cancer cell types, including breast
cancer cells [200]. Capsazepine and its analogues may thus act as potential therapeu-
tic compounds in the future [200].

Besides capsaicin, another natural compound, cannabidiol, has an impact on
the induction of apoptosis in MDA-MB-231 breast cancer cells through the TRPV1
channel [201]. These studies showed that besides inducing apoptosis through vanil-
loid transient receptor potential vanilloid type-1 receptors, cannabidiol can act in
the induction of apoptosis via cannabinoid receptor type 2, CB2 and through can-
nabinoid/vanilloid receptor-independent mechanisms [201]. The interconnection
between cannabinoid receptors and TRPV1 has also been investigated in another
study that utilized MDA-MB-231 cells as a model. In this study, the role of these recep-
tors in cancer cell invasion was assessed and the results linked activation of both CB1
and TRPV1 by agonist to reduced invasion capability of the MDA-MB-231 cells [202].

Intriguingly, it has also been noticed that some common chemotherapeutic
agents interact with TRPV-dependent pathways: The combination of selenium and
cisplatin operate through overlapping intracellular pathways and can also modulate
TRPV1 activity to induce apoptosis in MCF-7 breast cancer cell line [203]. In addi-
tion, combination therapy with alpha-lipoic acid, ALA and cisplatin benefits from
the activation of the TRPV1 channel to induce apoptosis in MCF-7 breast cancer
cells [204]. Furthermore, in the same breast cancer cell line, chemotherapeutic
agent 5-Fluorouracil induces mitochondrial cytotoxicity and apoptosis upon TRPV1
activation [205]. The effectiveness of chemotherapy, combined with the activation of
transient receptor potential channel activity, has also been demonstrated with TRPV2:
activation of TRPV2 with cannabidiol, CBD, sensitized aggressive triple-negative
breast cancer (TNBC) cells to the chemotherapeutic drug, doxorubicin, consequently
inhibiting tumor growth in in vitro and in vivo models [128]. TRPV2 may thus actasa
positive prognostic marker for TNBC patients who are undergoing chemotherapy.

Besides induction of apoptosis and inhibition of cell proliferation, TRPV channels
have been investigated as potential targets to block invasive migration. TRPV2 has
been associated with the function of antimicrobial peptide hCAP18/LL-37, which
stimulates both proliferation and migration of various cancer cell types, including
breast cancer cells [206]. In line with these previous findings, TRPV2 silencing was
found to diminish the LL-37-dependent migration of MCF-7 and MDA-MB-231 breast
cancer cells [179]. As TRPV4 is involved in invasive migration as well, and modula-
tion of its activity is possible through several compounds, the potential of targeting
this protein should be assessed for reducing metastasis in breast cancer models.
Several animal studies have already shown the effectiveness of TRPV4 antagonists as
therapeutic agents for treating several other diseases [207, 208]. In addition, TRPV6 is
overexpressed in breast cancers and could be targeted in estrogen receptor-negative
subtype of mammary carcinomas [136]. Specific TRPV6-targeting compounds have
been developed that could be used for manipulating TRPV6 activity and such com-
pounds have also shown promising results in various cancer types, including breast
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cancer cells [209-212]. While the utilization of TRPV modulators to induce apoptosis
or inhibition of either cell proliferation or migration has shown very promising results,
one should also consider the risk of other unwanted side-effects through toning of
some critical signaling cascades. Such problems can be caused due to the unspecificity
of certain antagonists and agonists against the ion channel proteins, leading to the
deregulation of several channel protein types. In addition, the wide expression of
many of the ion channel proteins throughout various tissues will create challenges in
the modulation of ion channel activities at specific sites. For instance, TRPV1 is very
widely expressed and most often linked to toxicity in the trials [213, 214]. The balance
in the expression and activity of these proteins is though decisive for such a variety of
cellular processes.

9. Conclusions

The mammary epithelium is strictly regulated by hormonal signaling, growth
factors and cytokines that direct its development, growth and functional organiza-
tion. In addition, the mammary epithelium is exposed to various physical alterations
in the microenvironment that may be sensed by the plasma-membrane embedded
structures, such as the ion channels in the mammary epithelial cell populations.
Calcium ion pumps and influx through them play a central role in decoding many of
the extracellular cues into intracellular signaling. Therefore, these channel proteins
greatly impact all essential processes in the maintenance of normal mammary tissue
and participate to the development of pathophysiological conditions.

TRPV channels, among the TRP superfamily, are abundantly expressed in discrete
tissues, also in the mammary tissue. Of these channel proteins, at least TRPV4-6
have identified functions in the structural and functional maintenance of the nor-
mal mammary epithelium, both directly in the mammary epithelium or indirectly
through the control of ion influx in other tissues that impact physiological functions
of the mammary gland. Whether the other TRPV channels have importance in the
structural maintenance of the mammary epithelium or along with lactation, remains
to be studied.

Abnormal expression of TRPV channels is also abundantly found in human breast
carcinomas and these channel proteins are involved in triggering many of the typical
hallmarks of cancers. How TRPV channels are deregulated or aberrantly expressed
along breast cancer progression, is still poorly understood. However, as these proteins
are sensitive to any physical or biochemical changes in the microenvironment, it is
more than likely that they would be affected by the cancer-associated changes in the
stroma. This topic certainly requires more investigations in the future. As inducers
of the cancer-linked features, such as proliferation, inhibition of apoptosis, invasive
migration and angiogenesis, TRPV family members also act as attractive targets for
therapeutical choices. A number of known natural and synthetic modulators of TRPV
activity already exist and some of them have given promising results in the trials that
aim for pharmacological intervention of breast cancers. However, as these proteins are
upstream of numerous intracellular pathways that guide cellular functions, there are
challenges in such attempts. Furthermore, one should consider the possible interplay
in between distinct plasma-membrane embedded calcium channels, several of which
may be deregulated along cancer development and impact overlapping intracellular
pathways. Such a phenomenon creates a more complex picture on the role of specific
ion channels in cancer progression and requires extensive studies in the future.
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Chapter 5
SK Channels and Heart Disease
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Abstract

Extensive evidence indicates that small-conductance Ca**-activated K* channels
(SK channels) help regulate cardiac rhythm and myocardial function in physiological
and pathophysiological conditions. This chapter will begin by discussing the basic
physiology of SK channel expression, localization, and activation under normal con-
ditions, before proceeding to address the impact of SK channel dysfunction on a
variety of cardiac pathologies including atrial fibrillation (AF), ventricular arrhyth-
mias (VA), cardiac hypertrophy/heart failure (HF) and myocardial ischemia/reperfu-
sion (IR) injury. The critical role of aberrant SK channel regulation will also be
discussed to establish unifying mechanisms of SK channel pathology across these
different conditions. Several animal model and human tissue experiments suggest that
pharmacologic modulation of SK channel function may be beneficial in controlling
AF, VA, cardiomyopathy and myocardial IR injury. Therefore, targeting SK channels
may represent a promising new therapeutic avenue for treating a variety of cardio-
vascular disease states.

Keywords: SK channel, small-conductance Ca®*-activated K* channels, cardiac
rhythm, cardiac function, atrial fibrillation, ventricular arrhythmias, cardiac
hypertrophy, heart failure, ischemia reperfusion injury

1. Introduction

The coordinated activity of cell membrane ion channels forms the basis of the
cardiomyocyte action potential sequence, driving myocardial contractility and
resulting in cardiac output. Each stage of the myocardial action potential relies on
opening and closing of specific groups of ion channels to propagate excitatory stimuli
through the heart [1-4]. Most myocardial action potentials begin with transmission of
spontaneous impulses generated by pacemaker cells (e.g., the sinoatrial node [SAN]
and atrioventricular node [AVN]) to atrial and ventricular myocytes that are at rest-
ing membrane potential (phase 4, around —85 to —90 mV). Sinus node impulses reach
atrial myocytes via intercellular gap junctions, leading to depolarization to threshold.
Myocytes then transition to phase 0, a fast upstroke driven by opening of voltage-
gated sodium channels that facilitate a strong inward sodium current that rapidly
depolarizes the cardiomyocyte to a membrane potential of over 20 mV, at which point
sodium channels close and transient outward potassium channels open, producing a
brief repolarizing current (phase 1).

However, the strongly depolarized cardiomyocyte membrane also triggers opening
of L-type voltage gated calcium channels (LTCC) that facilitate influx of calcium.

103 IntechOpen



Ion Transporters - From Basic Properties to Medical Treatment

Calcium influx balances potassium efflux through transient outward and delayed-
rectifier potassium channels (which also open during this period), leading to the phase
2 plateau of the cardiac action potential. It is during phase 2 that calcium entering
cardiomyocytes triggers calcium-induced calcium release from sarcoplasmic reticu-
lum (SR) stores via calcium-induced calcium release, mediated by calcium interaction
with ryanodine receptor (RyR) calcium channels located on the SR [2]. Increasing
levels of intracellular calcium relieves troponin-tropomyosin inhibition of
cardiomyocyte actin-myosin cross bridge formation, leading to cross-bridge cycling
and myocardial contraction. Finally, cardiomyocytes transition to phase 3 repolariza-
tion, where calcium channels close and delayed rectifier potassium channels remain
open, allowing membrane potential to return to its resting state (phase 4) and termi-
nating the action potential.

The repolarization phase of the myocardial action potential has received extensive
attention in biomedical research because aberrations in this phase are intimately
related to disruptions in myocardial excitability and overall control of synchronous,
regulated myocardial contraction. Until recently, phase 3 repolarization was thought
to be almost entirely driven by delayed rectifier potassium channels that opened
alongside calcium channels during phase 2 and remained open following calcium
channel closure, subsequently driving membrane potential towards the potassium
equilibrium potential.

However, a growing body of evidence suggests that another type of potassium
channel, the small-conductance Ca?*-activated K* channels (SK channel), might also
have an important role in myocardial repolarization [5-8]. SK channels are cell mem-
brane potassium channels that are exquisitely sensitive to calcium, opening in
response to elevated intracellular calcium and facilitating an outward potassium cur-
rent. Several studies have shown that SK channels are active during the late repolari-
zation phase of the cardiac action potential, likely assisting delayed rectifier potassium
channels by amplifying the outward potassium current [5, 6]. On their own, SK
channels may represent a form of feedback control of excess myocardial excitability,
given their close responsiveness to calcium—which governs cardiomyocyte contrac-
tion.

Conversely, SK channel dysfunction may contribute to cardiovascular pathology in
a manner reminiscent of how dysfunction of other major myocardial ion channels
(especially the delayed rectifier potassium channel) is implicated in cardiovascular
disease. Indeed, the past two decades have given rise to an abundance of research
attempting to characterize the role of SK channels in numerous cardiovascular disease
states and explore whether modulation of SK channels may be a potential therapeutic
tool that deserves clinical attention. Hence the focus of this chapter, which will discuss
the history and basic physiology of myocardial SK channels before delving into the
current literature concerning SK channel dysfunction in four major areas: atrial fibril-
lation (AF), ventricular tachyarrhythmias (VA), heart failure (HF), and ischemia-
reperfusion (IR) injury.

2. Identification of SK channels in the heart

Small-conductance Ca?*-activated K* channels (SK channels), encoded by KCNN
genes, are a family of K* channels that have a small single channel conductance (10—
20 pS with symmetrical solutions), and are gated by intracellular Ca** concentrations
[9]. SK channels were identified using apamin, a bee venom toxin that selectively
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blocks SK channels [9]. SK channels were first identified in rat and human brain tissue
[10]. Since their discovery, SK channels have been identified in a variety of tissues
including the nervous system, blood, epithelial cells, skeletal muscle and endothelial
(vessel) cells [11, 12]. SK channels are classified into three isoforms: SK1, SK2 and SK3,
based on their gene origins and different sensitivities to apamin. The SK1 channel is
encoded by the KCNN1 gene, located on chromosome 19, and is moderately sensitive
to apamin. The SK2 channel is encoded by the KCNN2 gene located on chromosome 5
and has the strongest affinity for apamin. The SK3 channel is encoded by the KCNN3
gene located on chromosome 1 and is moderately sensitive to apamin [8, 13]. The
intermediate-conductance Ca%*-activated K* channel (IK or SK4) is similar to SK
channels and is encoded by the KCNN4 gene. SK4 has a slightly larger single conduc-
tance (12-42 pS) and a higher affinity for intracellular Ca’* than other SK channels
8, 13].

SK channels were first identified in the heart in 2003 [14, 15], and their distribu-
tion and functions in heart tissue have since been extensively studied [16-18]. SK
channels have been found in both atrial and ventricular tissues in animals and humans
[7, 12, 19-33]. In mouse atrial and ventricular myocytes, quantification of SK1 and
SK3 transcripts showed a higher level of SK1 expression in atria versus ventricles,
while SK3 is expressed at a simar level in atria and ventricles [12]. Apamin-sensitive
Ca’*-activated K* currents (SK currents) have been detected in the pulmonary veins
(PV), Bachmann’s bundle (BB), sinoatrial node (SAN) myocytes, and mouse atrio-
ventricular nodes (AVN) [34-36]. SK channels have also been found expressed intra-
cellularly in the ventricular mitochondrial membranes of guinea pigs, rats and humans
[37, 38]. Indeed, transcripts of both SK2 and SK3 isoforms are found in the inner
mitochondrial membrane (IMM), but not SK1 [38]. Notably, although there are fewer
SK channels in the ventricles, under certain pathological conditions such as HF and
chronic myocardial infarction (MI), SK currents in ventricles are upregulated
[39, 40]. The results are summarized in Table 1.

Species  Tissue/ mRNA Protein Ion channel SK Reference
cardiomyocyte recording channels
Mouse Atrial and Higher level of ~ Protein SK current is SK1, SK3 [12]
ventricular expression of expression of ~ more prominent
myocytes SK1 in atria SK1 and low in atria than in
versus level of SK3 ventricles

ventricles; SK3
is expressed at a
simar level in

both
Anatomical N/A SK2 channel SK current SK2 [36]
atrioventricular protein recorded in
nodes (AVN) detected in AVN cells
AVN cells
SAN cells Presence of the  All three SK currents SK1, [41]
transcripts of isoforms are recorded SK2, SK3
SK1, SK2 and present and are
SK3 preferentially
distributed
along the Z
line, especially
SK3
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Species  Tissue/ mRNA Protein Ion channel SK Reference
cardiomyocyte recording channels
Rabbit Pulmonary vein SK2 and SK3 Presence of SK current SK2, SK3 [6]
(PV) and mRNA detected SK2 and SK3 recorded in both
Bachmann’s inboth PVand protein in both PV and BB
bundle (BB) BB PV and BB
Ventricles N/A N/A SK currents are N/A [39]
not significant
in normal
ventricles but
are upregulated
in failing
ventricles
Pulmonary vein N/A N/A SAN exhibits N/A [35]
(PV) and greater SK
sinoatrial node currents than
(SAN) myocyte PV
Ventricles N/A SK2 are more  Apamin SK2 [42]
abundantly prolonged APD
present inthe  in PCs. SK
Purkinje cells current density
(PCs) thanin  was larger in
the ventricular PCs than in
myocytes ventricular
myocytes
Guinea  Ventricular N/A SK2 and SK3 SK current SK2, SK3 [16]
pig mitochondria channel recorded
proteins were
present in IMM
Human  Right and left mRNAs of SK1, SK1,SK2and  SK current SK1, [27]
atrial SK2 and SK3 SK3 were detected SK2, SK3
appendages were detected expressed in
human atrial
myocytes
Atrial and SK1 had a higher N/A N/A SK1, [25]
ventricular level of SK2, SK3
tissue expression in
atria compared
to ventricle,
while the
expression level
of SK2 and SK3
were not
different in atria
vs. ventricle
Atrial tissues N/A SK3 N/A SK3 [19]
polypeptide
level was
unchanged pre-
and post-
cardioplegic
arrest
Right atrial N/A Insignificant Diabetes SK3 [20]
tissues decrease in SK3 significantly
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Species  Tissue/ mRNA Protein Ion channel SK Reference
cardiomyocyte recording channels
protein level in  reduced SK
diabetic currents
myocardium
vs.
nondiabetics
Right atrial N/A Neither N/A SK3 [21]
tissues cardioplegic
arrest nor
diabetes
resulted in a
significant
change of SK3
protein level
Human atrial No significant ~ No significant ~ N/A SK3 [33]
tissue, coronary difference in difference in
arterioles and SK3 mRNA SK3 protein
coronary artery levels in diabetic levels in
endothelial cells atrial tissues and diabetic atrial
endothelial cells tissues and
vs. nondiabetics endothelial
cells vs.
nondiabetics
Multiple Mouse atrial Presence of SK2  Presence of SK current was  SK2 [14]
species  and ventricular mRNA in SK2 channel more prominent
and human human and in atria versus
atrial myocytes mouse cardiac ventricles
myocytes
Guinea pig, rat mRNAs of SK2  SK3is N/A SK3 [38]
and human and SK3, but not expressed in
ventricular SK1, are present human and
mitochondria  in guinea pig guinea pig
ventricular ventricular
myocytes. SK3 ~ IMM
mRNAs are
present in
human
ventricular
tissues.
Table 1.

Functional expression of SK channels in the heart.

3. Physiological functions of SK channels in the heart

In neuronal cells, SK channels contribute to the slow afterhyperpolarization fol-
lowing an action potential [43]. The physiologic functions of SK channels in the heart
were not clear until Xu et al. first reported their role in the repolarization of cardiac
myocytes. Apamin-treated cardiac cells show significantly longer action potential
durations (APD) due to slower repolarization compared to control groups, indicating
SK channel involvement in cardiac repolarization. These effects are more prominent
in atrial versus ventricular cells, likely due to the higher level of expression of SK
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Figure 1.

Caﬁfl:iiac action potential. P = atvial depolarization; QRS = ventricular depolarization; T = ventricular
repolarization. The significance of the U wave is largely unknown, although may represent Purkinje fiber
repolarization. The QT interval indicated by the dark bar between “Q” and “T”. SK channels have been shown to
influence the duration of the QT interval of cardiomyocyte action potentials. Diagram courtesy of ECGpedia.org
(https://en.ecgpedia.org/wiki/Action_potential) [45].

channels in atria [14]. In another study, the AVN in SK2-null mutant mice show
decreased firing frequency and longer APD compared with controls, while mice
overexpressing SK2 channels show shorter APD [36]. Apamin application results in
decreased action potential firing frequency akin to that seen in SK2-null mutants [36].

Consistently, overexpression of SK3 channels also results in significantly shorter
APD, suggesting a similar role for different isoforms of SK channels in the repolariza-
tion process in cardiac cells [44]. The prolongation of APD resulting from apamin has
also been recorded in human right and left atrial appendages, rabbit PV and SAN, and
mouse SAN cells [27, 35, 41]. These studies consistently show that SK channels con-
tribute to repolarization and shorten the action potentials in normal hearts, especially
in the atria where they are more densely expressed than in the ventricles. In SAN, SK
blockade also leads to significant depolarization of the maximal diastolic potential
(MDP) and a decrease in the diastolic depolarization slope [41]. Notably, in PVs with
intact endothelium, SK channels contribute to hyperpolarization and vessel dilation
[35]. Figure 1 shows the cardiac action potential including the QT interval affected by
SK channels.

Meanwhile, with respect to mitochondria, DCBE, an SK channel opener, reduces
mitochondrial injury when given before cardiac ischemia, suggesting that SK channel
opening may protect the heart and mitochondria against ischemia-reperfusion (IR)
injury. SK channels have also been found to reduce oxidative stress by reducing
mitochondrial Ca** overload [38].

4. Signaling pathway

The Ca®* that activates SK channels comes from various intracellular and extracel-
lular sources. In hippocampal neurons, SK channels are coupled to the LTCC using
microdomains of submembrane calcium, and Ca** influx through LTCC activates SK
channels [46]. Similar co-localization of LTCC and SK channels can be found in
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cardiac myocytes, where SK2 channels couple with LTCCs through a-actinin2. This
suggests that, in cardiac myocytes, SK2 channels are activated by local
subsarcolemmal Ca* that enters the cell through LTCCs [47]. Besides LTCCs, the SR
also plays a role in providing the Ca®* needed for activating SK channels. In mouse
cardiac myocytes, the type 2 ryanodine receptor (RyR2) mediates intracellular Ca**
release from the SR, which activates SK channels [48]. It is possible that in cardiac
myocytes, SK channels could be activated by either Ca** influx through voltage-gated
Ca®* channels or through release of intracellular Ca®* from SR stores.

SK channels are gated by intracellular Ca** through interactions between the
channel a-subunits and calmodulin (CaM) [49]. The intracellular C-terminal domain
of the SK channels immediately adjacent to the sixth transmembrane segment (S6)
consists of four a-helices, named A, B, C and D, that are critical to the channel gating.
CaM binds to channel regions A-D constitutively, whereas CaM binding to regions
B-C and B-D is Ca®* dependent. This indicates that regions B-C and B-D are involved
in the Ca®* gating mechanism [49]. Ca”* binds to the EF hands in the N-lobe of CaM,
which leads to conformational changes and opening of SK channels [50].

Besides Ca”*-activated channel gating, CaM is also critical in the regulation of cell
surface expression of the SK channels, independent of the binding of Ca** [51].
Several cytoskeletal proteins, including a-actinin2, filamin A, and MLC2, are impor-
tant in SK2 channel trafficking [52-54]. Notably, cell membrane localization of SK2
channels is Ca**-dependent when the channels are co-expressed with a-actinin2. An
increase in intracellular Ca®* such as in AF is predicted to increase the expression of
SK2 channels and lead to shortened APD and maintenance of the arrhythmias [54].

Casein kinase 2 (CK2) and protein phosphatase 2A (PP2A) are critical components
of the SK channels that regulate the Ca®* sensitivity of the channels by phosphorylat-
ing or dephosphorylating CaM. CK2 decreases the Ca** sensitivity of closed SK chan-
nels, while PP2A increases the Ca®* sensitivity of open SK channels [9]. Increased
expression of PP2A and decreased co-localization of CK2 with SK2 may be the
underlying mechanism of increased sensitivity of apamin-sensitive K* current to
intracellular Ca®* in HF, as shown in a volume-overload HF rat model [55].

Various mechanisms of SK channel regulation may have clinical significance with
respect to SK channel pathology seen in certain disease states. For example,
upregulation of SK channels in ventricular myocytes in cardiac hypertrophy has been
shown to result from phosphorylation by both calcium/calmodulin-dependent protein
kinase II (CaMKII) and protein kinase A (PKA) [28, 56]. In addition, microRNA
(miRNA) also plays a role in cardiac SK channels regulation. MicroRNA 499
(miR-499) is upregulated in atrial tissue from patients with permanent AF, resulting
in increased binding to the KCNN3 gene and downregulation of SK2 channel
expression [26].

5. SK channels in heart disease
5.1 Atrial fibrillation
5.1.1 Overview
Atrial fibrillation (AF), a condition characterized by rapid and disorganized atrial

activation, is the most common cardiac arrhythmia with a prevalence of 1-2% among
the general population [57]. A variety of risk factors have been linked to the
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development of AF, such as age, male sex, obesity, hypertension, heart failure, struc-
tural heart disease (valvulopathy, CHF, MI), diabetes, hyperthyroidism, and family
history [58]. Of these factors, age and sex carry the highest risk: males have a 1.5-2x
greater chance of developing AF than females, and individuals between ages 40-55
carry a lifetime risk of 22-26% [59].

AF is classified into several categories based on the duration of the AF episode(s).
These include paroxysmal AF, persistent AF, long-standing persistent AF, and per-
manent AF [60]. The term “lone AF” remains a diagnosis of exclusion and has been
used to describe AF in younger patients without a prior history of structural heart
disease or cardiovascular risk factors [61]. The specific molecular and electrophysio-
logical mechanisms that underly AF are highly complex and remain poorly under-
stood. Nonetheless, most current conceptual frameworks of the pathogenesis of AF
involve a combination of structural remodeling, electrical remodeling, and autonomic
remodeling that generate atrial reentry circuits, rotors (localized electrical spiral
waves), and ectopic impulse generation [57].

Regarding electrical remodeling, a variety of altered ionic currents can be seen in
AF, including increased activity of LTCC, increased activity of inward rectifier potas-
sium channels (KiR), and decreased function of gap junctions [62-65]. Excessive
LTCC activity may trigger excessive cardiomyocyte SR Ca®* release via RyR activa-
tion, leading to hyperexcitability. Excessive KiR activity may alter atrial myocyte
resting potential and phase 3 activation, resulting in reduced atrial refractoriness. Gap
junction defects may slow atrial conduction velocity, which when combined with
atrial myocyte hyperexcitability and decreased refractoriness favors reentry, ectopic
foci, and initiation of AF.

Structural remodeling in AF largely involves fibrosis and atrial dilation. Atrial
fibrosis may be due to several factors such as aging, myocardial infarction, volume
overload, or aberrant renin-angiotensin-aldosterone system (RAAS) activity [66-70].
Proliferation of fibroblasts and extracellular matrix in fibrotic atria may create bar-
riers to electrical conduction that interfere with cardiomyocyte electrical coupling,
creating conduction abnormalities and variable action potential durations that predis-
pose to ectopic activity and reentrant circuits [71, 72]. In addition, larger atria have
increased odds of developing reentrant circuits [73]. Finally, autonomic remodeling in
AF involves increased sympathetic or parasympathetic tone in the atria that influences
atrial tachypacing [74-77].

5.1.2 SK channels and AF heritability

The heritability of AF has been widely studied over the past two decades, and lone
AF appears to have a greater heritable component than structural AF [78]. Recent
genome-wide association studies (GWAS) have identified several single nucleotide
polymorphisms (SNPs) that are associated with increased risk of AF. Some examples
include rs2200733 on chromosome 4q25, rs2106261 on chromosome 16q22,
rs10824026 on chromosome 10q22, and rs7394190 on chromosome 10q22 [61, 78, 79].
Overall, GWAS studies of AF atrial tissue have found mutations in genes coding for
ion channels, gap junction connexin proteins, nuclear membrane components, cal-
cium homeostasis, and cardio-genesis [80].

Potassium channel gene mutations are of special interest in AF because of the
important role of potassium channels in maintaining the resting membrane potential
and facilitating repolarization after generation of the action potential. For example,
gain of function mutations have been found in KCNQ1 (the alpha subunit of the
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inward rectifier cardiac potassium channel Kv7.1), KCNH2 (voltage gated potassium
channel Kv11.1), KCND3 (alpha subunit of the voltage-gated potassium channel
Kv4.3), KCNJ2 (inward rectifying potassium channel Kir2.1), and KCNA5 (voltage-
gated potassium channel Kv1.5) [81-85]. All of these changes lead to increased inward
potassium currents in atrial myocytes, which may shorten APD, QT intervals, and the
effective refractory periods. In 2010, Ellinor et al. in their GWAS discovered a novel
AF susceptibility locus on chromosome 121 among Caucasian individuals. The most
significant SNP at this locus, rs13376333, can be found in the intron between the first
and second exon of KCNN3, which encodes the SK3 channel [61]. Rs13376333 is
strongly associated with lone AF, bearing an odds ratio of 1.56 (P = 6.3 x 10~ "). The
association of rs13376333 with more typical forms of AF is also significant, albeit
weaker (OR =1.13, P = 0.006) [61].

Similar results have been reported by several other labs using genomic data from
identical or different ethnic groups. Indeed, Chang et al. report significant associations
between rs13376333 and risk of lone (OR 3.02) and structural (OR 2.18) AF among a
Taiwanese cohort, with even stronger odds ratios than those reported by Ellinor et al.
[86]. Among a Han Chinese cohort, Luo et al. found that the frequency of rs13376333
at KCNN3 was significantly higher in lone AF than in controls, although there were no
significant differences in rs13376333 frequency between total AF patients and controls
[87]. Curiously, an earlier study by Li et al. failed to produce a significant association
between rs13376333 and AF among Han Chinese AF individuals [88]. It is possible that
different ethnic demographic groups may exhibit different risk propensities with
respect to SNPs, which would imply contribution of some form of gene-environment
interplay that either diminishes or enhances genetic effects. Given the complexity of
AF as a disease process, this is a very likely scenario and requires further investiga-
tions involving larger sample sizes and different demographic groups. Besides
rs13376333, another SNP at KCNN3, rs1131820, has also been associated with
increased risk of lone AF in individuals of Danish ethnicity, with an OR of 2.85 [89].

In addition to KCNN3, a weak association of AF with KCNN2 has also been
discovered in a Han Chinese cohort, at the SNP rs13184658 [90]. How variations in
KCNN alleles specifically affect the risk of AF remains unclear. A recent study
revealed that rs13376333 is associated with increased mRNA expression of KCNN3 in
human atrial tissue [91]. In addition, given that most other potassium channel muta-
tions observed in AF are gain of function mutations, perhaps the SK channel SNPs
follow the same trend. Further study of the KCNN3 locus could help reveal pathways
underlying the association between KCNN3 and AF, with the potential of developing
novel treatments of AF that target KCNN3.

5.1.3 SK expression and electrophysiology in AF

At the mRNA and protein levels, there is mixed evidence about whether SK
channels are over or under-expressed in atrial remodeling in human and animal
models of AF. Ozgen et al. first reported that SK channels are associated with initiation
of atrial remodeling. Using a burst-paced rabbit atrium, they showed that SK2 mRNA
and protein levels were upregulated in the region of the left atrium where the pulmo-
nary veins empty; this suggests that SK channels have a role in burst-pacing induced
APD shortening [34]. Likewise, Qi et al. reported upregulation of SK1 and SK2 protein
induced by atrial tachypacing in dog PVs and left atrial cells; SK2 mRNA expression
was also increased, although no significant changes in SK1 mRNA were observed,
suggesting that overexpression of SK1 may be the result of posttranslational
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modifications or altered membrane trafficking of SK1 channels [23]. In dopamine
tautomerase-deficient mice induced to exhibit AF by apamin administration, Tsai
et al. observed increased protein and mRNA levels of SK1 and SK3 in mouse right
atrial tissue [92].

These results seem to contradict other studies that reported decreased expression
of SK channels in human and animal AF. Darkow et al. found decreased expression of
KCNN2 (SK2) mRNA in atrial tissue of patients with AF when compared with healthy
controls [25]. Similarly, transcripts of KCNN1-3 were downregulated in paroxysmal
AF and chronic AF patients at a similar level [93]. Rahm et al. also examined KCNN
mRNA expression in a pig model of atrial tachypacing-induced AF with reduced left
ventricular function and found decreased expression of KCNN2 and KCNN3 with
normal levels of KCNN1 [93]. Furthermore, Fan et al. report decreased mRNA and
protein levels of SK1, SK2, and SK3 in atrial appendage tissue from humans with
chronic AF [32]. Another study of atrial tissue from chronic AF patients by Yu et al.
replicated these results with respect to SK1 and SK2 mRNA and protein expression,
although no differences were observed in SK3 expression at either level [27]. Finally,
Skisbye et al. observed reduced SK2 and SK3 expression in chronic AF human atrial
tissue, with no changes in SK1 expression [7]. The research findings of the up/down
regulation of SK channels in AF were summarized in Table 2.

Ozgen et al. first discovered that burst pacing induced increased SK2 channel
trafficking to the cell membrane and increased SK currents in rabbit pulmonary veins
[34]. In their dog model, Qi et al. found that atrial tachypacing enhanced SK currents
and single-channel open probabilities [23]. In contrast, Yu et al. reported decreased SK
currents in right and left atrial appendage tissue from patients with chronic AF,
alongside decreased SK1 and SK2 mRNA and protein levels (discussed earlier) [27].
Another possible mechanism of increased SK currents in AF is enhanced activity of

Species Model Up/down regulation of SK channels Reference
Rabbit  Burst-paced rabbit atrium SK2 mRNA and protein levels were [34]
upregulated in the left atrium
Dog Atrial tachypacing in dog Upregulation of SK1 and SK2 protein; [23]
pulmonary veins and left atrial cells upregulated SK2 mRNA expression
Mouse Induced AF in dopamine Increased protein and mRNA levels of SK1 [92]
tautomerase-deficient mice and SK3 in right atrial tissue

Pig Atrial tachypacing-induced AF with Decreased expression of KCNN2 and KCNN3 [93]

reduced left ventricular function with normal levels of KCNN1

Human Patients with AF Decreased expression of SK2 mRNA in atrial  [25]

tissue

Paroxysmal AF and chronic AF Transcripts of KCNN1-3 were downregulated [93]
patients
Atrial appendage tissue from Decreased mRNA and protein levels of SK1,  [32]
chronic AF patients SK2, and SK3
Atrial tissue from chronic AF Decreased mRNA and protein levels of SK1,  [27]
patients SK2; no difference in SK3 expression levels
Atrial tissue from chronic AF Reduced SK2 and SK3 expression; no changes [7]
patients in SK1 expression

Table 2.
Up/down regulation of SK channels in atrial fibrillation (AF).
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CaMKII, which is required for SK channel calcium-dependent activation. CaMKII
exhibited significantly increased expression alongside, increased intracellular calcium
levels in human AF tissue studied by Fan et al. [32].

Approached from a different angle, a mouse model of SK3 overexpression also
showed considerable shortening of APD and increased SK channel currents in atrial
myocytes [44]. Likewise, mice engineered to overexpress SK2 channels displayed
significant atrioventricular nodal dysfunction, manifesting as increased firing fre-
quency, and shortening of spontaneous action potential, while SK2 ablation elimi-
nated these effects [36]. Furthermore, SK2 knockout mouse models studied by Li et al.
exhibited the opposite effects: significant prolongation of atrial myocyte APD among
homozygous and heterozygous mutants, with homozygous mutants having an
increased susceptibility to AF [94].

Inconsistencies regarding observed SK channel expression and activity in AF
across different studies might be due to a variety of factors including the specific
method of AF induction, differences in atrial tissue characteristics among different
species of animal models, patient population demographic differences, and different
stages or durations of AF. It is also possible that SK channels are initially upregulated
in AF before being downregulated due to atrial remodeling. There are several reported
mechanisms by which SK channels are regulated in AF, including histone deacetylase
related epigenetic mechanisms [95], miRNA [26], and CaMKII [32].

5.1.4 Pharmacologic modulation of SK channels in AF

Pharmacologic studies of SK channel modulation provide additional insights into
the role of SK channels in AF, although the results are complicated. First, the IK
antagonist HMR1556 preserved hemodynamic stability in pigs induced by atrial burst
pacing to express persistent AF [96]. At time of sacrifice, HMR1556 treated pigs also
exhibited significantly higher left ventricular ejection fraction than untreated pigs,
along with significantly longer right atrial APD [96]. Next, application of the SK
channel inhibitor apamin increased spontaneous action potential generation in iso-
lated rabbit PVs while decreasing spontaneous activity and prolonging APD in sino-
atrial nodal myocytes [35]. However, in isolated canine left atrial tissue, apamin
treatment significantly increased APD heterogeneity and proved to be pro-
arrythmogenic [24].

The SK channel inhibitor NS8593 increased APD and effective refractory in right
atrial appendage tissue of patients with AF [7]. Identical results were found by Qi et al.
in a dog model of AF [23]. Haugaard et al. and Burashnikov et al. examined the effects
of NS8593, along with another SK channel inhibitor (UCL1684), in human and equine
atrial myocytes, and verified the ability of both inhibitors to reduce AF inducibility or
terminate induced AF [97, 98]. However, conflicting results were found by Fenner
et al. in their horse model of tachypacing-induced persistent AF [99]. There, delayed
right atrial conduction after NS8593 treatment actually increased AF complexity
through increased anisotropy and electrical dissociation [99]. Meanwhile, the left
atrium exhibited no change at all in AF complexity, and neither left nor right atrium
ultimately resulted in cardioversion [99].

Moving on, treatment with SK2 inhibitor AP30663 in atrially tachypaced live AF
pigs resulted in conversion to sinus rhythm, increased right atrial effective refractory
periods, and prevented reinduction of AF [100]. Additional studies using whole-cell
and inside-out patch clamp recordings of guinea-pig heart tissue confirmed a right-
shift of the calcium-activation curve of SK2 channels in the presence of AP30663, with

113



Ion Transporters - From Basic Properties to Medical Treatment

concentration-dependent prolongation of atrial refractoriness and minor effects of QT
prolongation [91].

Finally, Saljic et al. tested the use of an antisense oligonucleotide GapmeR in rats
and showed that GapmeR downregulates SK3 protein expression in the heart and
provides protection against AF [101]. Though targeting the expression level of SK
channel seems promising, Darkow et al., showed that that SK3 was upregulated in
ventricular tissue in heart failure patients, suggesting that SK channels are not likely to
be an atria-selective target as previously expected [25].

In a recent study, Gatta et al. conducted a detailed examination of the effects of SK
channel inhibitor AP14145 on goat hearts induced to AF after 30 days of burst-pacing
stimulation delivered by pericardial electrodes implanted above the left atria [102].
The authors found that AP14145 produced dose-dependent prolongation of AF cycle
length and increased the effective refractory period of atrial impulses [102]. Interest-
ingly, atrial conduction velocity in AF following AP14145 treatment remained
unchanged until the final seconds before AF termination, where sudden organization
of fibrillatory conduction occurred prior to AF cardioversion [102].

Most animal models of AF discussed up to this point involve AF induction via
simple electrode-delivered burst-pacing to atrial tissue. However, other approaches
also exist. For example, Yan et al. studied an atrial stretch-induced rabbit AF model
[103]. As discussed earlier, atrial enlargement increases the risk of AF by shortening
atrial effective refractory periods. Hence the authors of this study placed an inflatable
balloon into their rabbit heart left atria to mechanically dilate atria to various sizes.
Sustained AF was induced by brief delivery of burst pacing to dilated atria that
produced rapid irregular atrial rhythms. For the experimental group, the SK inhibitor
ICA was applied to rabbit hearts before atrial stretch and burst pacing. Final analyses
showed that ICA pretreatment significantly attenuated stretch-induced atrial effective
refractory period and reduced overall AF inducibility and duration when compared
with untreated hearts [103]. Another alternative approach was taken by Celotto et al.,
who focused on the role of autonomic dysfunction in AF pathogenesis [104]. Using
human atrial cell and tissue models, the authors induced AF via high dose acetylcho-
line administration, which shortened atrial APD [104]. SK channel blockade was able
to partially revert APD shortening due to acetylcholine, while a combination of SK
blockade and the adrenergic agonist isoproterenol were able to completely reverse
APD shortening back to pre-AF baseline [104].

How SK channel inhibitors compare to current mainstay antiarrhythmic medica-
tions is another important question with significant clinical implications. Two studies
by Kirchhoff et al. provides some insights into this issue [105, 106].

In one study, Kirchhoff et al. explored the effect of combining SK channel inhibi-
tion via ICA and voltage-gated sodium channel inhibition on AF in atrial-burst pacing
induced AF guinea pigs [105]. Ultimately, AF combining ICA with normally
subefficacious concentrations of flecainide or ranolazine (sodium channel blockers)
reduced AF duration [105].

Next, Kirchhoff et al. examined the effect of the SK inhibitor ICA on AF in an atrial
burst-pacing guinea pig model when used alongside amiodarone or dofetilide, two
major class III antiarrhythmics. The authors found that combining ICA with either
dofetilite or amiodarone reduced AF duration at normally sub-optimal concentrations
of all three drugs if used individually [106]. In addition, ICA combined with a stan-
dard therapeutic dose of dofetilide prevented QT prolongation that is often seen with
dofetilide monotherapy [106]. Overall, both studies suggest that combining SK chan-
nel inhibitors with traditional antiarrhythmics may provide a useful synergistic
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benefit that allows for reducing doses of traditional antiarrhythmics. This in turn may
help mitigate against adverse effects of high-dose antiarrhythmics (e.g. long QT, VA).

Note that when all available evidence (pharmacologic, omic, and knockout stud-
ies) is considered together, over and underactivity of SK channels both appear to
increase likelihood of developing AF. Perhaps discrepancies between different studies
are the result of differences in experimental techniques or different species. Alterna-
tively, a two-fold mechanism may drive SK pathology in AF. On one hand, gradually
increasing potassium currents due to increased insertion or presence of SK channel in
cell membranes may contribute to the observed accelerated actional potential refrac-
tory periods and steady progression of APD shortening. On the other hand, action
potential prolongation due to diminished potassium currents in the absence of SK
channel activity may increase likelihood of generating early afterdepolarizations that
may evolve into ectopic foci or reentry circuits. If correct, this proposal implies that
seeking to modulate SK channel activity in AF is not a simple matter of complete
pharmacologic blockade or complete potentiation. Rather, the objective would be
restoring balance towards a homeostatic level of SK channel activity. Further research
is required to define the precise pathophysiology of altered SK channel activity in AF
to better guide development and protocols for new therapeutic tactics.

5.2 SK channels in ventricular arrhythmias and heart failure

Ventricular arrhythmias (VA) are abnormal heart rhythms that include premature
ventricular complexes (PVC), non-sustained ventricular tachycardia (VT), acceler-
ated idioventricular rhythm, and sustained VT or ventricular fibrillation (VF). VT and
VF in particular may cause sudden cardiac death (SCD) [107]. Ventricular arrhyth-
mias can be seen in patients with structurally normal hearts, but malignant ventricular
arrhythmias usually occur in patients with underlying structural heart disease includ-
ing HF, ischemic cardiomyopathy, and nonischemic cardiomyopathy [107, 108].

In the normal heart, SK1 channels are expressed at a higher level in atria versus in
ventricles, while SK2 and SK3 are expressed at a similar level in both chambers
[14, 25]. Normally, apamin-sensitive currents are more prominent in atria than ven-
tricles [12, 14]. However, under certain pathological conditions such as HF and
chronic MI, SK currents are upregulated in ventricles, suggesting that SK channels
play an important role in ventricular repolarization and VA in pathologic hearts
[39, 40].

In healthy ventricles, apamin does not alter APD [14, 22]. Under pathological
conditions such as HF, chronic MI, cardiac hypertrophy, and hypokalemia, SK chan-
nel blockers prolong APD in ventricles as shown in human and animal models [29, 39,
40, 105, 109]. In acute MI, however, the results are mixed. Some studies show that SK
channel blockade prolongs APD in rat acute MI models [110, 111], but a recent study
using a porcine model of acute MI showed no significant effect of APD alteration by
SK blockade [112]. In the studies that showed prolonged APD by SK blockade in
pathologic ventricles, the effects could be either antiarrhythmic or proarrhythmic,
probably due to different baseline heart rhythms in the specific animal models used
for the studies [18].

Antiarrhythmic effects of SK blockade may occur through attenuation of APD
shortening and reduction of repolarization heterogeneity in pathologic hearts [112].
Indeed, Chua et al. were the first to show proarrhythmic effects of SK channels in the
ventricles. They showed that HF heterogeneously increased the SK channel’s sensitiv-
ity to intracellular Ca** and upregulated SK currents, which led to APD shortening and
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recurrent spontaneous VF in a rabbit model of tachycardia-induced HF [39]. In this
scenario, the rapid heart rate in heart failure caused APD shortening, and excessive
APD shortening was arrhythmogenic. APD shortening led to increased intracellular
Ca”*, which activated SK currents and further shortened APD, resulting in late phase 3
early afterdepolarization and recurrent spontaneous VF [39]. The antiarrhythmic
effects of SK blockers in the ventricles have also been demonstrated in human HF
[29], in rabbits with chronic MI [40], in rats with acute MI [110, 111], in rats with
cardiac hypertrophy [113, 114], and in hypokalemic guinea pig heart [100].

Chen et al. reported that SK channels are proarrhythmic and play a role in inducing
J wave syndrome (JWS). They showed that concurrent activation of SK currents and
inhibition of Na* currents shortened APD and induced JWS and SVF in rabbit hearts.
SK channel blockade in this rabbit model was antiarrhythmic—JWS was reduced
and SVF was abolished, suggesting that SK current activation contributed to the
development JWS and SVF in rabbit ventricles [109]. A recent study showed that
colocalization of LTCC and SK channels in ventricular myocytes activates SK
currents, which then promote phase 2 reentry and T-wave alternans, leading to JWS
and VA [115].

Although SK blockers have potential antiarrhythmic benefits in the management
of ventricular arrhythmias, blocking SK channels may carry significant proarrhythmic
risk in patients with underlying heart disease such as HF, MI, and cardiac hypertro-
phy, based on animal model studies [116-118]. Blocking SK channels might reduce the
repolarization reserve in patients, trigger early after depolarizations (EADs), increase
risk of developing torsade’s de pointes (TdP) and induce fatal arrhythmia [18, 112,
116]. In addition, SK blockers might be proarrhythmic in hypokalemic hearts. Chan
et al. reported that hypokalemia activates SK channels, shortening APD and
maintaining the repolarization reserve at late activation sites. In their rabbit model of
hypokalemic ventricles, apamin was proarrhythmic by prolonging APD at late
activation sites and inducing VF [119].

In addition, Wan et al. showed that SK blockade might even interfere with ven-
tricular automaticity in normal ventricles [120]. Although SK channels do not partic-
ipate in repolarization in healthy ventricles, SK currents and SK2 protein are
prominent in Purkinje cells in normal rabbit ventricles [42]. Wan et al. reported that
apamin accelerated ventricular escape rhythms from the Purkinje fibers, enhanced
ventricular automaticity and led to VT in normal rabbit ventricles [120].

To summarize, the heterogenous activation of SK channels is proarrhythmic and
contributes to the development of ventricular arrythmia in diseased hearts. SK
blockers such as apamin have some antiarrhythmic benefits, but also carry significant
proarrhythmic risks, thus limiting the practical use of SK blockers for managing
ventricular arrythmia. Furthermore, SK channels are widely expressed in the human
body including in the nervous system, so blocking SK channels may have undesired
off-target effects. Alternatively, drugs that target the signaling pathway of SK chan-
nels might have antiarrhythmic effects without directly blocking the channel. Given
that increased intracellular Ca”* triggers the upregulation of SK channel in pathologic
ventricles, drugs that affect the interactions of SK channel and intracellular Ca**
might have antiarrhythmic or proarrhythmic effects. For example, p-blockers, a
known treatment for ventricular arrhythmias, downregulate SK1 and SK3 expression,
the SK channel’s sensitivity to Ca*, and the SK current density as shown in a volume-
overload rat model [121]. Kamada et al. showed that - adrenoreceptor stimulation
activated SK channels via CaMKII activity in hypertrophied rat hearts, which might
contribute to the antiarrhythmic effects of p-blockers [122]. Finally, recent studies
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showed that sex differences existed with respect to ventricular SK channel activation
in response to autonomic stimulation [109, 123], which might have important clinical
implications for drug efficacy and safety.

5.3 SK channels and ischemia/reperfusion

During cell ischemia and hypoxia, the altered redox state leads to excess reactive
oxygen species (ROS) production which overwhelms the ROS scavenger system,
causing mitochondrial Ca** overload that results in cell apoptosis and necrosis [124].
Given that mitochondria are important in ROS production, ion channels present on
the mitochondrial membranes could contribute to the regulation of homeostasis by
regulating ROS production during ischemia [124]. In 2013, Stowe et al. discovered
that SK channels were located in the guinea pig cardiac IMM, and that SK channel
opening had a protective effect during ischemia [37]. In their study, the SK and IK
channel opener DCEB resulted in decreased infarct size, reduced superoxide (O, )
and mitochondrial Ca®* levels, and more normal NADH and FAD levels. The protec-
tive effects were reduced when TBAP, a dismutator of O, was added, suggesting that
the benefits of channel openers were related to ROS production [37].

Later on, in a separate study, Stowe et al. also showed that SK channel opening
improved contractility and reduced infarct size during ischemia/reperfusion (IR)
[125]. In their guinea pig heart model of global IR injury, the SK channel opener DCEB
improved contractile function, while SK antagonists worsened contractility and
increased infarct size. Furthermore, in cardiac mitochondria after IR, combined SK
channel and large conductance Ca**-activated K* (BK) channel agonists improved
respiratory control index and Ca”* retention capacity, while the combined antagonists
worsened Ca®* retention capacity [125]. Once again, these results show that SK chan-
nel plays a role in regulating homeostasis of mitochondria and reducing cell damage
during IR.

In 2017, Yang et al., showed that SK3 channels were located in the mitochondria of
guinea pig, rat and human ventricular myocytes. They reported that SK channel
agonists were protective against IR injury while SK antagonists worsened IR injury.
Overexpression of SK3.1 specifically increased Ca**-activated K* uptake in mouse
atrial tumor cells and protected the cells from hypoxia/reoxygenation injury. Consis-
tently, silencing SK3.1 channel expression exacerbated cell injury and death [38].
Hence the authors conclude that the protective effect of SK channels during IR
suggests their role in reducing oxidative stress resulting from mitochondrial Ca**
overload [38].

In addition, in hypertrophic hearts, mitochondrial SK channels also appear to have
protective benefits by decreasing mitochondrial ROS production as shown in a rat
model [126]. Kim et al., reported that SK channel enhancers reversed the oxidation of
RyRs, improved RyR function and stabilized SR Ca®* release, leading to the protective
effects of SK channels in hypertrophic heart [126]. To summarize, mitochondrial SK
channel have important protective effects during cardiac cell ischemia, hypoxia and
hypertrophy by regulating Ca** homeostasis and ROS production in the mitochondria.

6. Conclusion

It is increasingly evident that SK channels have important roles in myocardial
physiology and pathophysiology. While different studies report different expression
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levels of various SK channel isoforms in atrial vs. ventricular tissue, all SK channel
isoforms present in the heart are necessary for promoting atrial and ventricular repo-
larization following myocardial impulse generation. The high calcium sensitivity of SK
channels, mediated by channel-bound calmodulin and modulated by important regu-
lators such CK2 and PP2A, renders them crucial for feedback control of myocardial
contractility and prevention of runaway excitation. In the context of arrythmias, SK
channel polymorphisms confer increased risk of atrial fibrillation, and both hyper-
and hypoactivity of SK channels along with aberrant SK channel expression likely
contribute to automaticity, re-entry circuits, and ectopic pacemaker activity that
drives atrial and ventricular tachyarrythmias; these effects are exacerbated in the
context of underlying heart disease, such as congestive heart failure. Furthermore, SK
channel activity appears to have a protective effect in mitigating oxidative stress
during ischemia, with particular significance given to myocardial mitochondrial SK
channels.

Pharmacologic studies of SK channel inhibition or activation show promise for
treating many animal models of arrythmias and ischemia-reperfusion, although
results are still not consistent across different models and different protocols; hence
additional research will be required prior to clinical trials of SK channel antagonists in
humans. In the future, more research on SK channel pathology using human atrial or
ventricular tissue will also be necessary to complement and verify cellular/molecular
findings from animal models. Likewise, the specific mechanisms behind altered SK
channel expression in many of the diseases discussed in this chapter remain murky
and must be elucidated to better characterize specific aspects of pathology at play.
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Chapter 6

Vacuolar ATPase (V-ATPase)

Proton Pump and Its Significance
in Human Health

Anuj Tripathi and Smita Misra

Abstract

Vacuolar H + -ATPases (V-ATPase), is an ATP-dependent proton transporter that
transports protons across intracellular and cellular plasma membranes. V-ATPase
is a multi-protein complex, which functions as an ATP-driven proton pump and is
involved in maintaining pH homeostasis. The V-ATPase is a housekeeping proton
pump and is highly conserved during evolution. The proton-pumping activity of
V-ATPases allows acidification of intracellular compartments and influences a diverse
range of cellular and biological processes. Thus, V-ATPase aberrant overexpression,
mis-localization, and mutations in the genes for subunits are associated with several
human diseases. This chapter focuses on a detailed view of V-type ATPase, and how
V-ATPase contributes to human health and disease.

Keywords: pH, homeostasis, V-ATPases, proton pump, human health

1. Introduction

The maintenance of pH homeostasis is vital for the survival of all cells and organisms.
Changes in intracellular pH affect the acid-base balance of the cells, and dictates the
protonation state of different acid-base groups present on the macromolecules. This
greatly influences their biochemical properties and function. Deregulation of the pH
homeostasis affects enzymatic functions affecting the cell cycle and other biochemi-
cal processes and can be deleterious for cellular health and survival. In addition to the
cytosol, each organelle has its specific pH requirement to function normally. The pH
within the cytosol and the organelles can vary up to 3 units ranging from nearly neutral
to highly acidic. To maintain the pH all eukaryotic cells, have a large regulatory network
of secretory pathways within the cell cytosol and organelles including the nucleus, and
outside the plasma membrane [1, 2]. These secretory pathways, from plasma membrane
to organelles and nucleus are well connected by continuous exchange of nutrients,
signaling molecules, membrane proteins, and lipids. The maintenance and assembly
of these complexes and pathways is highly energy consuming for cells. Cellular energy
requirements for these processes are partly fulfilled by local cytoplasmic metabolic
energy, but a larger extent of the energy required for development and homeostasis
maintenance of the cytosol and organelle lumen is provided by ion pumps [3, 4].
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Proton pumping ATPases are a class of these membrane transporters that act
as master players in the transport of protons across membranes from Archaea to
humans. pH homeostasis is achieved via proton influx and efflux by the proton
pumping ATPases. These ATPases either actively transport proton deriving energy
from ATP hydrolysis, or they use the proton gradient for ATP synthesis to perform
multiple cellular functions. The ATPases are broadly classified into four classes: the
F- and A-type ATP synthases, the V-type transporters, the P-type transporters, and
the ATP binding cassette (ABC) multidrug efflux pumps. The A-type ATPase, which
are present in archaea and bacteria, help survive the extreme conditions and act by
synthesizing ATP coupling with H" or Na*. F-type ATPase are well conserved among
species and are the primary source of cellular energy production in the living organ-
isms. They act as ATP synthases. The P-type ATPases, also known as E1-E2 ATPases,
are a large group of evolutionarily related ion and lipid pumps that are found in bac-
teria, archaea, and eukaryotes. The P-ATPase are essential for cell survival, and they
maintain the gradient of many crucial ions including Na*, Ca*, K*, and H" using ATP
hydrolysis. There are different type of P-type ATPases. ABC-transporters utilize the
energy of ATP binding and hydrolysis to transport various substrates across cellular
membranes. ABC-transporters are importers of nutrients and other molecules, or
as exporters of toxins and drugs, among others. V-type ATPase is a highly conserved
evolutionarily ancient enzyme with remarkably diverse functions in eukaryotic
organisms. They couple ATP-hydrolysis with H* pumping.

2. Vacuolar-type ATPase (V-ATPase)

The Vacuolar proton-translocating ATPase (V-ATPase) is a highly conserved and
highly efficient ATP driven proton pump and a member of the rotary ATPase protein
family [5, 6]. V-ATPase are ubiquitous multi-subunit complexes composed of two large
domains: the soluble V; domain, which hydrolyzes ATP, and the membrane-embedded
Vo domain, which transports protons [5, 7-9]. V-ATPase were first discovered in vacu-
oles of yeast and plants. V-ATPase perform active proton transport across membranes
by coupling it with ATP hydrolysis. V-ATPase are also identified in the lysosomes,
clathrin-coated vesicles, secretory vesicles, endosomes, Golgi-derived vesicles and
other subcellular locations. They are also present on the plasma membrane. V-ATPase
acidifies lysosomes/vacuoles, Golgi, and the endosomal compartments of all eukary-
otes. The plasma membrane V-ATPase present on certain specialized mammalian
cells aid in proton export from the cell [10]. In intracellular compartments, V-ATPase
is critical for multiple cellular processes, this includes protein processing and secre-
tion, endocytosis and vesicle trafficking, zymogen activation, and autophagy [5, 10].
V-ATPase was initially identified and characterized for its role in the acidification of
intracellular vesicles and organelles, which is necessary for many essential cell biologi-
cal events to occur [9-11]. In addition to its housekeeping cellular function, many spe-
cialized cell types in various organ systems such as the kidney, bone, male reproductive
tract, inner ear, olfactory mucosa, and others, use plasma membrane V-ATPases to
perform specific activities that depend on extracellular acidification [12-16].

Finally, and importantly, it is increasingly apparent that V-ATPases are central
players in other normal and pathophysiological processes that directly contribute to
human health in many different and sometimes unexpected ways. This chapter will
cover the basic knowledge of V-ATPase, its physiological contribution and recently
emerging unconventional roles of the V-ATPase in human health.
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2.1 Structure and role of V-ATPases

V-ATPase are multi-subunit protein complex with two domains the V;-domain
and Vj-domain. The peripheral domain Vj, is cytosolic and responsible for ATP
hydrolysis, and an integral domain Vy, is embedded in the membrane and is involved
in proton translocation across the membrane [17]. The mammalian V-ATPase is
composed of 13 subunits in total. Of these 13 subunits, V; domain has 8 peripheral
proteins and the Vy domain has 5 membrane intrinsic proteins (Figure 1) [17]. The
V; domain performs ATP binding, hydrolysis and drives the active proton transloca-
tion from the Vo domain. Alternate arrangement of V;A and V;B subunits forms the
hexameric core of the V; domain. The Vj core ring domain is made up of subunits Vyc,
Voc” and Vc”. The Vj core ring domain is located next to the Vya and Vge subunits. The
Vo and V; domains are connected by a central stalk. The central stalk is composed of
the ViD, ViF and V,d and is supported by the peripheral stalk domain. The peripheral
stalk is made from the subunits V;C, V;E, V;G V;H and the N-terminal of the Vya. Vja
is a key subunit of the V domain. It has a bi-lobed N-terminal which interacts with
the V;H and V;C near the membrane interface and V;A on the outer surface [18-20].
Arginine at position 735 and two hemi channels of the Vja subunits are crucial for its
proton pumping function.

Non homologous
region of subunit A

Cytoplasm (In)

I
Ssesseessesses

Lumen (Out)

' H*

Figure 1.

Strgucture of vacuolar ATPase (V-ATPase): The V-ATPase is made of a peripheral V, domain that hydrolyzes
ATP and an integral V, domain that translocated protons across the membranes. Structural model of the vacuolar
V-ATPase showing subunit composition. The transmembrane domain (V,) consists of the subunits a—d with
several isoforms of the ¢ subunit (denoted in small letters) and the cytosolic domain (V,) made up of the A, B, C,
D, E, F, G, and H subunits. Hydrolyzation of ATP is done on the intersection of the V.A and V,B subunits, and
generated power rotate V-ATPase rotor formed by the Vod, V,D, and V,F subunits. The “c-ring” couples the energy
generation by ATP hydrolysis and translocation of the protons from the cytosol to the lumen.
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Although V-ATPase subunits are highly conserved, some subunits have cell/tissue
specific isoforms that govern V-ATPase subcellular localization. These isoforms are
associated with subsets of V-ATPases that perform specialized functions. However,
specialized V-ATPases represent a mixture of cell type selective isoforms and ubiqui-
tous isoforms [13, 21-23]. Mammals have different isoforms for subunits Vya, Vyd,
V1B, V1C, V4E, and V;G, besides the ubiquitous ones. Subunit Vja is most important
in determining the subcellular localization of the V-ATPase, it has four isoform in
humans which are found in different tissues and guide the subcellular locations of
the V-ATPase. Isoform Vjal is present in the V-ATPase of the presynaptic plasma
membrane and synaptic vesicles [24]. Va2 is found on the plasma membrane of the
mammary epithelial cells [25]. Vja2 is also found on the renal proximal tubule cells
[26] and sperm acrosomes [27]. Vya3 is found in the V-ATPase on the plasma mem-
brane in the ruffled borders of the osteoclast [28], secretory endocrine tissues [29],
pancreatic islets [22] and premature melanosomes [30, 31]. While Va4 is found in the
renal intercalated cells [31] and clear cells of epididymis [32]. Va3 and Vya4 isoforms
are also overexpressed in tumor tissues, with Vya4 primarily present on the plasma
membrane and responsible for acidification of the extracellular matrix [33]. Other
subunits in mammals that have multiple isoforms are V;G, which has three and VB,
ViC, ViE and V(d all have two [34]. V;B1 is expressed in renal and epididymal cells
[35], while V;E1 in testis and acrosome [27]. V;C2 in the lungs and kidneys [36], V:G3
in kidneys [36] and Vd2 in kidneys and bones [37].

V-ATPase are responsible for acidification of endosomal, lysosomal compartments
in the cell. In addition, they participate in other biological processes, such as toxin
delivery, viral entry, membrane targeting, apoptosis, regulation of cytoplasmic pH,
proteolytic process, and acidification of intracellular systems, are important roles
of V-ATPases. Plasma membrane V-ATPase are responsible for the acidification of
the urine in kidney and the FVreabsorption of bicarbonate ions. They help in bone
resorption in osteoclast and facilitate tumor metastasis. Maintain the acidification
of the sperm acrosome and activation of the different hydrolytic enzymes to ensure
fertilization with the ovum.

2.2 V-ATPase regulation

Transmembrane proton transport by the V-ATPase is regulated in several different
ways to modify pH in extracellular compartments or within intracellular vesicles. It
is regulated by assembly process to form the holoenzyme and/or by trafficking to the
appropriate cellular location.

2.2.1 Reversible assembly and disassembly

V-ATPase is a multi-subunit complex comprising of two distinct domains, the
membrane integrated domain Vy, responsible for proton pumping and the free
cytosolic domain Vy, which carries out the ATP-binding and hydrolysis. As the V,
domain is membrane integrated, its subunits are polymerized on the rough endo-
plasmic reticulum during the translation process and are processed via the vesicular
transport pathway. Whereas the subunits of the V; domain are synthesized on the free
cytosolic ribosomes. Different subunits of each domain assemble to form the V; and
Vo domain before the formation of the V-ATPase holoenzyme. To form the complete
functional V-ATPase holoenzyme the association of the V; and V; domain is essential.
The efficiency of the V-ATPase function is dependent on its assembly process, as the
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V; and V; domain independently are incapable of performing ATP hydrolysis and
proton pumping, which are their respective functions [38, 39]. The phenomenon of
the reversible assembly and disassembly of the V; and V,, was first described for yeast,
where it was noted that the V; domain dissociates from the V; domain in a reversible
manner in the absence of glucose [20]. In one study with the Manduca sexta larval
midgut the authors reported that the goblet cells of the apical membrane lose the
proton pumping activity of the plasma membrane V-ATPase upon dissociation of

its V; domain [40]. It is also known that the levels of cAMP and hormone induced
protein kinase A (PKA) can regulate the plasma membrane V-ATPase assembly and
activity in the blowfly salivary glands [41, 42]. It is shown that for the exocytosis of
the presynaptic vesicles in the neuronal cells the V; disassembly is required on the
mature exosomes, which fuse with the plasma membrane in the active zone and
releases the exosomal contents in synaptic cleft [43]. The V; domain reassembles to
V), on the neural membrane post release [43]. Using the cultured hamster kidney cells
and sub cellular fractionation of different endosomal vesicles during maturation, it is
known that the level of acidification in the lumen directly correlates with the level of
V-ATPase of the isolated vesicles [4]. Glucose also affects the assembly of V-ATPase in
human cells. Glucose starvation affects the V-ATPase assembly and activation by AMP
kinase and phosphatidylinositide 3-kinase (PI3K)/Akt signaling pathway [44, 45].
The level of V-ATPase also goes high in lysosomes during dendritic cell maturation
[46]. Although the mechanistic understanding of the assembly process is not well
understood and needs more research to decipher it, however it is shown that subunit
ViC plays a central role in establishing interaction between the V; and V, domain
during assembly assisted by their RAVE (regulator of the ATPase of vacuolar and
endosomal membranes) complex in yeast [47-49].

2.2.2 Regulated trafficking of the V-ATPase

A second mechanism of controlling V-ATPase activity is via regulated traffick-
ing of the functional holoenzyme. This occurs primarily in acid-secreting cells in
avariety of different tissues [8, 50]. In proton-secreting intercalated cells of the
kidney collecting duct and analogous organs in lower vertebrates and amphib-
ian epidermis, regulation of transepithelial proton secretion is achieved by the
exo- and endocytotic recycling of tubulovesicular structures containing high levels
of V-ATPase holoenzymes in their membranes [8]. Trafficking of the V-ATPase to
the plasma membrane and organelle membrane is also used by osteoclast [51] and
the epididymal cells [52] to maintain the acidic pH of the extra cellular space and
epididymal fluid respectively. The assembly and localization of V-ATPase are linked
processes and are regulated by cellular needs. Although more studies are needed to
establish the mechanism of assembly and trafficking process, but it is shown that the
disassembly of V; from holocomplex is required for endosomal vesicles to localize
the cargo to the plasma membrane and then V1 is reassembled to form the holoen-
zyme complex [43].

Apart from the signaling molecules mentioned above there are other kinases and
proteases that are also involved in the assembly and trafficking of V-ATPase. In the
intercalated renal cells G-protein coupled receptor Gprl16 is shown to negatively
regulate the surface expression of proton pump V-ATPase [53]. Cytoskeletal proteins
have a well-established role in trafficking the cargo from cytosol to the plasma mem-
brane and vice versa. It has been shown that subunits V;B and V;C are associated with
the actin of cytoskeleton and are essential for the movement of the V-ATPase cargo
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to the plasma membrane [54]. Profilin is a protein involved in actin polymerization.
Subunits V;B1 and V;B2 also have a profilin-like domain [55]. Research has shown that
use of microtubule depolymerizing drugs colchicine and vinblastine on turtles inhib-
its the excretion of protons in their urine upon carbon dioxide exposure, which alters
the plasma pH [56]. Microtubule depolymerizing drugs also inhibit the V-ATPase
localization and function in the renal intercalated cells [57] and epididymal clear
cells [58]. PKA mediated phosphorylation of the subunits V;A and V;C upon increase
in cAMP levels is necessary for the increase in the expression levels of V-ATPase

on cell surface [12, 42, 59]. Activation of PKA upon bicarbonate stimulation is also
essential for sensing acid-base balance and proton excretion by the kidneys [60, 61].
Furthermore, AMP kinase also phosphorylates the V-ATPase subunit V;A and
regulates its trafficking in renal epithelial cells [62]. The regulation of V-ATPase by
phosphorylation is an interesting area for understanding the many different patterns
of expression and regulation of V-ATPase activity in a variety of cells and tissues, as
well as its pathophysiological dysfunction leading to human disease.

3. Physiological function of V-ATPase
3.1 Function of intracellular V-ATPases

The pH of cell and organelle lumen is an important governing parameter for the
function of various organelles and is mainly controlled by V-ATPase-dependent
proton transport. Receptor recycling and release of the ligands internalized via the
receptor mediated endocytosis requires acidic pH of the endosomal lumen, which
is maintained by the V-ATPase [63]. Density of the V-ATPase receptor on the cell
surface is also synchronized by receptor recycling and it impacts the response and
sensitivities for hormones and growth factors. In many cases ligand-receptor disso-
ciation allows both protease delivery to lysosomes and the return of Mannose 6-phos-
phate receptors (MPRs) to the trans-Golgi network [64]. Acidification of endosomal
lumen also plays important role in the formation of certain carrier vesicles, for
transport of the cargo in the endocytic and secretory pathways [65]. When low pH is
found within endosomes many pathogens take entry in cytoplasm. Low endosomal
pH also promotes the entry of pathogenic agents such as diphtheria toxin and anthrax
toxin, which first enter endosomes and then are released from late endosomes [66].
Acidic pH of the cytoplasm helps in fusion of enveloped viruses such as Influenza
and Ebola, which is required for the insertion of viral genomes into the cytosol [67].
Some secretory vesicles are acidified by the V-ATPase to facilitate the proteolytic
processing in prohormones such as proinsulin [68], in dendritic cell lysosomes [69],
and in neurotransmitter antiporters [5, 70]. In lysosomes, a variety of proton/amino
acid symporters use the proton gradient to drive amino acid efflux [71]. Lysosomal
enzymes require acidic pH for activity, and for proper degradation of macromol-
ecules [72]. These macromolecules are brought to lysosomes either endocytically via
chaperone-mediated autophagy, or through macroautophagy, a catabolic program
for recycling cellular components [73-75]. During autophagy process, acidification
is essential for both autophagosomes and lysosome fusion as well as subsequent
breakdown of luminal contents [76-78]. In normal condition, autophagy occurs at
low basal levels but can be upregulated during times of energy stress or starvation

(Figure 2) [79].
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Figure 2.

Thge physiological importance of V-ATPase expression in membranes of different organs and tissues. Specific
V-ATPase holoenzymes are expressed typically at the apical surface of proton-secreting cells in numerous tissues
throughout the body and plays unique roles on place. Change in expression level of V-ATPase in specific tissues
effected unique physiological role of these tissues/organs.

3.2 Function of plasma membrane V-ATPases

Renal a-intercalated cells, osteoclasts, cells of the epididymis, sustentacular cells
of the olfactory epithelium and many polarized animal cell’s plasma membrane have
V-ATPases for transport of protons to the extracellular space [5, 52, 80]. Mutations in
subunit Vja3, of the plasma membrane V-ATPase of osteoclasts cause severe con-
genital form of osteopetrosis in humans [81, 82]. Renal a-intercalated cells respond
to alterations in plasma pH by rapidly adjusting the density of apical V-ATPases to
pump out the excess acid from the blood into the urine to be excreted out and restore
the plasma pH. Studies have shown that distal renal tubular acidosis is associated
with mutations in the plasma membrane V-VATPase subunit of the a-intercalated
cells [31, 83]. Similarly clear cells of the epididymal epithelium regulate the acidic pH
of the epididymal fluid to keep the spermatozoa in quiescent stage for storage and
proper maturation [5, 52]. Loss of V-ATPase from the plasma membrane of epididy-
mis results in increased epididymal fluid pH, defective sperms and renders the mice
infertile [14]. The V-ATPase are also significant in cancer progression and metastasis
[84]. Figure 2 summarizes the broad localization and function of V-ATPases.

4. Emerging functions of the V-ATPase
4.1Role in cancers

Recent studies revealed the role and significance of V-ATPase in cancer. It is
shown that the plasma membrane V-ATPase help maintain an alkaline intracellular
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environment favorable for growth and an acidic extracellular environment favorable
for invasion by proton efflux from the cell [85]. V-ATPase are shown to have higher
expression in proliferating cancer cells of breast, prostate, lung, ovarian, liver, pan-
creatic, melanoma and esophageal cancers [10]. Increased expression of V-ATPase
on the plasma membrane of the breast cancer cells correlates with increased inva-
siveness and metastatic potential of the breast cancer cell lines [86]. The increased
metastatic potential is due to decreased pH of the extracellular matrix activating the
proteases that degrade the extracellular matrix and aids in epithelial mesenchymal
transition.

4.2 Immunomodulation

The Vja2 isoform of Vacuolar ATPase has an immunomodulatory role in cancer
and pregnancy. Research has shown that Vja2 is required for normal sperm matu-
ration and production in addition to embryo implantation [87, 88]. In the tumor
microenvironment, the N terminal domain of Vja2 polarizes monocytes to become
tumor-associated macrophages (M2 type) and stimulates different monocyte subsets
through the endocytosis pathway [89]. Studies demonstrated that Vpa2 deficiency in
tumor cells alters the resident macrophage population in the tumor microenviron-
ment and affects iz vivo tumor growth [90]. Subunit Va2 is expressed on the primary
granules of neutrophils and maintains the pH in exocytotic pathway for neutrophil
activation [91]. These studies indicate V-ATPase importance as an immunomodulator
in immune responses.

4.3 Warburg effect

Shifting of cancer cells from oxidative phosphorylation to aerobic glycolysis
for energy production is referred as the Warburg effect [92]. Robust glycolytic
cancer cells produce lots of acid and need an efficient proton pumping system to
restore the intracellular pH homeostasis. Several studies have shown that for this
purpose cancer cells rely on V-ATPase more than any other proton exchangers like
Na'H" exchangers, bicarbonate transporters and proton-lactate symporters to
restore the alkaline intracellular pH [93]. V-ATPase also facilitate the activation of
hypoxia induced factor 1 (HIF-1) in glycolytic cancer cells which promotes their
growth [94].

4.4 Acid proteases

Dissolution of extracellular matrix is an essential process needed for the initiation
of cancer invasion and metastasis. Proteases including cathepsins, metal requiring
matrix metalloproteinases (MMP) and gelatinases carry out dissolution of extracel-
lular matrix [95-97]. All these proteases are proenzymes that need an acidic pH
for activation. The V-ATPase are involved in acidification of the extracellular space
around the tumor to activate these proteinases and thus facilitate tumor invasion.

4.5 Drugresistance and V-ATPase inhibitors

Change in pH of microenvironment may influence sensitivity of tumor cells
to chemotherapeutic drugs [98]. Recent studies suggests that the use of V-ATPase
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inhibitors not only causes cytosolic pH alterations leading to cell death but also
enhances drug uptake, thereby making an effective component of combinato-
rial treatment to cancer [99]. In ovarian cancer, Va2 expression contributes in
cisplatin mediated drug resistance and selective inhibition of Va2 could serve as
an efficient strategy to treat chemo-resistant [100]. Currently, Apicularen and
archazolids are reported to be potent and specific inhibitors of V-ATPase [101].
Thus combinatorial use of small molecule inhibitors for V-ATPase along with
cancer drugs will be an effective strategy to treat/combat multi drug resistance
cancers [102].

4.6 Autophagy

Autophagy is the natural process of selective degradation or recycling of macro-
molecules by autophagosomes to lysosomes [103]. In tumors, cells show dependency
on autophagy as tumor progress from primary metastatic stage [104]. The proton
pumping activity of V-ATPase is responsible for activation of lysosomal acid hydro-
lases, which degrade cargo uptake from autophagosomes [105]. Reports confirm the
requirement of functional V-ATPase for autophagy [106]. Additionally V-ATPase
inhibitor Bafilomycin is used as classic inhibitor of autophagy [107], but the exact
role of V-ATPase in membrane dynamics of autophagy flux is not clear.

4.7 Signaling

The endo-lysosomal pathway is important for both positive and negative regula-
tion of signaling pathways [108, 109]. The involvement of V-ATPase in signaling
was first reported, by showing that inhibition of V-ATPase by Bafilomycin affected
internalization of the epidermal growth factor receptor (EGFR) [77]. Studies dem-
onstrated, V-ATPase has been also involved in multiple signal transduction pathways
[110] like Notch, Wnt, transforming growth factor-p (TGF-p) and mammalian Target
Of Rapamycin (m-TOR). Notch signaling depends on the endolysosomal pathway for
its activation, maintenance and degradation of its key pathway mediators [111-113].
Some reports show that through its involvement in acidification of endolysosomal
pathway, V-ATPase is required for the activation of Notch in endosomes as well as for
its degradation in the lysosomes of Drosophila and mammalian cells [48, 114-117].
V-ATPase and Notch crosstalk is significantly important for normal growth as well as
in Alzheimer’s and cancer [118]. Wnt signaling pathway regulates numerous physi-
ological processes. Dysregulation of Wnt pathway is linked to various pathologies
including tumor metastasis [119-121]. The ATP6ap2 acts as an adaptor molecule
between V-ATPase and Wnt receptor complex LRP 5/6 [122]. Furthermore, V-ATPase
indirectly regulates Wnt signaling mediator p-catenin through Notch mediator
NICD and autophagy [119, 123]. Mutations in Va2 are associate with elevated TGFp
signaling in patients with Cutis Laxa disease due to glycosylation defects [124]. Va2
inhibition activates Wnt signaling in a specific subtype of breast cancer called triple
negative breast cancer (TNBC) and TGF-p pathway in mammary epithelial cells
[25, 125]. mTOR regulates cellular growth during stress. Upon stimulation by amino
acids during stress, V-ATPase activate the cascade of signaling events via RagA and
RagC followed by GTP hydrolysis and loading of the mTOR-complexl (mTORC1) to
the lysosomal surface and activated mTORC1 switches the antigrowth to pro-growth
signals [126-129].
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5. V-ATPases in human disease
5.1 Cancer

As mentioned above the role of V-ATPase in cancer is evident. V-ATPases
contribute to the survival and spread of cancer cells through several mechanisms.
One of the ways that V-ATPases have been proposed to promote tumor cell survival
is by maintaining an alkaline cytosolic pH, in contrast to normal cells which use
the Na'K" proton pump to maintain their pH. Tumor cells with hypoxia and high
glycolytic metabolic stage have elevated levels of cytosolic acid [130]. Reports indi-
cates that cancer cells increase V-ATPase biosynthesis and its targeting to the plasma
membrane in order to secrete this increased proton extracellularly and restore the
intracellular pH to support cell growth [131]. Studies have shown that V-ATPase is
localized in plasma membrane of human breast tumors, lung tumors, osteosarcoma
and numerous other cancer cell lines, including Ewing sarcoma, melanoma, breast,
liver, pancreatic, prostate and ovarian cancer [33, 86, 99, 100, 132-137]. Blocking acid
extrusion from the cancer cells after treating with V-ATPAse inhibitors has shown to
increase apoptosis of these cells [138-141]. Decreased pH of the extracellular milieu
driven by the V-ATPase of the cancer cells, can modify chemotherapeutic drugs by
protonation [98], reduces drug uptake, its retention in the cytosol and cytotoxic effect
on tumor [142, 143]. Thus, there is an enhanced efficacy of the chemotherapeutic
drugs when used in combination with V-ATPase inhibitors [144, 145]. Some V-ATPase
mediated mechanisms can be cancer subtype specific, as seen for prostate cancer.
Prostate cancer cells need androgen receptor for proliferation. Hypoxia-inducible
factor 1-alpha (HIF1a) is a transcriptional repressor for androgen receptors [146, 147].
A recent study showed that inhibition of V-ATPase, reduces prostate cancer growth by
reducing the iron-dependent hydroxylation followed by degradation of HIFla [146].
Overexpression of cathepsins, is associated with worse prognosis for different human
cancers [148]. Inhibition of cathepsins reduces metastasis and spread of breast cancer
in mice [149, 150]. Activation of secreted cathepsins happens in the acidic extracel-
lular space, which are acidified by the plasma membrane V-ATPase. V-ATPases have
been detected at the plasma membrane of numerous invasive cancer cell lines. Since
plasma membrane targeting is controlled by isoforms of subunit a, it is likely that
cancer cells will upregulate particular isoforms in order to increase localization of
V-ATPases to the plasma membrane [33, 151]. Immunofluorescence studies in breast
carcinoma showed that the levels of Va3 isoform are higher in the invasive tumor
cells relative to non-invasive and normal breast tissues [132], and inhibition of V(a3
reduces metastasis of murine melanoma [137]. Study with prostate cancer cell line
PC3, demonstrate that there is an increased expression of Vpal and Vpa3 isoforms on
the plasma membrane and siRNA mediated knock down of these isoforms reduces it
growth and in-invasion in cell culture [136]. While Va2 is expressed in ovarian cancer
cell lines [100], Vpa4 is shown to be overexpressed in metastatic breast cancer cell line
MDA-MB231 [33]. Inhibition of V-ATPase hinders the activity of matrix metallopro-
teinase (MMP) MMP2 and MMP9 in different cancers iz vitro [100, 135] and iz vivo
[137]. Significance of the Vpa4 isoform in invasion and metastasis of breast tumors is
established by the CRISPR/ Cas9 mediated knock down of the ATP6V0A4 gene in the
murine breast cancer cell line 4 T1 and loss of its metastatic ability [152]. Different
subunits have significance for specific cancer’s, V;G1 is necessary for stem cell in neu-
rospheres [153], V;E1 in pancreatic cancer cells [135] and V;A1 for gastric cancer [154].
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5.2 Osteoporosis and Osteopetrosis

Healthy bone mass contributes to a healthy skeleton, which is based on the
synchronized activity of the osteoblasts (the bone forming cells) and osteoclast
(the cells for dissolution and reabsorption of the bone matrix). Osteoclasts are multi-
nucleated cells that attaches to the bone surface with their ruffled borders and create
a very acidic compartment called resorption lacunae. It is in the resorption lacunae
that solubilization and degradation of the extracellular matrix, collagen fibers and the
bone matrix happens. V-ATPase are located in the ruffle borders of the osteoclast and
are responsible for the maintaining the acidity of the resorption lacunae. The acidic
pH of the resorption lacunae is important for activation of the multiple hydrolases
needed for bone dissolution. Lack of osteoclast functioning can cause increased bone
density, diminished bone strength and several skeletal defects, a condition referred as
osteopetrosis. Va3 is overexpressed in the highly resorptive osteoclast [155]. V;C1 is
also present with Va3 in the ruffle borders of the osteoclast [156]. As shown by RNAi
studies the isoforms Va3 and V;C1 are essential for the acidic pH of the resorption
lacunae [156]. Isoform V,d2 is needed for cell fusion during osteoclast maturation
[157] and V;B2 is also expressed in the ruffle borders [158]. Mutations in the gene
TCIRG1 that encodes Vja3 are the primary cause of infantile malignant autosomal
recessive osteopetrosis (present in about 50% of the cases), a rare congenital disease
caused by the failure of osteoclasts function.

Another disorder associated with V-ATPase in osteoclast is osteoporosis, which
is characterized by low bone mineral density due to increased bone degradation by
osteoclast and low bone formation by osteoblast. Single nucleotide polymorphism in
the ATP6V1GI gene, which encodes V;G1 and total or partial loss of function of V;H
subunit are shown to have association with osteoporosis [159-161].

5.3 Neurodegenerative diseases

Mutations in V-ATPase subunits isoforms are cause of different neurodegenera-
tive disorders. Autophagy is a housekeeping process involved in the removal of
abnormal and misfolded proteins and damaged organelles from the cells. Autophagy
is dependent on the lysosomal function, which are heavily dependent on the acidic
pH of the lysosomal compartments maintained by the V-ATPases. Autophagy is very
important for terminally differentiated neuronal cells as shown by neurodegeneration
in the mice upon inhibition of autophagic process [162, 163]. Many neurodegenera-
tive disorders including Alzheimer’s disease (AD) are characterized by pathologi-
cal hallmark, like increase in the misfolded protein aggregates in the brain. AD is
characterized by the extracellular plagues made up of insoluble amyloid p (Ap) fibers
[164]. Proteases a, § and y-secretase are needed for proper processing of amyloid
protein. Presenilin-1 (PS1) is a cofactor for y-secretase and mutations in PS1 gene are
associated with familial AD [165]. PS1 is also needed for accurate subcellular traffick-
ing of Val to the neuronal lysosomes. Mutation in PS1 also affect Vjal trafficking
and lysosomal acidification, rescue of lysosomal acidification in PS1 knock out cells
reduces AP build up [118]. Parkinsons, another neurodegenerative disorder is caused
by buildup of a-synuclein aggregates [166]. The ATP6AP2 gene encodes the accessory
subunit for V-ATPase. Mutation in ATP6AP2, also known as Renin/Prorenin receptor,
causes X-linked Parkinsonism with spasticity, an early-onset form of Parkinsonism
with defective lysosomal acidification [167]. Mutation in ATP6AP?2 is also associated
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with the Wolfram syndrome, a neurodegenerative disorder characterized by endo-
plasmic reticulum stress, childhood diabetes mellitus, severe neurological disabilities
[168] and X-linked mental retardation Hedera type (MRXSH), a congenital disorder
of intellectual disability, delayed motor and speech development and epilepsy

[169, 170]. Many other neurodegenerative disorders which are not directly caused by
V-ATPase defects nevertheless exhibit lysosomal impairment [171]. Restoration of
lysosomal function therefore represents an attractive therapeutic concept that should
be investigated further.

5.4 Distal renal tubular acidosis (DRTA) and hearing loss

Intercalated cells of the kidney are the primary regulators of the physiological
urine acidification. They sense the physiological changes in the acidosis/alkalosis
levels and balance it by reorganize the V-ATPase on the apical membrane. The
V-ATPase on the plasma membrane is responsible for acidification of the urine and
maintainence of the physiological pH by the kidneys [23, 80, 172]. The isoforms V;B1
and Vpa4 are characteristics of the apical membrane V-ATPase [173, 174]. As these
V-ATPase are needed for urine acidification, mutation in the genes ATP6V1B1 and
ATP6V0A4 encoding the renal isoforms leads to an autosomal recessive genetic disease
called DRTA [83, 175]. It has been shown that the mutation in the genes causes V0a4
retention in the endoplasmic reticulum and not being able to perform the protonation
of the urine is the cause for DRTA onset [176]. It has also been shown that mice lacking
V1B1 and Va4 develop symptoms similar to human DRTA like metabolic acidosis,
hypokalemia and hearing loss [177-179]. This is treated by administering bicarbonates
to regulate metabolic acidosis. Patients with ATP6V0A4 mutation also present with
hearing loss. V;B1 and Vja4 isoforms are also expressed in the human inner ear and
maintain the endolymph pH homeostasis, necessary for mechano transduction sensi-
tivity and auditory function. Va4 knockout mice present severe deafness associated
with enlarged cochlear and endolymphatic compartments [178]. Alkali treatment does
not help restore the deafness; the conition is treated by the use of hearing devices.

5.5 Cutis laxa (CL) and wrinkly skin syndrome (WSS)

Cutis laxa is a skin condition, characterized by loss of elasticity in the skin tissue.
Skin losses its strength to stretch and instead hangs in loose folds, becomes saggy and
gives wrinkled appearance to the face and others parts of the body. CL is also associ-
ated with variable neurological and skeletal alterations. CL can be both inherited and/
or acquired and is caused by autosomal recessive inheritance of V-ATPase subunit
mutations. It is characterized by impaired Golgi function, glycosylation defects and
delayed retrograde transport from Golgi to endoplasmic reticulum, thus resulting in
abnormal elastic fibers that affect the skin and internal organs [180, 181]. WSS is also
atype of CL caused by mutation in ATP6VOA2 gene. Besides Vya2 mutations, muta-
tions in ATP6VIE1 and ATP6V1A, were also recently associated with CL. However,
each mutation result in CL, but they vary in clinical manifestation, as it is multi-
systemic and also includes risk of cardiopulmonary problems [181].

5.6 Other roles of V-ATPase

Subunit Va4 also targets the V-ATPase to the apical membrane of epididymal clear
cells, but its association with male fertility are not well understood for patients with
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Voa4 mutations [8]. Some studies have shown that the levels of the Va2 is higher in
the fertile male compared to infertile. Study also shows that the higher levels of Vja2
are associated with Sperm capacitation [88]. Zimmermann-Laband syndrome (ZLS)
is a rare genetic disorder characterized by gingival fibromatosis (abnormally large
gum), defects in craniofacial features, nails, ear and nose. In some cases, ZLS is also
associated with mental retardation. Two patient suffering with ZLS showed mutation
in the ATP6V1B2 gene resulting in substitution of proline instead of arginine in the
V;B2 subunit.

Viruses like influenzas virus [182], Sindbis virus [183],and West Nile virus [184]
use the endosomal route for infecting the host cells and delivering its genetic mate-
rial. Host V-ATPase are needed for endosomal compartment acidification, which also
facilitates the uncoating of the virus and release of its genetic material. Pathogenic
fungi use its V-ATPase in establishing the infection, as demonstrated that impairment
of V-ATPase activity, either by V-ATPase inhibitors or deletion of specific subunits/
assembly factors, dramatically diminishes or inhibits virulence-associated traits
[185, 186]. For example, knocking down VPH2 in Candida albicans reduced candidiasis
in mice model [185]. Other examples are the Vyc subunit for C. albicans [186], Voa
for Cryptococcus neoformans [187] that affects fungal infectivity and thus the fungal
V-ATPase subunits can be used as therapeutic targets.

6. Conclusions

V-ATPase are proton pumping ATPase with a housekeeping role of maintain-
ing the pH of the cytosol, organelle lumen and extracellular space. V-ATPase is a
multi-subunit complex with highly regulated assembly and trafficking to the right
compartment. Its multi-subunit complex and different isoforms are the basis for its
diverse location. It works by the rotary mechanism, has two domains: one membrane
embedded, responsible for proton transport and other cytosolic, which carries out
ATP hydrolysis. The reduced pH is in turn, required for processes that involve the
trafficking of intracellular vesicles to their correct destination, post-translational
modification of proteins in cellular compartments and the plasma membrane and
activation of different proteases. It is needed for lysosomal function, autophagy,
immunomodulation and endosomal maturation. V-ATPase are a key component of
the renal apical layer and assist in maintaining the physiological pH and prevent-
ing metabolic acidosis. They are essential for osteoclast functioning which provides
proper skeletal health by working in symphony with osteoblast. Increased plasma
membrane activity of the V-ATPase is the reason for cancer metastasis. V-ATPase
are also required for giving the proper skin texture. As discuss above, the V-ATPase
is clearly involved in many aspects of normal physiological function, and mutation
in the gene for different subunits either leading to lack of proper protein-protein
interaction and/or assembly, mis-localization, loss of function of the subunits, or
hyperactivity are attribute to different human diseases. There are lot of therapeutic
opportunities for V-ATPases-directed therapies. Using inhibitors for the plasma
membrane V-ATPase for cancer and osteoclast is a promising strategy for treating
cancer metastasis and osteoporosis. Restoring the intracellular V-ATPase function
could be a good approach for helping the neurodegenerative disorders associated
with loss or reduced autophagy. Additionally targeting the endosomal V-ATPase can
help reduce viral infection. Combating V-ATPase of the fungal pathogen can be an
effective strategy to use as an antifungal drug. Although V-ATPases are known to play
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arole in sperm maturation and fertilization, their association to male fertility needs
more research. Most of the treatment option for the V-ATPase mediated diseases are
focused on elevating the symptoms not focused on eliminating the root cause. Thus,
research is needed to focus on ways to rescue the activity of these disease associated
mutants. Finding effective inhibitors for V-ATPase has been challenging due to their
ubiquitous role, so far developed V-ATPase inhibitors are toxic and have off target
effects. Thus rigorous research is needed to find effective inhibitors as increasing
evidence is building, highlighting the role of V-ATPase in different human diseases.
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Structural Determinants for Ligand
Accommodation in Voltage Sensors
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and Daniel Balleza

Abstract

After ligand binding, many ion channels undergo rearrangements at the voltage
sensor domain (VSD) that often modulate their gating activity with important
physiological repercussions. Since the VSD is dynamic, it is interesting to establish
a correlation between the potential mobility of this element in terms of its intrinsic
flexibility and its ability to accommodate several ligands by induced-fit mechanisms.
We presume that these associations are not causal since the flexibility of the VSD could
have an important impact on the ligand coupling event. Many significantly flexible
ion channels show a general architecture and composition compatible with important
conformational changes and capable of accommodating chemically diverse agonists. In
this contribution, the structural bases of this subtle and probably unexpected relation-
ship between the VSD flexibility and its influence during the dynamic coupling of the
ligand are exposed. Thus, given its physiological relevance, the study of ion channel
malfunction can be associated with ligand accommodation events to the VSD, which
could depend on its local flexibility. This could contribute to a better understanding of
the molecular bases of a variety of physiological disorders. In consequence, considering
these effects during the protein/ligand interaction could be determinant to the rational
design of novel drugs.

Keywords: voltage sensor, side-chain flexibility, side-chain rotamers, RMSD,
induced-fit docking, conformational selection

1. Introduction

Every cell is defined by its membrane. This amphiphilic molecular matrix is highly
organized and complex in terms of its lipid and protein components. lon channels
have evolved to mediate ion transport throughout membranes always in favor of
electrochemical gradients from free-living bacteria to mammal neurons [1, 2]. In
doing so, these membrane proteins are part of complex physiological networks which
include signal transduction processes, cellular communication, or the propagation of
electrical signals [3]. The voltage-gated ion channel (VGIC) superfamily comprises
dozens of variations on a common theme—(i) a voltage sensor domain (VSD) and
(ii) a pore domain (PD) [4]. This modular architecture has in turn evolved into
activation mechanisms as diverse as the detection of changes in the potential across
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the membrane, the binding of diverse chemical ligands, local membrane stretching,
or subtle changes in temperature or the pH. In consequence, those physical-chemical
variables are often interrelated modulating the ion channel gating but not clearly
defined as exclusive stimuli for a determined protein [5]. In voltage sensing, the VSD
performs important conformational rearrangements moving through the membrane-
electric field and coupling this motion to the opening of the permeation pathway at
the PD. To do this, four transmembrane segments (S1-S4) at the VSD respond sensing
the electric field by translocating the so-called gating charges and by reorganization
of the dipole moments into an aqueous crevice around the S4 segments, so that at any
membrane potential, the charged side-chains of basic residues (mainly Arg and Lys)
are essentially both hydrated and ionized either above or below the plane of the lipid
bilayer (i.e. depolarized or hyperpolarized, respectively) [6].

In that sense, the VSD is clearly a mobile and intrinsically flexible element. A
more detailed analysis of this mobility has revealed the relative flexibility of the
different regions into this domain and clearly demonstrate that helices S1, S2, and
the N-terminal part of S3 (S3a) are relatively more static than the so-called VSD
paddle (S3b-S4) which loop linker show enhanced flexibility at higher temperatures
in molecular simulations [7]. In those iz silico studies, it is also evident that the
segment S4 undergoes hinge bending and swiveling about its central axis, motion
facilitated by the conformational instability of the S3a helix [7, 8]. The intrinsic
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Figure 1.

Flexibility plot for the VSD of Kv1.2-Kv2.1 paddle chimera (PDB code: 2r9r) calculated using the method
previously reported by us [5]. a. Cartoons showing the hyperpolarized (left) and depolarized (right)
conformations of the VSD. b. Plots showing B-factors normalized to a Gumbel distribution according to our
previous studies. Segment S3b-S4, involved in channel activation and the electromechanical coupling exhibits
higher flexibility than the rest of the voltage sensor (S1-S3a).
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(a) (b)

Figure 2.

Thge gating charge transfer center (CTC) in the voltage sensors of Kv channels. a. Ribbon representation of the
four segments (S1-S4) making one VSD of the human ether-a-go-go-velated gene (hRERG) channel (PDB code:
7cn0). b. Close-up view of the CTC highlighting the gating charges on the S4 segment. Side-chains of the positively
charged vesidues on S4 (labeled as R and K) and negative residues D456 and D460 interact forming salt bridges.
The hydrophobic residue F463 controls the energy barrier of the final gating transition. Figures containing
structures weve prepared with Pymol (http://www.pymol.org/).

flexibility of the S3a region facilitates movement of the segment S3b-S4, which in
turn exhibits an even higher flexibility profile due to its composition rich in residues
with small side-chain (Gly, Ser, Thr) and basic residues (Figure 1). Notably, these
predictions have been experimentally confirmed elsewhere [9, 10] and some reports
also indicate that abnormal S4 movements cause pathological effects related for
example to the development of epilepsy [11]. Therefore, it is becoming increasingly
clear that the VSD is a flexible dynamic structure with evident relevance in physi-

ological disorders.

The mechanisms of gating in ion channels have been intensively studied. On
activation, outward S4 motion is associated with specific interactions with conserved
negative countercharges (Asp and Glu) in transmembrane segments S1, S2, and S3
by forming sequential salt bridges with the positively charged residues in S4 inside
an aqueous pore (Figure 2). Such interactions facilitate the translocation of the S4
segment in an energetically unfavorable membrane environment promoting the
sequential salt-bridge formation and the electromechanical activation of the S4-S5
linker, which directly couples voltage sensor movement to the activation gate [12].
These negative countercharges are well-conserved in S1, S2, and S3 transmembrane
segments in Kv channels (Figure 3). Besides, several VSD countercharge mutations
associated with disease phenotypes including neural, cardiac, or skeletal muscle
disorders have also been identified [14]. Despite channelopathies often affect ion
channel gating, many of these pathologies have yet to be functionally or biophysically
characterized. In this regard and given the diverse physiological and pathophysi-
ological functions played by members of the VGIC superfamily, the VSD becomes a
promising target for rational drug design.
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Figure 3.

Sequence logos from the three main subfamilies of voltage-gated potassium channels using the webserver WebLogo
(http://weblogo.threeplusone.com/). The bars below the sequence logos represent the extent of transmembrane
segments S1—S4. The consensus sequences generated are represented statistically, showing the relative conservation
of each vesidue at that position. The height of each letter in every position indicates the maximum theovetical
entropy for protein sequences (measured in bits) [13] which is determined by the number of aligned sequences and
the degree of ambiguity in the alignments for each residue. Blue stars indicate basic residues involved in voltage
sensing on S4. Green circles indicate conserved negative countercharges in S2 and S3. Red hexagon depicts a
well-conserved aromatic residue that controls the transfer of the more inner gating charge, shaping the electric field
inside the voltage sensor. Conserved vesidues addressed in this study ave color-coded as: Red (hydrophobic); green
(acidic); blue (basic); orange (small side-chain); pink (flexible side-chain); and black (rigid side-chain).
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2. The voltage sensor domain as a pharmacological target

There are many reports on the interactions of different intracellular ligands with ion
channels and particularly important is the well-understood interaction of ligands with
the cytosolic tail domain (CTD) in large-conductance calcium-activated potassium
channels (BKc,), which contain several binding sites. Also relevant are the studies of
the interaction of cGMP or cAMP with the cyclic nucleotide-binding domain (CNBD)
in cyclic nucleotide-gated (CNG) and hyperpolarization-activated (HCN) channels.
Structural and functional information has shown that frequently the ligand-binding sites
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in those channels are clustered located at the interface between the cytosolic domain and
the VSD, acting synergistically to activate the gate at the PD [15, 16]. In other studies,
ligands have been found directly coupled to the VSD influencing the channel activation,
opening, closing, or inactivating the pore, such as some protein toxins from tarantula

do [17, 18] or the binding of vanilloids, monoterpenoids, and related compounds to the
$1-S4 domain in the transient receptor potential (TRP) channels [19].

From a structural perspective, the study of interactions between specific
chemical ligands and the VSD in ion channels opens the possibility to rationally
design both agonist and antagonist drugs. Let us have a look at three specific cases—
(1) the voltage- and lipid-gated potassium channel KCNQ2 (Figure 4), (2) the

Glul30
2.4 A
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(d)

Figure 4.

Strgucture of the human Kv7.2 (KCNQ2) channel (PDB accessions codes 7cro (apostate) and 7cr1 (in complex
with 2tz240). a. Ribbon representation of side view showing the VSDs exposed to the lipid bilayer (not shown
here). b. Surface representation showing the ligand-binding pocket as a box. c. the unliganded structure of the
VSD (highlighted in pale green) is superimposed with the one in complex with ligand (highlighted in smudge
green). d. Three-dimensional stick representation of the Kvz.2 pocket in complex with ligand ztz240 (dark
brown). The distances traveled by the side-chain conformational rotamers are shown as dashes. The overlapping
residues correspond to the side-chains involved in ligand binding.
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Figure 5.

Structure of the TRPMS ion channel from the collared flycatcher (Ficedula albicollis) (PDB codes 6bpq
(apostate) and 6nv3 (in complex with icilin, P1(4,5)P2, and Ca’*). a. Ribbon representation of side view.

b. Surface representation showing the ligand-binding pocket as a box. c. The unliganded structure of the VSLD

is highlighted in light blue and superimposed with the one in complex with icilin (semi-dark blue). d. Overlay of
both structures to visualize the side-chain conformation changes (see Figure 3 for details).

cold/menthol activated TRPMS8 channel (Figure 5), and (3) the capsaicin receptor
TRPV1 (Figure 6). Studies on the KCNQ2 (Kv7.2) potassium channel show that the
aromatic amide ztz240, a derivative of niclosamide, binds to the open configuration
of the VSD. This interaction directly couples such a chemical ligand with a binding
pocket of 170 A’ located between some specific residues at segments S2 (Glu130,
Ile134, Phel37) and S4 (Arg207 and Arg210), i.e. precisely in the gating charge
pathway of this ion channel [20]. This raises the possibility to design drugs using
the channel gating pore in voltage-dependent channels as a therapeutic target [21].
In this case, ztz240 and some derived chemotypes have demonstrated important
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(d)

Figure 6.

Structure of the TRPVi1 channel from rat (PDB codes 7lp9 (apostate, 4°C), 7lpe (in complex with capsaicin,
48°C), and 7lpa (in complex with capsaicin, 4°C). a. Side view of the tetramer in ribbon representation.

b. Surface representation showing the ligand-binding pocket as a box. c. The unliganded structure of the VSLD is
highlighted in light orange and superimposed with the one in complex with capsaicin (bright orange). d. Overlay
of structures at 4°C (apostate) and 48°C (in presence of capsaicin) to visualize two different rotamers by residue
(see Figure 3 for details). Inset: Superposition of Argssy side-chain obtained at 4°C for apo- and holo-structures.

anti-epileptic activity, which might be valuable for the treatment of epilepsy (see
below). Remarkably, this interaction in the gating charge pathway of KCNQ2,
considering the induced-fit model, demonstrates that this pocket may accommodate
different activators [20].

In the case of TRPMS, an analog binding pocket has been described as highly
adaptable to accommodate diverse chemical structures in distinct orientations. Both
agonists and antagonists are dynamically recognized in this promiscuous pocket
making the whole S1-S4 domain conformationally dynamic and transmitting these
rearrangements to the TRP helix, but without inducing important changes in its
overall structure [22]. Menthol, the main compound of mint, is the clue activator to
understand how TRPMS channels are ligand-activated. It binds to the cavity formed
between S1 and S4 by a so-called “grab and stand” mechanism. The hydroxyl group
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of menthol works as a hand to specifically grab with Arg842 (segment S4) through
a hydrogen bond, while its isopropyl “legs” stand on residues on S4 through elec-
trostatic interactions. Thus, menthol binding induced widespread conformational
rearrangements in the S1-S4 domain which open the S6 bundle gate to allow ion
permeation [23].

On the other hand, since TRPV1 channels participate in several pathways of
neuronal inflammatory signaling, it also represents an attractive therapeutic target for
the treatment of neuroinflammation, neurodegenerative diseases, and chronic pain.
Feng et al. [24] have studied diverse diarylurea compounds by molecular docking and
dynamics, finding that specific residues located in the interface between the VSD and
the PD are implicated in several van der Waals interactions. Particularly important are
residues Tyr511, Leu518, Leu547, Thr550, Asn551, Arg557, and Leu670. Besides these
observations, residues at the base of the interface between the VSD and the PD (seg-
ments S3, S4, S5, and the S4-S5 linker) are important binding sites for N-(3-fluoro-
4-methylsulfonamidomethylphenyl)urea. Docking analysis of this compound with
human TRPV1 has revealed that hydrogen bonding and n-r interactions with Tyr511
(segment S3) and hydrophobic interactions with two pockets in the S3 and S4 seg-
ments (residues Met514, Leu515 and Leu547, Thr550, respectively) are critical for its
activity. Flexible docking studies have also revealed that N-benzyl phenylsulfonamide
derivatives of 2-(3-fluoro-4- methylsulfonamidophenyl) propanamide specifically
bind to the same pockets, being again critical for the potent activity of these antago-
nists [25, 26]. Notably, conformational analyses have revealed that the S1-S4 domain
in TRPV channels remains relatively static during opening [27-29].

These three examples are mechanistically different, but they all share some-
thing in common, and this is the specific association of their respective ligands
at the VSD, as well as their direct association with the potential difference across
the membrane. However, even though TRP channels have frequently been treated
as strictly ligand-dependent, it is increasingly clear that their voltage sensitivity
could be underestimated [30]. These reports support the idea that the increasingly
available detailed structural information, as well as detailed functional studies,
greatly simplifies the search for chemical modulators with agonistic or antago-
nistic action. In consequence, the identification of potential ligand-binding sites
in the VSD makes the rational design of new drugs, the goal of several research
efforts.

2.1 Side-chain flexibility and ligand accommodation

Proteins are intrinsically flexible. This property derives from the two bonds associ-
ated with the carbon a (Ca), which can freely rotate and contribute to the flexibility
of the main backbone. The torsion angles Phi (@) and Psi (y) represent the rotation
around the Ca-N bond and the one around the Ca-carbonyl bond, respectively.
However, this rotational capacity also depends on the steric and conformational
effects of the associated side-chains. In these terms, one classical structural parameter
to estimate the mobility of each atom into a protein structure is the so-called B-factor,
which reflects the degree of thermal motion and static disorder. This parameter, also
called the Debye—Waller factor, represents the atomic displacement of the macromol-
ecule and is used in protein crystallography to describe the attenuation of X-ray or
neutron scattering caused by thermal motion, which reflects the uncertainty in atom
positions [31, 32]. Therefore, proteins are intrinsically rigid or flexible ultimately
based on their primary sequence.
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From this perspective, in addition to their known physical and chemical properties,
if their relative location parameters are considered, amino acids can also be classified
in terms of their contribution to the flexibility of a given segment within a protein.
The amino acids that are considered rigid generally consist of those that exhibit bulky
side-chains, generally cyclic or aromatic, those that have heavy heteroatoms, and
are generally hydrophobic. On the other hand, amino acids considered flexible are
those having polar side-chains, have charges, or whose side group is only a proton,

i.e. glycine [33]. Proline deserves a separate discussion, as this amino acid has been
considered both rigid and flexible in terms of its kinking effect on alpha helices [34].

Typically, flexibility in proteins has been visualized in terms of local and global
motions, which include— (i) the multiple conformations that a certain residue can
acquire in the polypeptide chain, (ii) local-scale fluctuations in the conformation of
the side chains with respect to the backbone, and (iii) massive movements of subdo-
mains with respect to another part of the protein [35]. In this last regard, a pioneer
study of protein crystal structures shows that intrinsic flexibility can be distinguished
in terms of hinge motions and shear displacements between close-packed segments of
the protein [36]. It is becoming clearer that studying protein flexibility and the mul-
tiple side-chain conformations during molecular docking is very relevant since it may
contribute to a favorable change in the Gibbs binding free energy by optimizing the
van der Waals interactions between the protein and the ligand. This favors a change in
enthalpy and minimizes the decrease in entropy [37, 38], albeit protein flexibility also
depends on several other factors, including heat capacity, conformational entropy;,
salt bridge networks, electrostatic interactions, and the hydrophobic effect [39]. In
any case, the study of side-chain flexibility in ion channels and how it contributes to
ligand accommodation could be critical to understand molecular recognition events
and predict ligand binding. This could open novel therapeutic strategies for the treat-
ment of diverse neuropathic disorders.

2.2 Three cases of study: Kv7.2, TRPMS8, TRPV1

Since flexible regions in proteins can be predicted from the primary sequence
through the evaluation of the normalized B-factor for a determined structure [40],
we have implemented an easy algorithm in Excel based on the procedure carried out
by Smith and cols. [32, 33]. In general terms, B-factor normalization, Bn, depends
on (1) the atomic thermal factor, B, reported on the PDB, (2) the sample mean value
of B-factors, Bm, for a dataset of protein structures, and (3) the standard deviation
of the sample distribution of such factors, Bo, for a determined structure [41]. In
sum, normalized B-factors are indicative of each local residue flexibility that can be
calculated as:

1)

Based on these theoretical principles, we implemented an algorithm to predict local
side-chain flexibility, which correlates the composition of amino acids in a protein
sequence in the context of its N- and C-terminal neighbors. The program assigns a
weighted normalized B-factor value based on a stiffness classification for each amino
acid, in accordance with previously published results [33]. This software, so-called
FlexiProt, includes Trp, Tyr, Phe, Cys, Ile, Val, His, Leu, and Met as rigid amino acids
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and the rest of them, i.e. Gly, Thr, Arg, Ser, Asn, Gln, Asp, Pro, Glu, and Lys as flex-
ible. The program incorporates a graphical generator of local flexibility profiles, based
on primary sequence, to help the user better visualize this disorder parameter for its
subsequent structural evaluation. Flexiprot is friendly and interactive since although
it runs automatically, it allows at all times the possibility of evaluating local subse-
quences for a better prediction of the internal flexibility parameter, based on struc-
tural aspects associated with the theoretical degrees of freedom of the side-chains.
Through this type of sequence analysis, we show in Figure 7 the local flexibility
profiles of three distinct channels for the segments S3 to S4—(1) human KCNQ2
(hKv7.2), (2) mouse TRPM8 (mTRPMS), and (3) rat TRPV1 (rTRPV1). As in the
Kv1.2-2.1 paddle chimera (Figure 1), in these three cases, local flexibility for seg-
ment S4 is always higher than the one for segment S3. However, the profile of the
S3 segment in the TRPV1 channel is significantly stiffer than the other two, which
have similar flexibility profiles for the same segment, although the S4 segment of
the voltage-dependent channel Kv7.2 is considerably more flexible compared to their
thermosensitive counterparts. This notorious flexibility is mainly determined by the
highly conserved Arg residues, responsible for transporting the gating charges in the
voltage sensor during the activation mechanism of these proteins [5]. Considering
the new structures available for this channel in the presence of the ztz240 modula-
tor, whose binding site is precisely in the intimacy of the voltage sensor, it becomes
interesting to analyze the role of side-chain flexibility for each of the interacting
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Figure 7.

Pr%dicted flexibility for segments S3 and S4 in human Kvz.2, TRPMS8 (mouse), and TRPV1 (vat). Flexibility
(defined by B-factor values) using the FlexiProt algorithm according to Ref. [5] shows a higher flexibility profile
for segment S4 compared to S3. Predictions also indicate that the three channels follow the flexibility ranking
TRPV1 < TRPMS < Kvy.2. Asterisk indicates the start of the first turn of the a-helix at the N-terminal part of
segment S3a. mBf: mean B-factor.
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residues and that has been mentioned elsewhere [20, 42]. Figure 4 show this interac-
tion in two conformational states for the VSD of the Kv7.2 channel, in the absence and
presence of the state-dependent modulator ztz240. For a segment of 145 residues that
encompass the integrity of the VSD, a root-mean-square deviation (RMSD) of 1.159 A
is indicative of a fine accommodation for this drug without representing a significant
conformational change of this protein domain. It is clearly noted that the intrinsi-
cally flexible residues Arg207 and Arg 210 at the S4 segment undergo an important
conformational rearrangement that allows the ligand to be adequately accommodated
through van der Waals interactions. The analysis of the structures also indicates that
these residues are displaced 3.0 and 3.3 A respectively. Another important residue,
implicated in the potentiation of the activity of ztz240 is Glu130, an amino acid
considered even more flexible than Arg [33], which is found as a countercharge in

the S2 segment and whose side group moves 2.4 A during the interaction. In contrast
to these data, two other amino acids also important for the interaction, Ile134 and
Phel37—amino acids of a rigid nature—show a rearrangement of 2.3 A and 1.8 A,
respectively. These data suggest that the significant local flexibility of the S4 segment
in this channel strongly contributes to ligand accommodation with minor effects on
the large movements that the VSD experience during activation and that some of the
main residues interact with this ligand move in a range of 1.8-3.3 A.

In TRPMS, a channel described also as sensitive to voltage [43, 44], a similar effect
to Kv7.2/ztz240 is observed. According to recent structural studies of this channel,
icilin, a compound derived from tetrahydropyrimidine-2-one and more potent than
menthol as the agonist, binds to the voltage-sensor-like domain (VSLD) mainly
through van der Waals interactions to residues Tyr745 (S1), Glu782 (S2) Asn799 (S3),
Asp802 (S3), Arg841 (S4), and His844 (S4) [28, 45, 46]. Analogously to that seen in
the Kv7.2 channel, the significant flexibility exhibited by the S3 and S4 segments in the
TRPMS channel contributes to a fine accommodation of icilin through conformational
rearrangements of these amino acids in a range from 2 to 4.6 A (Figure 5D). These
displacements occur in the context of an RMSD of 0.89 A over 123 Ca atoms which
integrate the VSLD of this cold-sensitive channel. Similarly, the interaction of the
antagonist TC-I 2014 in the same cavity of the VSLD [28] induces small rearrange-
ments of the corresponding side-chains implicated in ligand sensitivity, with displace-
ments of around 1-3 A and an average RMSD of 0.427 A (data not shown). Taken
together, these observations suggest that the high flexibility profile in the S3 and pri-
marily the S4 segments of these transmembrane domains facilitates a fine reposition-
ing of the participating side-chains, which are implicated in ligand accommodation.

The case of the transient receptor potential vanilloid subtype 1 channel is slightly
different. Figure 6 shows the interaction of capsaicin with the VSLD of TRPV1. Thanks
to the recently released structural data of TRPV1 channels in presence of this ligand, a
more detailed exploration of such interactions as a function of the associated local flex-
ibility contribution of the VSLD contributes to a better understanding of this process.
For a segment of 166 residues encompassing the whole VSLD and part of the TRPbox,
an RMSD of 0.63 A suggest an almost null conformational change for this part of the
protein in the course of the closed-to-open transition during the ligand interaction, as
it has been previously reported [25]. In this case, residues Val518, Met547, Thr550, and
Asn551 move their side-chains less than 1 A when they interact with capsaicin, whereas
Tyr511 and Arg557 experience a significant displacement of 7.8 A and 5.1 A, respectively.
These observations are consistent with the low predicted local flexibility for segment S3
in this channel (Figure 7, Table1) [5]. Furthermore, they are also in good agreement
with the vision that the VSLD acts as a rigid body during TRPV1 activation [25].
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Channel  S1-S4length (Cat) S3(mBf)  S4(mBf) RMSD(A)  Side-chaindisplacement (A)

Kv7.2 145 144 1.68 116 2.4 (E130)
2.3 (1134)
1.8 (F137)
3.0 (R207)
3.3 (R210)

TRPMS 123 1.48 1.59 0.89 2.0 (Y745)
1.3 (E782)
2.2 (N799)
3.3 (D802)
4.6 (H844)

TRPV1 166 139 1.55 0.63 7.8 (Y511)
0.1 (V518)
0.7 (M547)
0.5 (T550)
5.1 (R557)

mBf, mean B-factor (1/mBf).

Table 1.
Flexibility parameters for the studied channels upon ligand interaction.

Our analysis shows that in this case, the low flexibility profile of the S3 segment
contributes to creating a rigid crevice. This structure accommodates the catechol/
vanilloid ring of capsaicin at the base of the VSLD where the bulky side-chain of
Tyr511 residue rearranges with a displacement of almost 8 A during a transition
from 4 to 48°C. It is very significant that this tyrosine, which frequently is classi-
fied as a rigid side-chain with low conformational entropy, in the context of the
structure of this channel, carries out a significant rearrangement even greater
than Arg557, which has been frequently quantified as much more flexible [33, 47].
Besides, the side-chain of Arg557 at S4 undergoes a conformational rearrangement
of 5.1 A during the interaction but an almost null displacement (0.8 A) if this is
carried out at 4°C (Figure 6D, inset). Indeed, despite its low flexibility, tyrosine
has been considered very effective for mediating molecular recognition maybe
because changing the orientation of its side-chain from gauche negative (g-) to
trans (t) conformation is equivalent to moving the hydroxyl group around 9 A,
which is the length of an average drug molecule [48, 49]. On the other hand, the
motion of Arg557 is associated with the formation of a hydrogen bond with the
Glu570 residue on the S4-S5 linker, leading to its swivel [50]. This also confirms
that arginine often participates in molecular recognition events. The terminal
positively charged guanidinium group of this residue affords multiple geometries
due to its long side-chain can retain substantial residual conformational entropy
occupying several rotameric states, while maintaining specific interactions through
its charged functional group [51]. In sum, we hypothesize that, in contrast with
the mechanism dependent on the large local (S3-S4) flexibility of the voltage-
dependent Kv7.2 channel or the cold/menthol-activated TRPMS8 channel, these
large conformational changes in specific residues compensate for the low mobility
that the whole transmembrane domain (i.e. the VSLD), as a rigid body, undergoes
during TRPV1 activation.
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3. Side-chain flexibility and the dynamic nature of protein-ligand
interactions

Despite the large increase in deposition of crystallographic, NMR, and cryo-
electron microscopy structures in recent years, little dynamic information regarding
the conformational degrees of freedom of protein structures is currently available. In
silico local flexibility theoretical prediction together with molecular dynamics algo-
rithms are likely to be useful in helping to solve this limitation. Diverse computational
strategies have been developed to explore the side-chain rotameric states as a function
of the primary sequence, backbone structure, and ligand interaction by molecular
docking in specific protein motifs [52-54]. Besides, the prediction of protein flex-
ibility [32, 33, 40, 41], as well as its identification and visualization [55], have been
a constant goal in protein research. Side-chain flexibility represents an intrinsic
property of amino acids, as it correlates with configurational entropy differences
and indeed is related to the generation of dynamic rotamers, which are defined as a
particular combination of side-chain dihedral angles [38].

Given the dynamic and multifactorial nature of flexibility in proteins, trying to
predict the binding mode of any ligand is an inspiring challenge. However, the use of
predictive tools, dynamic simulations, and specific experimental tests will facilitate
a better understanding of the molecular mechanisms underlying ligand-dependent
modulation of ion channels. This could be of great impact on the rational design and
discovery of novel drugs. Therefore, in the case of the study of the VSD as a ligand-
binding motif, side-chain flexibility is especially relevant and must be always con-
sidered in light of the induced-fit model and conformational selection mechanisms
[56]. In these terms, since side-chain and also frequently the backbone are subject to
rearrangements upon ligand interaction (see our previous analysis above), we suggest
that any experimental approach to develop novel drugs should be designed from the
perspective of a dynamic target. In this sense, the study by Li and cols. is very relevant
since they identify a hydrophobic pocket inside the charge transfer center (CTC)
of the Kv7.2 channel which can accommodate different chemical ligands [20]. This
enables such openers to regulate ion channel activation and offers new therapeutic
strategies for the treatment of several hyperexcitability disorders, such as epilepsy
and neuropathic pain. Since the VSD exhibits important conformational freedom
during the gating process, it is important to note that this class of ligands preferen-
tially binds to specific conformational states. The compound ztz240, for example,
is accommodated to a hydrophobic pocket only when the VSD is in its activated
conformation. This interaction stabilizes the activated state of the channel, thus
contributing to its antiepileptic activity [57]. Therefore, it is conceivable to consider
the so-called gating pore as an important target for ion channel research given its
potential adaptability to new openers or inhibitors.

In the Figure 8 included at the end of this study, the workflow for the development
of drugs with therapeutic potential is shown sequentially. I silico and structural stud-
ies, from the perspective of the “induced fit” model and the “conformational selec-
tion” hypothesis [58, 59], both contribute to a better understanding of the dynamic
aspects of the protein/ligand interactions. In these terms, the role of side-chain
flexibility becomes pivotal, and methods to predict it, such as the one performed
herein, as well as methods to visualize it, such as those reported elsewhere [55] are
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Figure 8.

Cogmpounds that act on the voltage sensor could be a good alternative for the development of new analgesic drugs
and provide a complement to pain thevapy. After synthesis of a compound with pharmacological potential, ion
channel mutagenesis (1) and associated electrophysiological tests (2) are performed. The study of the activation/
inactivation properties of ionic channels with therapeutic interest (3) is decisive for establishing correlations
between the adaptability of the molecular target and the candidate drug (4). Considering side-chain intrinsic
flexibility and the degree of pocket disorder during these molecular recognition events allows the identification of
residues crucial for drug activity. Finally, the new active compounds ave tested for their in vivo validation using
animal models (5). This strategy could be applied to the discovery of several modulators capable of dealing with
diverse neurological disorders (6).

indispensable analysis tools. By the appropriate selection of chemical candidates with
pharmacological potential, ion channels with defined mutations can be experimen-
tally evaluated, shedding some light on the involvement of specific residues in ligand
accommodation and their effects on voltage sensor regulation. Furthermore, thanks
to the correct study of the flexibility profiles for a given segment, it is also possible

to evaluate the nature of these interactions, providing additional information about
the degrees of freedom necessary for an adequate ligand accommodation. With this
background, experimental testing in animal models and eventual clinical studies
becomes an achievable goal for the treatment of neurological disorders and problems
of acute pain.

From this perspective, the predictive analysis of local flexibility that we have
performed here on three different ion channels clearly shows how the characteristic
ligands of each protein are accommodated in the binding sites generating important
conformational changes in the side-chains of specific residues. In a very revealing
way, we found that the Kv7.2 channel and the TRPMS have a VSD and a VSLD with
high S3-S4 flexibility profiles (mBf of 1.44/1.48 for S3 and 1.68/1.59 for S4, respec-
tively) (Table 1). These domains show small local conformational changes according
to the corresponding RMSD values calculated (1.16 A and 0.89 A respectively),
while on the other hand, a channel such as TRPV1, whose flexibility profile is rather
rigid (mBf = 1.39 for S3 and 1.55 for S4) exhibits a still minor conformational change
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(RMSD = 0.63 A for the equivalent segment) during the interaction with its specific
ligand. Likewise, the conformational changes that we observe in the participat-

ing side-chains are also revealing, since the rotamers generated during the ligand
interaction in flexible VSDs (Kv7.2 and TRPMS) are the result of rotations less than

3 A on average, while in the case of the rigid S1-S4 segment of the TRPV1 channel,
the conformational changes of the side-chains are less than 1 A but two residues, in
particular, Tyr511 (S3) and Arg557 (S4), undergo rotations of 7.8 A and 5.1 A, respec-
tively, which suggest a different mechanism for ligand accommodation. This is even
more revealing when it is considered that the conformational changes observed in the
side-chain of Arg557 were obtained at 48°C [48] while the conformational rotamer
for that residue at 4°C is less than 1 A and that corresponding to Tyr 511 is even higher
(8.2 A) with a side-chain angle rotation of ~101°, which also suggest that motion of
this residue is critical for ligand binding (Figure 6D).

After this analysis, we speculate that two different mechanisms for ligand accom-
modation in ion channels exist, which seem to be dependent on the conformational
freedom of the VSD. These mechanisms could be interpreted as VSDs that have higher
degrees of freedom, i.e. flexible and more prone to fine induced-fit mechanisms,
which adapt better to the ligand through small displacements of multiple participat-
ing side-chains. On the other hand, more rigid VSDs follow the classical lock and
key model for enzyme-substrate interactions, in which the ligand is accommodated
directly but with important conformational changes in certain very specific residues.
The conformational freedom of these specific residues would compensate for the low
mobility observed in the rest of the structure.

4, Conclusions

Flexible regions in proteins are critical elements for the recognition of macro-
molecular interactions and induced molecular flexibility is essential to understand
the principles of molecular recognition between ligand and receptor. However, the
nature of side-chain flexibility is elusive and dynamic processes involving this flexible
component are among the most difficult to characterize. Given its direct participation
in the activation of voltage-dependent channels, the voltage-sensing domain is a very
attractive target from the therapeutic point of view. As side-chain flexibility repre-
sents an intrinsic property of amino acids which is correlated with configurational
entropy differences, it is now known that rotamer changes in specific residues dur-
ing ligand interaction are finely synchronized [38]. Our analysis has confirmed this
claim. According to our predictive algorithm, the local flexibility in S3-S4 segments
which are implied to ligand binding in three different channels, correlated well with
the adaptability of specific residues through the generation of side-chain rotamers
during each interaction. However, what is intriguing is the fact that segments exhibit-
ing high flexibility profiles (i.e. Kv7.2 and TRPMS8) are correlated with small-scale
changes and the generation of side-chain rotamers that are more homogeneously
and subtly accommodated among the participating residues during ligand binding,
while those which are slightly more rigid (i.e. TRPV1) remain practically immobile
during the interaction, except for one or two residues that undergo a very pronounced
conformational rearrangement to accommodate the drug. Since it is assumed that
these new conformations are energetically favorable states [60], in terms of drug
design these observations might not be trivial when considering the induced-fit
model [58, 59] in combination with the conformational selection hypothesis [61].
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In agreement with them, the dynamic binding of drugs to a specific protein target
may lead to chemoselectivity, high ligand affinity as well as the favoring of long resi-
dence times in the binding site. There are many potential interactions if those factors
are considered and reasonably well understood. In these terms, the identification of
side-chain rotamer rearrangements upon ligand binding in combination with the use
of the global RMSD comparison between two protein conformers is more informa-
tive. Thus, the incorporation of predictive tools of side-chain flexibility in protein/
ligand interactions is key to infer dynamic aspects in molecular docking. Besides, the
experimental evaluation of new drugs from this perspective becomes pivotal in the
rational design of therapeutic strategies to control several physiological disorders and
face emerging channelopathies.
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