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1. INTRODUCTION

The membrane of cells and intracellular organelles is
composed of two layers of lipids, preventing the free “in
and out” movement of water and solutes that are neces-
sary for proper cell and organelle function. This move-
ment is then facilitated by the presence of specialized
integral membrane proteins that we categorize as chan-
nels, pumps, and transporters. Because of the multitude
of ions and organic molecules that necessitate transport
across biological membranes, there are hundreds of
proteins (derived from hundreds of genes) fulfilling this
function. Disruption of a single gene or protein function
can have devastating consequences for the survival of
an organism. Many human diseases are linked to delete-
rious mutations in membrane proteins. A priori, there is
no reason to distinguish the diseases that are caused by
channels versus those caused by pumps and transport-
ers. The biology behind functional defects of membrane
proteins, such as loss of function, gain of function, traf-
ficking defects, etc., is shared among all proteins, irre-
spective of their classification (FIGURE 1). As a matter of
fact, the same disease, although maybe with some
unique features, might be caused by a deficit in a chan-
nel or in a transporter. This is the case for Bartter syn-
drome, which is caused by inactivating mutations in
genes encoding the Na-K-2Cl cotransporter-2 NKCC2
(type 1), the K* channel ROMK (type 2), the CI~ channels
CLCNKA and CLCNKB (type 3 and 4b), and barttin, a
B-subunit of the CLCNK channels (type 4a). However,
scientists love to create categories, and therefore disor-
ders caused specifically by disruptions in ion channels
are known as channelopathies. This term was first used
in a publication title in 1993, in reference to a hyperkale-
mic periodic paralysis disorder caused by a sodium
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channel gene (1). Thus, in 2023, we reached 30 years of
research on diseases caused by defects in ion channels,
and with the classification caveat stated above, we
thought it useful to reflect on the topic. In addition, as
the cost of genome sequencing has dropped signifi-
cantly in the past two decades ($1,000,000 in 2007 to
~$600 today), whole exome sequencing of patient
DNA has become somewhat routine, and this has led to
the identification of new mutations. These mutations are
not inherited or associated with family pedigrees, but
they are rather novel or “de novo” mutations that arose
during meiosis or early embryonic development and
therefore became part of the genetic makeup of a dis-
eased individual (2). It is important to note that even if
the origin of these mutations is different, they are other-
wise not intrinsically different in the ways they affect
channel function. Although we are not covering de novo
mutations in depth here, the rise in their numbers will
provide additional insights into channelopathy mecha-
nisms of (3-5).

Since this is an editorial and not a review article, we
cannot be comprehensive and discuss all channels
involved in diseases, including some of the well-studied
channelopathies. We have instead picked a few chan-
nels and diseases representative of some of the major
substrates. We also note that a series of excellent
reviews on ion channels and channelopathies were pub-
lished in the past few years in Physiological Reviews
and in other American Physiological Society (APS) jour-
nals, and those contributions are highlighted in this
editorial.

2. CLASSIFICATION FROM SUBSTRATES

2.1. CI" Channelopathies

The first CI” channelopathy involved the cloning, identi-
fication, and characterization of the cystic fibrosis gene
(6). Cystic fibrosis (CF) is a devastating disease that
affects the lungs, pancreas, sweat glands, and vas defer-
ens. Before the identification of the channel encoded by
the CF gene, it was known that the basic defect was
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Channelopathies. A: possible molecular mechanisms leading to ion channel dysfunction include transcription or trafficking defects, loss-of-

function or gain-of-function of the channel itself, defect in recycling/degradation, and abnormal protein or lipid interactions. B, left: model of Kir2.1 drawn
from the cryogenic electron microscopy tetrameric structure of the human channel protein (PDB: 7ZDZ). The model shows the interaction of one chain
with phosphatidylinositol-4,5-bisphosphate (PIP2). B, right. hypothetical traces reflecting wild-type (blue) and mutant Kir2.1 channel (red) activities.

Figure was made with BioRender.com with permission.

associated with decreased chloride conductance across
the apical membrane of epithelial cells. Upon cloning,
the protein was not originally recognized as a chloride
channel but as a regulator of chloride conductance.
Irrespective, the cloning made it clear that the cystic fi-
brosis transmembrane conductance regulator (CFTR)

protein was defective in cystic fibrosis. A 3-bp deletion
resulting in the absence of a phenylalanine residue
(AF508) was detected in 68% of chromosomes carrying
a CF mutation, while 0/198 chromosomes from normal
individuals carried the mutation (6). Following this origi-
nal report, some 13,000 papers were published, making

24 Physiol Rev - VOL 104 . JANUARY 2024 . www.prv.org
Downloaded from journal s.physiology.org/journal/physrev (151.050.155.010) on October 2, 2024.


http://www.prv.org

¢) CHANNELOPATHIES

CFTR the most studied channelopathy in human medi-
cine. This channelopathy is interesting in two respects.
First, CFTR is the most common monogenic disorder
in Northern European whites, with a carrier frequency
of 1in 24/25 and a birth prevalence of 1in 2,500. This
leads to a population of ~105,000 patients worldwide.
The prevalence of carriers led to the hypothesis that
the AF508 mutation might have had a selective
advantage, like the protection that sickle cell anemia
might have against malaria (7). Second, the loss of this
key residue does not lead to an intrinsic loss of chan-
nel activity, but a loss of membrane expression due to
a trafficking defect (FIGURE 1) (8, 9). Because of this
unique property, drugs have been designed to facili-
tate the trafficking of AF508 to the plasma membrane,
thereby rescuing function and helping CF patients
(10). Note that these agents can also correct other pro-
tein trafficking diseases (10).

Another CI™ channelopathy affects skeletal muscle,
rather than epithelial cells. In the late 1800s, a few goats
in Tennessee displayed an unusual “fainting” pheno-
type. During a 5- to 20-s crisis episode, the animal expe-
rienced complete paralysis and stiffness of its skeletal
muscles leading to an immobility that is associated with
a fall. This fainting was first described in the scientific
literature in 1904 (11) and referred to as a congenital
myotonia in 1939 (12). An alanine to proline substitu-
tion at the COOH-terminal tail of CIC-1 chloride chan-
nel was discovered in 1996 at Vanderbilt University
(13). Around the time the goats were discovered and
became a curiosity, Dr. Asmus Julius Thomsen in
Denmark reported an inheritable condition of delayed
relaxation of skeletal muscle following severe contrac-
tion (14). The first cases of autosomal dominant myoto-
nia congenita were reported to be due to a glycine to
glutamic acid substitution in an extracellular loop of
the CIC-1 channel (15).

The examples provided above are just the tip of the
iceberg. There are over 50 genes encoding Cl~ chan-
nels, most of which participate in critical functions in
the body. Examples of disease states associated with
mutations in chloride channels are as follows: hyperal-
dosteronism [CIC-2 (16)], Dent’s disease [CIC-5 (17)],
osteopetrosis [CIC-7 (18)], Deafness and Bartter syn-
drome [CIC-Kb (19) and Barttin (20)], retinal disease
[bestrophin (21)], and epilepsy [GABA receptor (22)].
These examples, and many others, also emphasize
that ion channel expression determines phenotype.
Some channelopathies, CI~ or others, demonstrate
defined pathology due to restricted channel expres-
sion or compensatory mechanisms in unaffected
organs. Other channelopathies, however, affect sev-
eral organs due to the wide expression of defective
channels.
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2.2. Na* Channelopathies

A significant number of sodium channelopathies affect
the cardiac muscle and heart function. The primary volt-
age-gated sodium channel expressed in cardiac myo-
cytes is Navlb. Encoded by SCN5A, Navl5 is an
essential modulator of cardiac excitability. Nav1.5 expres-
sion at the cardiomyocyte membranes is particularly
enriched at the intercalated disks so that decreased
channel trafficking and expression at the plasma mem-
brane leads to reduced Na™ current and arrhythmogenic
cardiomyopathy (23). The etiology of cardiac Nav1.5 dys-
function is either inherited, due to hundreds of SCN5A
mutations (e.g., congenital long-QT syndrome, Brugada
syndrome, arrhythmogenic cardiomyopathy), or acquired
due to cardiac disease.

Interactions between Navl.5 and other proteins that
are heterogeneously enriched underlie subcellular mod-
ulation of Na* channel activity (24). Given that Nav1.5
forms complexes with interacting proteins, Nav1.5 chan-
nelopathies leading to cardiac disorders could be attrib-
uted to mutations in genes other than SCN5A. Mutations
of genes encoding B-subunits of Nav channel reduce
Nav1.5 activity and are linked to sudden cardiac death in
Brugada syndrome and sudden infant death syndrome
(24). To summarize, cardiac sodium channels are among
the most affected by channelopathies, either due to
mutations in the gene encoding the sodium channel or
in the genes encoding proteins that interact with sodium
channels (FIGURE 1).

Many voltage-gated Na™ channels, other than Nav1.5,
are involved in human diseases. Mutations in Nav1.1, 1.2,
and 1.3 channels that are expressed in the central nerv-
ous system lead to developmental epileptic encephalo-
pathies, epilepsies, and migraines (25). Mutations in
Nav1.4 affect muscle health (26), leading to myotonia
and periodic paralysis, and mutations in the peripheral
nerves Navl.7-1.8 channels lead to neuropathies and
pain perception disorders (27).

The epithelial sodium channel (ENaC) is expressed at
the apical membrane of a variety of epithelial cells where
it moves Na™ from the lumen into the cells for the basolat-
eral Na"-K"-ATPase to pump it into the interstitium. The
channel is expressed in the distal nephron of the kidney
where it participates in the reabsorption of 5% of the fil-
tered Na™ (28), in the lung where it clears alveolar fluid
(29), in the gut where it contributes to intestinal salt reab-
sorption (30), and in the vasculature where it transduces
mechanical stimuli (31), just to cite a few tissues from a
larger list. The channel is composed of a-, -, and y-subu-
nits. Heterozygous mutations in SCNNTA, SCNN1B, and
SCNNI1G, encoding a-, B-, and y-subunits, respectively,
result in Liddle syndrome that is characterized by early
onset salt-sensitive hypertension, hypokalemia, metabolic
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alkalosis, and suppression of plasma renin activity and al-
dosterone secretion (32). The clinical presentations are
compatible with a gain-of-function of the channel. In 1995,
Snyder and colleagues (33) identified a motif in the car-
boxyl-terminal tails of the - and y-subunits, that when
mutated results in increased ENaC cell surface expres-
sion. This motif is absent in truncated mutants of B- and
v-subunits associated with Liddle syndrome. Opposite to
Liddle syndrome is pseudohypoaldosteronism type 1
(PHA1) where loss-of-function mutations in ENaC subunit
genes lead to salt wasting and high concentrations of so-
dium in sweat, stool, and saliva. Mutations in the mineralo-
corticoid receptor gene that regulates ENaC expression
also lead to PHAT1 (34). Thus, depending on the type of
disruption/mechanism of disease, ENaC disruption leads
to different channelopathies.

2.3. K* Channelopathies

Potassium (K*) channels are ubiquitously expressed
and play crucial roles in the regulation of membrane
potential and cell excitability. One of the K™ channel
classes that is prone to channelopathies is the inwardly
rectifying (Kir) K™ channels. It is timely that the American
Journal of Physiology — Cell Physiology recently pub-
lished a series of review articles dedicated to Kir channel
physiology and pathophysiology (35). A well-character-
ized channelopathy affects the strong inwardly rectifying
Kir2.1 channel. Mutations of KCNJ2, encoding Kir2.1,
cause the Andersen-Tawil syndrome in which dominant
mutation carriers suffer from cardiac arrhythmias, skele-
tal muscle weakness (periodic paralysis), and craniofa-
cial and cognitive abnormalities (36—38). Mechanistic
studies into the etiology of the Andersen-Tawil syn-
drome unraveled several KCNJ2 mutations that perturb
the interaction between the channel and the phospho-
inositide phosphatidylinositol-4,5-bisphosphate  (PIP,)
(39, 40). The latter, PIP,, is a cofactor that is crucial and
indispensable for Kir2.1 activation (FIGURE 1). Building
on the original observations 25years ago that PIP, is
necessary for Kir2.1 activity (41), structural analyses con-
firmed that PIP, binds to the channel at sites that have
been linked to pathogenesis (42).

While Andersen-Tawil syndrome’s symptoms predomi-
nantly impact the heart and skeletal muscles, recent stud-
ies have further demonstrated an important role for the
channel in blood flow control in the brain (43). Increases
in external K™ concentrations (K™ ], in the cerebral circu-
lation have been long linked to blood flow increases (44).
Importantly, the Kir2.1 channel conductance increases
profoundly in response to small elevations in [K"Jex.
Recent evidence suggests that extracellular K*, a
byproduct of neural activity (45), increases local blood
flow to active brain regions in a Kir2.1-dependent manner
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(43). In line with the indispensability of PIP, for Kir2.1
function (FIGURE 1), the ability of vascular Kir2.1 to
sustain blood flow increases relies on PIP, availability
(46). Several studies have discovered vascular Kir2.1
channelopathies that are attributed to the unavailabil-
ity of the cofactor PIP, in neurodegenerative and
small vessel diseases (47-49).

PIP, is a crucial and versatile signaling molecule, and
therefore, its dysregulation is implicated in several dis-
eases. PIP, metabolism, for example, is dysregulated
during Alzheimer’s disease (50, 51). Channelopathies
due to compromised PIP,-ion channel interaction apply
not only to K™ channels but to ion channels in general
(52). This stresses that channelopathies could be
caused by inherited changes in the channel itself or by
acquired alterations in channel activity. Altered channel
expression and disrupted channel regulation are possi-
ble changes leading to a channelopathy of a nonmu-
tant channel (FIGURE 1).

2.4. Ca** Channelopathies

The most abundant second messenger in cellular signal
transduction is calcium. Mechanisms involved in Ca®*
handling are diverse and include ion channels and trans-
porters on the plasma membrane and on organellar
membranes. Here, we briefly review a few examples of
Ca’" channelopathies.

2.4.1. Plasma membrane Ca®* channelopathies.

Ca”" channels are expressed at the plasma membrane
of almost all cell types and are involved in a plethora of
cellular functions such as muscle contraction, neurotrans-
mitter release, and fertilization. Different mechanisms
govern Ca’®* channel activation, such as membrane
potential changes (voltage-gated channels), ligand
binding (ligand-gated channels), and Cca’* depletion
from intracellular stores (calcium release-activated
channels).

Voltage-gated Ca®" (Cav) channels are quite diverse
from expression and function standpoints. Cavl.1 is
specifically expressed in skeletal muscle, and there-
fore, all known Cavl.l channelopathies are muscle
diseases such as periodic paralysis, myopathies, malig-
nant hyperthermia susceptibility, and myotonic dystro-
phy type 1. Cav1.4 is primarily expressed in the retina,
explaining why Cav1.4 channelopathies lead to blindness.
Mutations in the gene encoding Cav2.1 are linked to
ataxia and migraine. A gain-of-function mutation in the
gene encoding Cav1.2 causes Timothy syndrome, a multi-
system disorder that affects the heart, the nervous sys-
tem, and the digits (53). The syndrome is characterized
by cardiac arrhythmias and fusion of digits (syndactyly).
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Investigations have unraveled that defective Cav1.2 chan-
nel inactivation underlies the pathological enhancement
of Ca?" influx in cardiac myocytes (54), thus explaining
the lethal arrhythmias.

The association of Timothy syndrome with syndactyly
(54) pointed to a potential role for Cav channels in non-
excitable tissues. Recent work suggested that nonexcit-
able tissues expressing Cavl.2 are affected by the
Timothy syndrome mutation leading to craniofacial de-
velopment defects and immunodeficiency (55). We note
that Cav1.2 function in nonexcitable cells is an interest-
ing area that warrants further attention and has the
potential to reveal novel aspects of voltage-gated chan-
nels (56). A recent study suggested, however, that pore-
forming Cav subunits are truncated and nonfunctional in
nonexcitable T cells, and further showed that auxiliary
B-subunit regulates T-cell function independent of volt-
age-gated Ca®" channel activity (57). It remains also
unclear how Cavl1.2 activation occurs in nonexcitable
cells.

A crucial Ca®™ channel system in nonexcitable tissues
is comprised of STIM1 (at the endoplasmic reticulum
membrane) and ORAI1 (at the plasma membrane), which
together form calcium release-activated channels. Loss-
of-function mutations in genes encoding STIM1 and
ORAI1 are linked to disorders such as muscular hypoto-
nia, immunodeficiency, and ectodermal dysplasia. STIM1
and ORAI1 gain of function mutations cause tubular ag-
gregate myopathy and Stormorken syndrome (58).

2.4.2. Organellar Ca®* channelopathies.

While plasma membrane channelopathies are the
primary focus of this article, equally important chan-
nels are expressed in organelles for which there are
established channelopathies. Organellar Ca®" han-
dling mechanisms include channels that mediate
Ca®" release from the endoplasmic/sarcoplasmic reticu-
lum (59). Ryanodine receptors (RyRs), for instance, mediate
Ca®" release into the cytosol and are prone to hundreds
of mutations. Examples of RyR1 channelopathies in skeletal
muscles are malignant hyperthermia, central core disease,
and congenital myopathy. RyR2 mutations, on the other
hand, are linked to cardiac diseases such as arrhythmias,
catecholaminergic polymorphic ventricular tachycardia,
and sudden cardiac death (59). Inositol 1,4,5-trisphosphate
receptors (IP3Rs) are also critically involved in Ca®" release
into the cytosol and IPsR mutations cause diseases such
as spinocerebellar ataxia, exocrine disorders, and cancer
(59). Another organellar ion channel is the mucolipin tran-
sient receptor potential channel (TRPML1), which is Ca’*
permeable and predominantly expressed on the mem-
branes of lysosomes. TRPML1 mutations lead to mucolipi-
dosis IV and Niemann-Pick disease.
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3. RECENT PHYSIOLOGICAL REVIEWS
ARTICLES

Within the past few years, excellent reviews have been
published in this journal and elsewhere on channelopa-
thies, covering topics as broad as cancer, glomeruli
function, and neuronal and muscle function.

No single ion channel gene mutation leads to uncon-
trolled proliferation, resistance to programmed cell
death, tissue invasion, metastasis, and sustained angio-
genesis. The recent Physiological Reviews article by
Prevarskaya and colleagues (60), however, makes the
case that abnormal ion channel activities (i.e., channelo-
pathies) are involved in cancer and could even be
regarded as “hallmarks” of the disease. Specific exam-
ples of ion channels involved in cancer include ORAI3, a
Ca’"-release activated Ca®* channel in prostate cancer,
and Navl5 in breast cancer. In the ORAI3 example,
impaired Ca’" signaling leads to increased proliferation
and decreased apoptosis. In the Navl5 example,
changes in membrane potential and the microenviron-
ment lead to metastasis. The review further summarizes
the contribution of many channels that affect cell prolif-
eration and cell cycle progression in normal cells and
during cancer. Because perturbations in so many trans-
port proteins affect proliferation, migration, and apopto-
sis resistance, it is evident that cancer is a very complex
disease involving the reconfiguration of entire biological
processes. This reconfiguration also involves changes in
endothelial cells and endothelial cell progenitors, there-
fore affecting new blood vessel formation. Several mem-
bers of the transient receptor potential channel (TRPC)
subfamily are implicated in stimulated angiogenesis (61).
The review also underscores the murky line that sepa-
rates ion channels from other membrane transport pro-
teins, such as pumps, exchangers, and symporters
disease (60). Many of these proteins are involved in the
key processes affected by cancer: cell volume, prolifera-
tion, migration, and membrane potential. Irrespective of
this distinction, the concept of onco-channelopathy is
novel and worth further investigations.

The recent Physiological Reviews article on “lon chan-
nels and channelopathies in glomeruli” (62) takes the
reader through a systematic look at the different cell-
types constituting this complex glomerular structure,
their physiological roles in controlling glomerular filtra-
tion rate, and the many ion channels involved in the pro-
cess of filtration (62). The human kidney consists of
roughly 1 million nephrons, and each of these starts with
a glomerulus or a filtering structure at the intersection
between plasma and pro-urine. Among the cell types
forming glomeruli are mesangial cells that fill the space
between the vessels and possess contractile properties
like those of smooth muscle cells. As such, mesangial
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cells express ion channels involved in contractility:
TRPCs and CI™ channels, involved in depolarization; Cav
channels, responding to depolarization and facilitating
Ca?" influx; large-conductance calcium-activated K™
channels (BKc,); store-operated Ca’" channels; puriner-
gic receptors; and ATP-sensitive K channels (Katp).
Several channels of these are implicated in glomerular
disease (63, 64). In distinction, podocytes are special-
ized “epithelial-like” cells sitting on top of the fenes-
trated endothelial cells. Podocytes allow water and
solutes to pass through junctions, located at foot proc-
esses. Podocytes express a variety of ion channels,
many of which are shared with mesangial cells. They
also express TRPC5 and NMDA receptors, which are
not found in mesangial cells. This is further complicated
by the many intracellular (and extracellular in the case of
ATP) factors that modulate ion channel function. A key
channel involved in glomerular channelopathy is the
nonselective calcium permeant cation channel TRPCG6.
Gain of function mutations in TRPC6 lead to focal seg-
mental glomerulosclerosis, a disease where 60% of
affected individuals progress to end-stage renal disease.
By discussing many aspects of TRPC6 biology (interac-
tion with cytoskeleton, dysregulation by oxidative stress,
effect of high glucose, etc.), the review proposes possi-
ble mechanisms for TRPC6 involvement in injury, loss, or
dedifferentiation of podocytes. As complex as a “mini-
organ” the glomerulus is with all its cell types and ion
channels, it is not surprising that most ion channels men-
tioned above are involved in the etiology of glomerular
disease.

The recent Physiological Reviews article by Mantegazza
and colleagues (65) focused on monogenic sodium chan-
nelopathies of the brain and skeletal muscles. The opening
of voltage-activated Na™ channels is the first step in the
creation of an action potential. This electrical signal drives
contraction of skeletal and heart muscle cells and enables
signal propagation along axons for neurons to communi-
cate. The fourth transmembrane segment (S4) in the pore-
forming alpha subunit of Navlx channels is sensitive to
membrane voltage. In response to depolarization and hy-
perpolarization, the entire S4 segment moves up and
down, thereby transmitting information to the pore. The
pore is composed of the neighboring fifth and sixth trans-
membrane segments. The review by Mantegazza et al.
(65) delves into the different regions of the Nav1.x protein
that control the biophysical properties of the channel, and
highlights the mutations in Navl.4 (SCN4A gene) and
Nav1.6 (SCN8A gene) leading to muscle paralysis (65).
Mutations in segments coupling voltage sensor movement
to pore opening in Nav1.4 cause hyperkalemic periodic pa-
ralysis. Mutations can also lead to paramyotonia congenita,
potassium-aggravated myotonia, and other paralysis disor-
ders. The list of Nav mutations is long, and different
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mutations in different domains will lead to diverse and
complex clinical presentations. Importantly, mutations in
Nav1.1 are linked to epilepsy, and therefore, the channels
are targets for some antiepileptic drugs (e.g., phenyt-
oin, carbamazepine). The severity of the epilepsy-
causing mutation often determines the type of epi-
lepsy experienced by the carrier. Navl.1 is the most
frequently mutated Na™ channel leading to a spec-
trum of epilepsy syndromes ranging from mild febrile
seizures to intractable, drug-resistant developmental
and epileptic encephalopathies (66).

4. CONCLUDING REMARKS

Hundreds of human genes encode for ion channels.
Considering the intimate involvement of ion channels in
almost all aspects of physiology, it is well established
that ion channel modulation or dysfunction is linked to a
variety of diseases such as arrhythmias, cystic fibrosis,
and epilepsy. The first use of the term “channelopathy”
dates to three decades ago. Discoveries unraveling
channelopathies and their impacts on human health
continue to expand. This is, in part, attributed to
recent advances in our understanding of the role of
ion channels in human physiology and pathophysiol-
ogy and high-throughput genetic screens of large
human populations.

Similar to G protein-coupled receptors, which are the
most studied drug targets, ion channels are well recog-
nized as important therapeutic targets for treating sev-
eral diseases (e.g., calcium channels blockers as
antihypertensive medications; sodium channel blockers
as antiepileptic drugs). Understanding channelopathies,
whether genetic or acquired and whether attributed to
changes in ion channels themselves or in interacting
proteins or lipids (FIGURE 1), holds a significant potential
for the development of therapeutic interventions that
are most needed.

CORRESPONDENCE

O. F. Harraz (Osama.harraz@uvm.edu); E. Delpire (eric.
delpire@Vanderbilt.edu).

GRANTS

O.F.H. is supported by the National Heart, Lung, and Blood
Institute (ROTHL169681), the National Institute of Aging
(R21AG082193), the National Institute of General Medical
Sciences (P20GM135007), the American Heart Association
(20CDA35310097), the Bloomfield Early Career Professorship

Physiol Rev - VOL 104 . JANUARY 2024 . www.prv.org

Downloaded from journals.physiology.org/journal/physrev (151.050.155.010) on October 2, 2024.


mailto:Osama.harraz@uvm.edu
mailto:eric.delpire@Vanderbilt.edu
mailto:eric.delpire@Vanderbilt.edu
http://www.prv.org

¢) CHANNELOPATHIES

in Cardiovascular Research, the Totman Medical Research
Trust, the Larner College of Medicine, University of Vermont,
and the Cardiovascular Research Institute of Vermont. E.D. is
supported by the National Institute of Diabetes and Digestive
and Kidney (RO1DK093501 and RO1DK110375) and the Leducq
Foundation (17CVDOQ5).

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by
the authors.

AUTHOR CONTRIBUTIONS

O.F.H. and E.D. prepared figures; O.F.H. and E.D. drafted
manuscript; O.F.H. and E.D. edited and revised manuscript;
O.F.H. and E.D. approved final version of manuscript.

REFERENCES

1. Wang J, Zhou J, Todorovic SM, Feero WG, Barany F, Conwit R,
Hausmanowa-Petrusewicz |, Fidzianska A, Arahata K, Wessel HB.
Molecular genetic and genetic correlations in sodium channelopa-
thies: lack of founder effect and evidence for a second gene. Am J
Hum Genet 52:1074-1084, 1993.

2. Acuna-Hidalgo R, Veltman JA, Hoischen A. New insights into the
generation and role of de novo mutations in health and disease.
Genome Biol 17: 241, 2016. doi:10.1186/513059-016-1110-1.

3. Wedekind H, Smits JP, Schulze-Bahr E, Arnold R, Veldkamp MW,
Bajanowski T, Borggrefe M, Brinkmann B, Warnecke |, Funke H,
Bhuiyan ZA, Wilde AA, Breithardt G, Haverkamp W. De novo
mutation in the SCN5A gene associated with early onset of sud-
den infant death. Circulation 104: 1158-1164, 2001. doi:10.1161/
hc3501.095361.

4. Halvorsen M, Gould L, Wang X, Grant G, Moya R, Rabin R,
Ackerman MJ, Tester DJ, Lin PT, Pappas JG, Maurano MT,
Goldstein DB, Tsien RW, Devinsky O. De novo mutations in child-
hood cases of sudden unexplained death that disrupt intracellular
Ca(2+) regulation. Proc Natl Acad Sci U S A 118: 2115140118, 2021.
doi:10.1073/pnas.2115140118.

5. Torok F, Tezcan K, Filippini L, Ferndndez-Quintero ML, Zanetti L,
Liedl KR, Drexel RS, Striessnig J, Ortner NJ. Germline de novo vari-
ant F747S extends the phenotypic spectrum of CACNAID Ca2+
channelopathies. Hum Mol Genet 32: 847-859, 2023. doi:10.1093/
hmg/ddac248.

6. Riordan JR, Rommens JM, Kerem B, Alon N, Rozmahel R, Grzelczak
Z, Zielenski J, Lok S, Plavsic N, Chou JL. and Identification of the
cystic fibrosis gene: cloning and characterization of complementary
DNA. Science 245:1066-1073, 1989. doi:10.1126/science.2475911.

7. Wiuf C. Do delta F508 heterozygotes have a selective advantage?
Genet Res 78: 41-47, 2001. doi:10.1017/s0016672301005195.

8. Welsh MJ, Anderson MP, Rich DP, Berger HA, Denning GM,
Ostedgaard LS, Sheppard DN, Cheng SH, Gregory RJ, Smith AE.
Cystic fibrosis transmembrane conductance regulator: a chloride

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

channel with novel regulation. Neuron 8: 821-829, 1992.
doi:10.1016/0896-6273(92)90196-k.

Kartner N, Augustinas O, Jensen TJ, Naismith AL, Riordan JR.
Mislocalization of delta F508 CFTR in cystic fibrosis sweat gland.
Nat Genet 1: 321-327,1992. doi:10.1038/ng0892-321.

Sampson HM, Lam H, Chen PC, Zhang D, Mottillo C, Mirza M,
Qasim K, Shrier A, Shyng SL, Hanrahan JW, Thomas DY.
Compounds that correct F508del-CFTR trafficking can also cor-
rect other protein trafficking diseases: an in vitro study using cell
lines. Orphanet J Rare Dis 8: 11, 2013. doi:10.1186/1750-1172-8-11.

White GR, Plaskett J. “Nervous”, “stiff-legged”, or “fainting” goats.
Am Vet Rev 28: 556-560, 1904.

Brown GL, Harvey AM. Congeital myotonia in the goat. Anat Rec
55:12,1939.

Beck CL, Fahlke C, George AL Jr. Molecular basis for decreased
muscle chloride conductance in the myotonic goat. Proc Natl Acad
Sci U S A 93: 11248-11252, 1996. doi:10.1073/pnas.93.20.11248.

Thomsen J. Tonische krampfe in willklrlich beweglichen Muskeln
infolge von ererbter psychischer disposition (ataxia muscularis?).
Archiv Psychiatrie 6: 702-718, 1876. doi:10.1007/BF02164912.

George AL Jr, Crackower MA, Abdalla JA, Hudson AJ, Ebers GC.
Molecular basis of Thomsen’s disease (autosomal dominant myoto-
nia congenita). Nat Genet 3: 305-310, 1993. doi:10.1038/ng0493-
3065.

Scholl Ul, Stolting G, Schewe J, Thiel A, Tan H, Nelson-Williams C,
Vichot AA, Jin SC, Loring E, Untiet V, Yoo T, Choi J, Xu S, Wu A,
Kirchner M, Mertins P, Rump LC, Onder AM, Gamble C, McKenney D,
Lash RW, Jones DP, Chune G, Gagliardi P, Choi M, Gordon R,
Stowasser M, Fahlke C, Lifton RP. CLCN2 chloride channel mutations
in familial hyperaldosteronism type Il. Nat Genet 50: 349-354, 2018.
doi:10.1038/s41588-018-0048-5.

George AL Jr. Chloride channels and endocytosis: CIC-5 makes a
dent. Proc Natl Acad Sci U S A 95: 7843-7845, 1998. doi:10.1073/
pnas.95.14.7843.

Kornak U, Kasper D, Bosl MR, Kaiser E, Schweizer M, Schulz A,
Friedrich W, Delling G, Jentsch TJ. Loss of the CIC-7 chloride chan-
nel leads to osteopetrosis in mice and man. Cell 104: 205-215,
2001. doi:10.1016/s0092-8674(01)00206-9.

Simon DB, Bindra RS, Mansfield TA, Nelson-Williams C, Mendonca
E, Stone R, Schurman S, Nayir A, Alpay H, Bakkaloglu A, Rodriguez-
Soriano J, Morales JM, Sanjad SA, Taylor CM, Pilz D, Brem A,
Trachtman H, Griswold W, Richard GA, John E, Lifton RP. Mutations
in the chloride channel gene, CLCNKB, cause Bartter’s syndrome
type lll. Nat Genet 17: 171-178, 1997. doi:10.1038/ng1097-171.

Estévez R, Boettger T, Stein V, Birkenhdger R, Otto E, Hildebrandt
F, Jentsch TJ. Barttin is a CI~ channel beta-subunit crucial for renala
CI~ reabsorption and inner ear K* secretion. Nature 414: 558-561,
2001. doi:10.1038/35107099.

Petrukhin K, Koisti MJ, Bakall B, Li W, Xie G, Marknell T, Sandgren
O, Forsman K, Holmgren G, Andreasson S, Vujic M, Bergen AA,
McGarty-Dugan V, Figueroa D, Austin CP, Metzker ML, Caskey CT,
Wadelius C. Identification of the gene responsible for Best macular
dystrophy. Nat Genet 19: 241-247,1998. doi:10.1038/915.

Baulac S, Huberfeld G, Gourfinkel-An |, Mitropoulou G, Beranger A,
Prud’homme JF, Baulac M, Brice A, Bruzzone R, LeGuern E. First
genetic evidence of GABA(A) receptor dysfunction in epilepsy: a
mutation in the gamma2-subunit gene. Nat Genet 28: 46—48, 2001.
doi:10.1038/ng0501-46.

Physiol Rev -VOL 104 . JANUARY 2024 . www.prv.org

Downloaded from journals.physiology.org/journal/physrev (151.050.155.010) on October 2, 2024.

29


https://doi.org/10.1186/s13059-016-1110-1
https://doi.org/10.1161/hc3501.095361
https://doi.org/10.1161/hc3501.095361
https://doi.org/10.1073/pnas.2115140118
https://doi.org/10.1093/hmg/ddac248
https://doi.org/10.1093/hmg/ddac248
https://doi.org/10.1126/science.2475911
https://doi.org/10.1017/s0016672301005195
https://doi.org/10.1016/0896-6273(92)90196-k
https://doi.org/10.1038/ng0892-321
https://doi.org/10.1186/1750-1172-8-11
https://doi.org/10.1073/pnas.93.20.11248
https://doi.org/10.1007/BF02164912
https://doi.org/10.1038/ng0493-305
https://doi.org/10.1038/ng0493-305
https://doi.org/10.1038/s41588-018-0048-5
https://doi.org/10.1073/pnas.95.14.7843
https://doi.org/10.1073/pnas.95.14.7843
https://doi.org/10.1016/s0092-8674(01)00206-9
https://doi.org/10.1038/ng1097-171
https://doi.org/10.1038/35107099
https://doi.org/10.1038/915
https://doi.org/10.1038/ng0501-46
http://www.prv.org

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

30

) HARRAZ AND DELPIRE

Remme CA. SCN5A channelopathy: arrhythmia, cardiomyopathy,
epilepsy and beyond. Philos Trans R Soc Lond B Biol Sci 378:
20220164, 2023. doi:10.1098/rsth.2022.0164.

Marchal GA, Remme CA. Subcellular diversity of Nav1.5 in cardio-
myocytes: distinct functions, mechanisms and targets. J Physiol
601: 941-960, 2023. doi:10.1113/JP283086.

Wolff M, Johannesen KM, Hedrich UB, Masnada S, Rubboli G,
Gardella E, et al. Genetic and phenotypic heterogeneity suggest
therapeutic implications in SCN2A-related disorders. Brain 140:
13161336, 2017. doi:10.1093/brain/awx054.

Zaharieva IT, Thor MG, Oates EC, van Karnebeek C, Hendson G,
Blom E, et al. Loss-of-function mutations in SCN4A cause severe
foetal hypokinesia or ‘classical’ congenital myopathy. Brain 139:
674-691, 2016. doi:10.1093/brain/awv352.

McDermott LA, Weir GA, Themistocleous AC, Segerdahl AR,
Blesneac |, Baskozos G, Clark AJ, Millar V, Peck LJ, Ebner D, Tracey
I, Serra J, Bennett DL. Defining the functional role of Na(V)1.7 in
human nociception. Neuron 101: 905-919.e8, 2019. €908 doi:10.
1016/j.neuron.2019.01.047.

Mutchler SM, Kirabo A, Kleyman TR. Epithelial sodium channel and
salt-sensitive hypertension. Hypertension 77: 759-767, 2021.
doi:10.1161/HYPERTENSIONAHA.120.14481.

Matalon S, Lazrak A, Jain L, Eaton DC. Invited review: biophysi-
cal properties of sodium channels in lung alveolar epithelial
cells. J Appl Physiol (1985) 93: 1852-1859, 2002. doi:10.1152/
japplphysiol.01241.2001.

Zeissig S, Bergann T, Fromm A, Bojarski C, Heller F, Guenther U,
Zeitz M, Fromm M, Schulzke JD. Altered ENaC expression leads to
impaired sodium absorption in the noninflamed intestine in Crohn’s
disease. Gastroenterology 134: 1436-1447, 2008. doi:10.1053/j.
gastro.2008.02.030.

Chifflet S, Hernandez JA. The epithelial sodium channel and the
processes of wound healing. Biomed Res Int 2016: 5675047,
2016., doi:10.1155/2016/5675047.

Liddle GW, Bledsoe T, Coppage WS Jr. A familial renal disorder sim-
ulating primary aldosteronism but with negligible aldosterone
secretion. Trans Assoc Am Phys 76: 199-213, 1963.

Snyder PM, Price MP, McDonald FJ, Adams CM, Volk KA, Zeiher
BG, Stokes JB, Welsh MJ. Mechanism by which Liddle’s syndrome
mutations increase activity of a human epithelial Na+ channel. Cell
83:969-978, 1995. d0i:10.1016/0092-8674(95)90212-0.

Geller DS, Rodriguez-Soriano J, Vallo Boado A, Schifter S, Bayer M,
Chang SS, Lifton RP. Mutations in the mineralocorticoid receptor
gene cause autosomal dominant pseudohypoaldosteronism type I.
Nat Genet 19: 279-281, 1998. d0i:10.1038/966.

Denton JS, Delpire E. Special collection on inward rectifying K*
channels. Am J Physiol Cell Physiol 324: C603—-C605, 2023.
doi:10.1152/ajpcell.00457.2022.

Plaster NM, Tawil R, Tristani-Firouzi M, Canun S, Bendahhou S,
Tsunoda A, Donaldson MR, lannaccone ST, Brunt E, Barohn R,
Clark J, Deymeer F, George AL Jr, Fish FA, Hahn A, Nitu A, Ozdemir
C, Serdaroglu P, Subramony SH, Wolfe G, Fu YH, Ptacek LJ.
Mutations in Kir2.1 cause the developmental and episodic electrical
phenotypes of Andersen’s syndrome. Cell 105: 511-519, 2001.
doi:10.1016/s0092-8674(01)00342-7.

Andelfinger G, Tapper AR, Welch RC, Vanoye CG, George AL Jr,
Benson DW. KCNJ2 mutation results in Andersen syndrome with

38.

39.

40.

4.

42.

43.

44,

45.

46.

47.

48.

49.

50.

sex-specific cardiac and skeletal muscle phenotypes. Am J Hum
Genet 71: 663-668, 2002. doi:10.1086/342360.

Tristani-Firouzi M, Jensen JL, Donaldson MR, Sansone V, Meola G,
Hahn A, Bendahhou S, Kwiecinski H, Fidzianska A, Plaster N, Fu
YH, Ptacek LJ, Tawil R. Functional and clinical characterization of
KCNJ2 mutations associated with LQT7 (Andersen syndrome). J
Clin Invest 110: 381-388, 2002. doi:10.1172/JCI15183.

Lopes CM, Zhang H, Rohacs T, Jin T, Yang J, Logothetis DE.
Alterations in conserved Kir channel-PIP2 interactions underlie
channelopathies. Neuron 34: 933-944, 2002. doi:10.1016/s0896-
6273(02)00725-0.

Donaldson MR, Jensen JL, Tristani-Firouzi M, Tawil R, Bendahhou
S, Suarez WA, Cobo AM, Poza JJ, Behr E, Wagstaff J, Szepetowski
P, Pereira S, Mozaffar T, Escolar DM, Fu YH, Ptédcek LJ. PIP2 binding
residues of Kir2.1 are common targets of mutations causing
Andersen syndrome. Neurology 60: 1811-1816, 2003. doi:10.1212/
01.wnl.0000072261.14060.47.

Huang CL, Feng S, Hilgemann DW. Direct activation of inward rectifier
potassium channels by PIP2 and its stabilization by Gbetagamma.
Nature 391: 803-806, 1998. doi:10.1038/35882.

Donaldson M, Yoon G, Fu Y-H, Ptacek L. Andersen-Tawil syndrome:
a model of clinical variability, pleiotropy, and genetic heterogeneity.
Ann Med 36: 92-97, 2004. doi:10.1080/17431380410032490.

Longden TA, Dabertrand F, Koide M, Gonzales AL, Tykocki NR,
Brayden JE, Hill-Eubanks D, Nelson MT. Capillary K(+)-sensing ini-
tiates retrograde hyperpolarization to increase local cerebral blood
flow. Nat Neurosci 20: 717-726, 2017. doi:10.1038/nn.4533.

Kuschinsky W, Wahl M, Bosse O, Thurau K. Perivascular potassium
and pH as determinants of local pial arterial diameter in cats. A
microapplication study. Circ Res 31: 240—247, 1972. doi:10.1161/01.
res.31.2.240.

Ballanyi K, Doutheil J, Brockhaus J. Membrane potentials and
microenvironment of rat dorsal vagal cells in vitro during energy
depletion. J Physiol 495: 769-784, 1996. doi:10.1113/jphysiol.1996.
sp021632.

Harraz OF, Longden TA, Dabertrand F, Hill-Eubanks D, Mt N.
Endothelial GgPCR activity controls capillary electrical signaling
and brain blood flow through PIP(2) depletion. Proc Natl Acad Sci
U S A 115: €3569-e3577, 2018. doi:10.1073/pnas.1800201115.

Mughal A, Harraz OF, Gonzales AL, Hill-Eubanks D, Nelson MT. PIP
(2) improves cerebral blood flow in a mouse model of Alzheimer’s
disease. Function (Oxf) 2: zqab010, 2021. doi:10.1093/function/
zqab010.

Dabertrand F, Harraz OF, Koide M, Longden TA, Rosehart AC, Hill-
Eubanks DC, Joutel A, Nelson MT. PIP(2) corrects cerebral blood
flow deficits in small vessel disease by rescuing capillary Kir2.1 ac-
tivity. Proc Natl Acad Sci U S A 118: €2025998118, 2021. doi:10.
1073/pnas.2025998118.

Thakore P, Yamasaki E, Ali S, Sanchez Solano A, Labelle-Dumais C,
Gao X, Chaumeil MM, Gould DB, Earley S. PI3K block restores
age-dependent neurovascular coupling defects associated with
cerebral small vessel disease. Proc Natl Acad Sci USA 120:
€2306479120, 2023. doi:10.1073/pnas.2306479120.

Strosznajder JB, Zambrzycka A, Kacprzak MD, Strosznajder RP.
Amyloid beta peptide 25-35 modulates hydrolysis of phosphoinosi-
tides by membrane phospholipase(s) C of adult brain cortex. J Mol
Neurosci 12: 101-109, 1999. doi:10.1007/BF02736924.

Physiol Rev - VOL 104 . JANUARY 2024 . www.prv.org
Downloaded from journals.physiology.org/journal/physrev (151.050.155.010) on October 2, 2024.


https://doi.org/10.1098/rstb.2022.0164
https://doi.org/10.1113/JP283086
https://doi.org/10.1093/brain/awx054
https://doi.org/10.1093/brain/awv352
https://doi.org/10.1016/j.neuron.2019.01.047
https://doi.org/10.1016/j.neuron.2019.01.047
https://doi.org/10.1161/HYPERTENSIONAHA.120.14481
https://doi.org/10.1152/japplphysiol.01241.2001
https://doi.org/10.1152/japplphysiol.01241.2001
https://doi.org/10.1053/j.gastro.2008.02.030
https://doi.org/10.1053/j.gastro.2008.02.030
https://doi.org/10.1155/2016/5675047
https://doi.org/10.1016/0092-8674(95)90212-0
https://doi.org/10.1038/966
https://doi.org/10.1152/ajpcell.00457.2022
https://doi.org/10.1016/s0092-8674(01)00342-7
https://doi.org/10.1086/342360
https://doi.org/10.1172/JCI15183
https://doi.org/10.1016/s0896-6273(02)00725-0
https://doi.org/10.1016/s0896-6273(02)00725-0
https://doi.org/10.1212/01.wnl.0000072261.14060.47
https://doi.org/10.1212/01.wnl.0000072261.14060.47
https://doi.org/10.1038/35882
https://doi.org/10.1080/17431380410032490
https://doi.org/10.1038/nn.4533
https://doi.org/10.1161/01.res.31.2.240
https://doi.org/10.1161/01.res.31.2.240
https://doi.org/10.1113/jphysiol.1996.sp021632
https://doi.org/10.1113/jphysiol.1996.sp021632
https://doi.org/10.1073/pnas.1800201115
https://doi.org/10.1093/function/zqab010
https://doi.org/10.1093/function/zqab010
https://doi.org/10.1073/pnas.2025998118
https://doi.org/10.1073/pnas.2025998118
https://doi.org/10.1073/pnas.2306479120
https://doi.org/10.1007/BF02736924
http://www.prv.org

51.

52.

53.

54.

55.

56.

57.

58.

¢) CHANNELOPATHIES

Jope RS, Song L, Li X, Powers R. Impaired phosphoinositide hydro-
lysis in Alzheimer’s disease brain. Neurobiol Aging 15: 221-226,
1994. doi:10.1016/0197-4580(94)90116-3.

Logothetis DE, Petrou VI, Adney SK, Mahajan R. Channelopathies
linked to plasma membrane phosphoinositides. Pflugers Arch 460:
321-341, 2010. doi:10.1007/s00424-010-0828-y.

Bidaud I, Mezghrani A, Swayne LA, Monteil A, Lory P. Voltage-gated
calcium channels in genetic diseases. Biochim Biophys Acta 1763:
1169-1174, 2006. doi:10.1016/j.bbamcr.2006.08.049.

Splawski I, Timothy KW, Decher N, Kumar P, Sachse FB, Beggs
AH, Sanguinetti MC, Keating MT. Severe arrhythmia disorder
caused by cardiac L-type calcium channel mutations. Proc
Natl Acad Sci USA 102: 8089-8096, 2005. doi:10.1073/pnas.
0502506102.

Pitt GS, Matsui M, Cao C. Voltage-gated calcium channels in nonex-
citable tissues. Annu Rev Physiol 83: 183—203, 2021. doi:10.1146/
annurev-physiol-031620-091043.

Trebak M, Kinet JP. Calcium signalling in T cells. Nat Rev Immunol
19:154-169, 2019. doi:10.1038/541577-018-0110-7.

Erdogmus S, Concepcion AR, Yamashita M, Sidhu |, Tao AY, Li
W, Rocha PP, Huang B, Garippa R, Lee B, Lee A, Hell JW, Lewis
RS, Prakriya M, Feske S. Cavf1 regulates T cell expansion and
apoptosis independently of voltage-gated Ca(2+) channel func-
tion. Nat Commun 13: 2033, 2022. doi:10.1038/s41467-022-
29725-3.

Silva-Rojas R, Laporte J, Bohm J. STIM1/ORAI1 loss-of-function and
gain-of-function mutations inversely impact on SOCE and calcium
homeostasis and cause multi-systemic mirror diseases. Front
Physiol 11: 604941, 2020. doi:10.3389/fphys.2020.604941.

Physiol Rev -VOL 104 . JANUARY 2024 . www.prv.org

59.

60.

61.

62.

63.

64.

65.

66.

Woll KA, Van Petegem F. Calcium-release channels: structure and
function of IP(3) receptors and ryanodine receptors. Physiol Rev
102: 209-268, 2022. doi:10.1152/physrev.00033.2020.

Prevarskaya N, Skryma R, Shuba Y. lon channels in cancer: are can-
cer hallmarks oncochannelopathies? Physiol Rev 98: 559-621,
2018. doi:10.1152/physrev.00044.2016.

Zhu'Y, Pan Q, Meng H, Jiang Y, Mao A, Wang T, Hua D, Yao X, Jin
J, Ma X. Enhancement of vascular endothelial growth factor release
in long-term drug-treated breast cancer via transient receptor
potential channel 5-Ca(2+)-hypoxia-inducible factor 1o pathway.
Pharmacol Res 93: 36-42, 2015. doi:10.1016/j.phrs.2014.12.006.

Staruschenko A, Ma R, Palygin O, Dryer SE. lon channels and chan-
nelopathies in glomeruli. Physiol Rev 103: 787-854, 2023.
doi:10.1152/physrev.00013.2022.

Kim EY, Alvarez-Baron CP, Dryer SE. Canonical transient receptor
potential channel (TRPC)3 and TRPC6 associate with large-con-
ductance Ca2+-activated K+ (BKCa) channels: role in BKCa traf-
ficking to the surface of cultured podocytes. Mol Pharmacol 75:
466-477,2009. doi:10.1124/mol.108.051912.

Hu S, Han R, Chen L, Qin W, Xu X, Shi J, Zhu X, Zhang M, Zeng C,
Tang Z, Bao H, Liu Z. Upregulated LRRC55 promotes BK channel
activation and aggravates cell injury in podocytes. J Exp Med 218:
20192373, 2021. doi:10.1084/jem.20192373.

Mantegazza M, Cestéle S, Catterall WA. Sodium channelopathies
of skeletal muscle and brain. Physiol Rev 101: 1633-1689, 2021.
doi:10.1152/physrev.00025.2020.

Mantegazza M, Curia G, Biagini G, Ragsdale DS, Avoli M. Voltage-
gated sodium channels as therapeutic targets in epilepsy and other
neurological disorders. Lancet Neurol 9: 413—424, 2010. doi:10.
1016/S1474-4422(10)70059-4.

3

Downloaded from journals.physiology.org/journal/physrev (151.050.155.010) on October 2, 2024.


https://doi.org/10.1016/0197-4580(94)90116-3
https://doi.org/10.1007/s00424-010-0828-y
https://doi.org/10.1016/j.bbamcr.2006.08.049
https://doi.org/10.1073/pnas.0502506102
https://doi.org/10.1073/pnas.0502506102
https://doi.org/10.1146/annurev-physiol-031620-091043
https://doi.org/10.1146/annurev-physiol-031620-091043
https://doi.org/10.1038/s41577-018-0110-7
https://doi.org/10.1038/s41467-022-29725-3
https://doi.org/10.1038/s41467-022-29725-3
https://doi.org/10.3389/fphys.2020.604941
https://doi.org/10.1152/physrev.00033.2020
https://doi.org/10.1152/physrev.00044.2016
https://doi.org/10.1016/j.phrs.2014.12.006
https://doi.org/10.1152/physrev.00013.2022
https://doi.org/10.1124/mol.108.051912
https://doi.org/10.1084/jem.20192373
https://doi.org/10.1152/physrev.00025.2020
https://doi.org/10.1016/S1474-4422(10)70059-4
https://doi.org/10.1016/S1474-4422(10)70059-4
http://www.prv.org

	bkmk_bookmark_1
	bkmk_bookmark_2
	bkmk_bookmark_3
	bkmk_bookmark_4
	bkmk_bookmark_5
	bkmk_bookmark_6
	bkmk_bookmark_7
	bkmk_bookmark_8
	bkmk_bookmark_9


	bkmk_bookmark_10
	bkmk_bookmark_11
	CORRESPONDENCE
	bkmk_bookmark_12
	bkmk_bookmark_13
	bkmk_bookmark_14
	bkmk_bookmark_15


