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Abstract: Neuronal excitability is mediated mainly by voltage-gated ion channels (VGICs),
which include voltage-gated Na*, K*, and CI~ channels located along the axon and at neuronal
synapses. Voltage-gated channels play pivotal roles in the proper functioning of the nervous
system because they set the resting membrane potential, initiate and propagate action poten-
tials, and regulate neurotransmitter release. The abnormal activity or misregulation of VGICs
caused by mutations has been directly linked to neurological and cardiac diseases. Among
other posttranslational modifications, the ubiquitination of VGICs is a key to the regulation of
the number of channels in the cell surface, and hence, neuronal excitability. Nedd4-2 is an E3
ubiquitin ligase that ubiquitinates several proteins, including different VGICs. Accordingly,
understanding the molecular mechanisms underlying channel regulation will provide insights
to design drugs to treat illnesses. The focus of the present review is to provide an update about
the regulation of VGICs upon ubiquitination by Nedd4-2 and the relevance of such regulation
in the pathophysiological consequences of dysfunction.
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Introduction

The degradation of a protein is as crucial as its synthesis since it ensures the elimina-
tion of proteins that participate in different cellular functions. If this does not occur,
an unwanted protein will be accumulated, and this will consequently lead to functional
disorders. In certain cancers, oncogenic targets are mutated such that they are no
longer ubiquitinated; thus, they escape degradation and accumulate in the cell. In the
nervous system, correct degradation ensures cell-surface protein turnover and substrate
delivery to the proteolytic machineries that are required for both synaptic plasticity
and self-renewal,' while abnormal protein accumulation could lead to chronic neuro-
degenerative processes, such as Alzheimer’s disease, Parkinson’s disease, Lewy body
dementia, and amyotrophic lateral sclerosis.? Voltage-gated ion channels (VGICs) are
subject to different posttranslational modifications that regulate their function and
stability. Among them, ubiquitination is a key in regulating VGIC protein levels and
insertion into the plasma membrane, and alterations in VGICs are therefore associated
with different pathologies. Understanding the mechanisms regulating VGICs will be
crucial to develop treatments for several pathophysiological dysfunctions in which
they have been implicated directly. The present review aims to provide an update of
the regulation of different VGICs that are substrates of Nedd4-2, an E3 ubiquitin ligase
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belonging to the Homologous to E6AP Carboxy Terminus
(HECT) family, and the diseases linked to these channels.

Voltage-gated ion channels

VGICs are proteins expressed in electrically responsive cells
that allow the movement of ions across the cell membrane
and that are regulated by the voltage difference across
the membrane they span. Among their functions are the
initiation and propagation of action potentials, setting the
resting membrane potential, and responding to the electrical
signals that regulate neurotransmitter release and muscle
contraction. The first indication of the existence of VGICs
was proposed in the late 1940s by Alan Lloyd Hodgkin and
Andrew Fielding Huxley using voltage clamp techniques.
They demonstrated that changes in the permeability of Na*
and K* were both necessary and sufficient to produce action
potentials and that membrane potential-evoked ionic currents
flow across the membrane.? In response to a change to a level
more positive than the resting membrane potential in neurons,
aredistribution of charge across the axonal membrane occurs;
this is caused by two effects: an early, fast and transient
inward current of Na*, and a delayed, slow, and sustained
outward current of K*.

There are several classes of VGICs that include voltage-
gated Na*, K*, and CI- channels. VGICs are composed of
several transmembrane-spanning domains, assembled to
form a central ion pore, and a C-terminal tail, which includes
different domains and motifs involved in the interaction
with different proteins that regulate their insertion in the

cell membrane.*® The number of VGICs present in the
membrane is critical for maintaining normal patterns of excit-
ability and is regulated by the rate of insertion, retention, and
endocytosis, which are modulated by different conditions and
proteins (Figure 1). Mutations in VGICs affecting any of the
above processes have been directly implicated in different
neurological diseases, such as epilepsy and neuropathic pain,
and also in several cardiac diseases.

Voltage-gated sodium channels
One family of VGICs is the voltage-gated sodium (Na )
channel. Na channels are present in many electrically active
tissues, including neurons and both cardiac and skeletal
muscle cells,” allowing sodium to flow from the extracel-
lular solution into the cytosol, and consequently causing a
depolarization of the cell. Na channels comprise a family
consisting of Na 1.1 through Na 1.9 channels.”” Na_ chan-
nels initiate action potentials in neurons, whereas they trigger
contraction in skeletal and cardiac muscle cells. In response
to an action potential in neurons, Na channels open, allowing
a large inward-flowing sodium current, rendering the mem-
brane potential more positive, after which the action potential
can propagate to the next segment and trigger another action
potential. The depolarization due to sodium influx activates
a calcium-signaling cascade, causing contraction in skeletal
and cardiac muscle cells that respectively result in body
movement or blood pumping.

All the Na channel subtypes share a common structure.’
The largest subunit of the sodium channel is the o-subunit,

Degradation
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Figure | Nedd4-2 ubiquitinates voltage-gated ion channels.

Disease

Notes: Nedd4-2 binds to voltage-gated channels in different ways (PY motifs, other motifs, adaptor proteins with PY motifs, etc) to ubiquitinate and sends them for
degradation in response to different stimuli. Mutations in channels affecting Nedd4-2 function accumulate channels at the cell surface, causing different pathologies.

Abbreviation: VGIC, voltage-gated ion channel.
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which alone is sufficient to conduct sodium and consists of
24 alpha-helical transmembrane segments arranged in four
domains surrounding a central pore.® The first four transmem-
brane segments of the Na  channel form a voltage-sensing
domain, and transmembrane segments five and six form a
pore domain. The transmembrane segments of the voltage-
sensing domain and of the pore domain are connected by
the extracellular linker (the p-loop), which constitutes the
ion selectivity filter for the channel.!® In addition, there are
smaller beta subunits associated with the channel modulated
by them.!!

Different tissues within the human body predominantly
express different Na  channel subtypes, whereas Na 1.1,
Na 1.2,Na 1.3, and Na 1.6 are mainly expressed in the central
nervous system (CNS), Na 1.7, Na 1.8, and Na 1.9 are found
in the peripheral nervous system (PNS). Similarly, Na 1.4
is found mostly in skeletal muscle, and Na 1.5 is found in
cardiac muscle.”® The expression pattern of different Na_
channels is highly relevant, since these channels show dif-
ferent voltage dependencies and drug-binding affinities.®!?
Accordingly, the differences in the distribution of these
channels may have large impacts with regard to the effects
of mutations and pharmacological intervention.

Voltage-gated potassium channels
Voltage-gated K* (K ) channels are membrane proteins that
allow the rapid and selective flow of K* ions out of the cell
membrane in order to generate electrical signals in cells.
These channels, which are present in all animal cells, open
and close with the changes in the transmembrane potential.
Together with Na_channels, K channels are key components
in the generation and propagation of electrical impulses in
the nervous system. Following changes in transmembrane
potential, these channels open and allow a passive flow of K*
ions from the cell, which restores the membrane potential.

K, channels are formed of four subunits arranged sym-
metrically around the central pore that is formed of transmem-
brane segments S5—S6 of each subunit. The voltage-sensor
domains consist of four transmembrane segments (S1-S4)
and are located at the periphery of the channel.”* A sequence
of five amino acids that is highly conserved among potas-
sium channels, voltage-gated or not, is responsible for the
high selectivity of the channel.”® A functional K channel can
be formed by either two or four subunits co-assembled as
monomers or heteromers, with dimer or tetramer combination
displaying a unique set of gating properties.®!

The K channel is the largest family of potassium
channels; it includes 40 members and can be classified into

12 subfamilies.*!> In this review, we shall mainly focus on
K7 channels since some of them have PY motifs and/or are
regulated by Nedd4-2 protein. The K 7 channel subfamily
is composed of K 7.1 (KCNQI), K 7.2 (KCNQ2), K 7.3
(KCNQ3), K 7.4 (KCNQ4), and K 7.5 (KCNQS5). The
expression pattern of these channels varies from the heart
(KCNQ1) to the nervous system (KCNQ2, KCNQ3, and
KCNQS5) and the ear (KCNQ4).!617

Voltage-gated chloride channels

Chloride channels (CICs) constitute an evolutionarily well-
conserved family of voltage-gated channels that are struc-
turally unrelated to the other known voltage-gated channels,
since they function as dimers. They can be classified in bona
fide C1- channels, including CIC-1, CIC-2, CIC-Ka, and CIC-
Kb, and CI/H* antiporters, including CIC-3, CIC-4, CIC-5,
CIC-6, and CIC-7."8 CICs have been highly conserved along
evolution and — among other functions — they regulate cell
volume and control electrical excitability and transepithelial
transport. They are expressed in several different tissues,
some of them having a broad distribution (CIC-2, CIC-3,
CIC-4, and CIC-7), while others are more restricted to certain
tissues such as skeletal muscle (CIC-1), kidney (CIC-Ka/b,
CIC-5), and neuronal tissue (CIC-6).®

Ubiquitination and E3
ubiquitin ligases
Ubiquitination is a posttranslational modification carried out
by a set of enzymes to tag ubiquitin, a 76-amino acid polypep-
tide, to a substrate protein. In this process, ubiquitin is cova-
lently conjugated to the ubiquitin-activating enzyme (E1) in
an ATP-dependent manner, after which it is transferred to
the ubiquitin-conjugating enzyme (E2), and finally to the
substrate protein through the ubiquitin-protein ligase (E3)
bridge." Ubiquitin is bound to a substrate protein through
the formation of isopeptide bonds between the C-terminus of
ubiquitin and lysine (K) present on substrates. Depending on
the number of ubiquitin moieties added to the substrate, there
are 1) monoubiquitination, which involves the attachment
of a single ubiquitin to a protein; 2) multimonoubiquitina-
tion, in which more than one ubiquitin is added to the target
protein; and 3) polyubiquitination, in which several moieties
of ubiquitin are added in tandem. Since ubiquitin itself con-
tains seven lysine residues (K6, K11, K27, K29, K33, K48,
and K63), the conjugated ubiquitin can serve as a substrate
for the binding of the next ubiquitin to form a chain.?
Protein ubiquitination was first identified as a tag of
protein degradation through the proteasome, the substrate
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being labeled with K48 polyubiquitination.' Numerous lines
of evidence have also shown that ubiquitin labeling is not
always fatal for a protein, since it has been found that monou-
biquitination is involved in histone regulation, endocytosis,
virus budding, Golgi reassembly, gene transcription, DNA
repair, and tumor suppression,?! and K63 polyubiquitination
contributes to intracellular trafficking.'”*>* Thus, different
forms of ubiquitination are related to different fates of the
ubiquitinated substrate proteins, and hence, different cell
biological functions. This means that protein ubiquitination
is a complex process that is still not fully understood.

Regarding the ubiquitination process, much attention
has focused on ubiquitin-related enzymes. Interestingly, it
has been found that mammalian genomes encode just two
Els, dozens of E2s, but >500 E3s.* Moreover, whereas E2s
share many well-conserved catalytic domains, E3 ubiquitin
ligases share only a few conserved motifs. Therefore, E3
ubiquitin ligases are believed to carry out the important
task of recognizing substrate proteins. E3 ubiquitin ligases
can be divided into several families based on their structural
characteristics, which include 1) the Really Interesting New
Gene (RING) family, such as MDM2 and c-Cbl; 2) the
HECT family, such as the Neural precursor cell-Expressed
Developmentally Down-regulated 4 (Nedd4) family; and 3)
the UFD2 homology (U-box) family.® The functional dif-
ferences between the RING-family and the HECT-family of
E3 ubiquitin ligases lie in the fact that RING E3 ubiquitin
ligases add ubiquitin carried by E2s directly to the substrates,
whereas HECT E3 ubiquitin ligases form a thiol ester inter-
mediate, with ubiquitin transferred first from the E2s and
then to the substrate. In addition, HECT E3 ubiquitin ligases
play a direct role in catalysis during ubiquitination, whereas
RING and U-box E3 ubiquitin ligases facilitate protein ubiq-
uitination.?® These latter two E3 ubiquitin ligase types act as
adaptor-like molecules by bringing an E2 and a substrate into
sufficiently close proximity to promote the ubiquitination of
the substrate. While RING-type E3 ubiquitin ligases, such
as MDM2 and c-Cbl, can apparently act alone, other E3
ubiquitin ligases are found as components of much larger
multi-protein complexes.”’

Nedd4 E3 ubiquitin ligases

Nedd4-2 belongs to the Nedd4 family, which in humans
includes nine members: Nedd4, Nedd4-2 (Nedd4L), Itch,
WWP1, WWP2, SMURF1, SMURF2, Bull, and NEDL2
(Figure 2). All Nedd4 family members contain a C2 domain
in the N-terminus, several WW domains, and a catalytic
HECT domain at the C-terminus?®® (Figure 2). The C2 domain
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Figure 2 The human Nedd4 family of E3 ubiquitin ligases.

Notes: All Nedd4 protein members are composed of an amino-terminal C2
domain (blue), which is involved in lipid membrane binding, and as a protein—
protein interaction domain, several WW domains (green), which are involved in
the interaction with substrates and other proteins, and a carboxy-terminal HECT
domain (orange), which is responsible for the catalytic activity.

Abbreviations: HECT, Homologous to E6AP Carboxy Terminus; Nedd4, Neural
precursor cell-Expressed Developmentally Down-regulated 4.

translocates the protein to the membrane upon calcium
binding, and the WW domains are known to bind substrate
proteins containing PY (PPXY) motifs, with lower affinity
for LPXY motifs and phosphoserine and phosphothreonine
modules.? The catalytic cysteine within the HECT domain
is responsible for ubiquitin transfer.’* Although there is some
redundancy in their functions, it has been demonstrated that
different Nedd4 proteins are involved in different biological
processes.”

Nedd4-2 is the closest homolog of Nedd4, the first
member of the HECT family identified.>! Nedd4-2 is pres-
ent in several tissues, but is most highly expressed in heart,
kidney, brain, lung, and liver.'? The first physiological role
for Nedd4-2 was its involvement in Liddle’s syndrome (an
inherited form of hypertension). Mutations that delete or
disrupt a C-terminal PY motif in the Epithelial Na Channel
(ENaC), a nonvoltage-gated channel, prevent the interaction
of Nedd4-2 with the ENaC, increasing renal Na* absorption
and causing Liddle’s syndrome.?* The ENaC is responsible
for salt and fluid reabsorption in the distal nephron, distal
colon, and lung epithelia, and abnormal elevations of ENaC
activity lead to hypertension.’* Nedd4-2 regulates ENaC
degradation and activity. It has been found that Nedd4-2
catalyzes both the monoubiquitination and polyubiquitina-
tion of ENaC.?* The roles of Nedd4-2 in ENaC activity have
also been detected in the clearance of lung fluid in newborn
animals. Mice knocked out for Nedd4-2 die perinatally, with
increased ENaC expression and activity in the lung, which
leads to the failure to inflate the lungs, in turn resulting in
the inability of pups to breathe.***” In addition, Nedd4-2 has
been reported to play a protective regulatory role against the
development of cystic fibrosis in lung through the regulation
of ENaC function.’” Other substrates of Nedd4-2 include
serum and glucocorticoid kinase (SGK),? 14-3-3 38 Trk A,
ACK1,* EAAT1/2,%4 Dv12,44 etc. For a complete and

56 submit your manuscript

Dove

Journal of Receptor, Ligand and Channel Research 2015:8


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Regulation of voltage-gated ion channels by Nedd4-2

updated list of Nedd4-2-interacting proteins, readers can
consult a recent review.” Since the subject of the present
review is the regulation of VGIC by Nedd4-2, we shall focus
on these substrates.

Regulation of VGICs by Nedd4-2

Voltage-gated sodium channels

Seven out of the Na_channels (Na 1.1,Na 1.2,Na 1.3,Na 1.5,
Na 1.6, Na 1.7, and Na 1.8) include in their o-subunit the
highly conserved PY motif (L/PPXY) in their C-terminus,
recognized by the WW domains of Nedd4-2 (Table 1).
Nedd4-2 can bind directly to these channels in vitro and regu-
late Na, currents in different cells.”*** The cardiac Na 1.5 was
originally reported to be ubiquitinated by Nedd4,> and it has
later been extensively investigated in the context of Nedd4-
2% Nedd4-2 expression causes a decrease in Na 1.5 current
density that depends on the PY motif of the channel and on
the catalytic activity of Nedd4-2, leading to the ubiquitina-
tion of the channel.”® Na 1.2, Na 1.3, Na 1.6, Na 1.7, and
Na, 1.8 are also substrates of Nedd4-2 in vitro,***! but the
biological significance of the regulation of Na s by Nedd4-2
has been lacking for many years. Cachemaille et al reported
that Nedd4-2 expression was downregulated upon induction
of neuropathic pain by the spared nerve injury model, and
the authors postulated that this might contribute to the dys-
regulation of Na 1.7 and Na 1.8 associated with peripheral
nerve injury.” Recently, a seminal work performed by the
same group demonstrated that Nedd4-2 indeed regulates the
surface expression of Na 1.7 and Na 1.8 in adult dorsal root
ganglion (DRG) neurons in response to neuropathic pain.>
Moreover, the levels of Na 1.7 and Na, 1.8 were enhanced ina
knockout of Nedd4-2 in nociceptive neurons. These knockout
mice showed an altered pain phenotype, suggesting that the

Table | Voltage-gated ion channels regulated by Nedd4-2

regulation of Na s by Nedd4-2 is critical for the neuronal
excitability of the sensory system and that Nedd4-2 down-
regulation may be required for the central sensitization.>
Therefore, Nedd4-2 regulation may be an alternative to Na,
blockers to tackle chronic pain. Regarding the regulation of
Na_ channels in the CNS, it has been shown that Nedd4-2 is
essential for the downregulation of the channels in response
to elevated intracellular Na* levels in cortical neurons,’®
although additional work will be necessary to fully under-
stand the role of Nedd4-2 in the CNS.

Voltage-gated potassium channels

Similar to the effects described for Na s, Nedd4-2 regulates
some K s. KCNQI has an atypical PY motif (LPXY) in
its C-terminus (Table 1) that is well conserved across spe-
cies and constitutes a binding site for Nedd4-2 and other
E3 ubiquitin ligases of the Nedd4 family. The expression of
Nedd4-2 in HEK293 cells and cardiomyocytes reduced the
amount of KCNQI and the current mediated by KCNQI,
respectively.’’ These effects were dependent on the catalytic
activity of Nedd4-2 and on the presence of the PY motif
in KCNQ1.%7 The effect of Nedd4-2 can be counteracted
by direct binding of the deubiquitinating enzyme USP2 to
KCNQ1°® and by PI3K and SGK1 inhibition of Nedd4-2.%
However, Nedd4-2 activity on KCNQI can be induced by
adenosine 5’-monophosphate (AMP)-activated protein kinase
(AMPK)® and 17B-oestradiol.®!

It is now clear that Nedd4-2 regulates heteromeric
KCNQ2/3 y KCNQ3/5 channels, although these channels
lack the classical PY motif in the C-terminus (Table 1).
Nedd4-2 expression decreases the amplitude of the K*
currents mediated by KCNQ2/3 and KCNQ3/5 through
a direct interaction with the C-terminus of KCNQ3 and

VGIC Function Expression PY motifs in the C-teminal of VGIC

CIC5 Chloride ion channel Kidney/intestine  E H S P P M P P Y P P T L K
KCNA3 Voltage-gated potassium channel Lymphocytes | D 1 \ A | P Y F | T L G
KCNQI Voltage-gated potassium channel Heart/kidney L P S N T i P T Y E Q L T \%
KCNQ2  Voltage-gated potassium channel CNS/PNS K E P E P A P P Y H S P E D
KCNQ3  Voltage-gated potassium channel CNS/PNS E T G P P E P P Y S F H Q Vv
Na I.1 Voltage-gated sodium channel CNS/PNS S T A C cC P P S Y D R v T K
Na 1.2 Voltage-gated sodium channel CNS P S T T S P P S Y D S v T K
Na 1.3 Voltage-gated sodium channel CNS S S T T S P P S Y D S v T K
Na 1.5 Voltage-gated sodium channel CNS/heart S S T S F P P S Y D S v T R
Na 1.6 Voltage-gated sodium channel CNS/PNS P S T A S x P S Y D S v T K
Na 1.7 Voltage-gated sodium channel PNS A S T | S P P S Y D S \% T K
Na 1.8 Voltage-gated sodium channel PNS S AT S F P P S Y D S \% T R
Notes: PY motif is marked in bold. *Leucine in atypical PY motif.

Abbreviations: VGIC, voltage-gated ion channel; CNS, central nervous system; PNS, peripheral nervous system; CIC, Chloride channel.
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its ubiquitination.®> However, the binding motif of KCNQ2
and KCNQ3 recognized by Nedd4-2 remains unknown.
Likewise, the peak K* current amplitude of K 1.3, which
does not contain a PY motif, is reduced by 50% by Nedd4-2
in Xenopus oocytes.® The effects on KCNQ2, KCNQ3, and
K, 1.3 can be counteracted by the inhibition of Nedd4-2 by
SGK1.96* Accordingly, together these in vitro studies sug-
gest that Nedd4-2 regulates K channel surface expression,
controlling cell excitability. Future work should validate these
results in vivo using genetically modified animals.

Voltage-gated chloride channels

Among the CI™ channel family, CIC-2, CIC-Ka, and CIC-Kb
have been shown to be regulated by Nedd4-2,%-¢7 although
none of these channels contains a PY motif. Upon phos-
phorylation of Nedd4-2, CIC-2 expression in the plasma
membrane is regulated by SGK1-3.5” However, it is unknown
whether Nedd4-2 binds directly to CIC-2. To be functional,
CIC-Ka and CIC-Kb channels need an accessory protein,
Barttin, containing a PY motif, whose mutation enhances
the activity of the CIC-Kb/Barttin channel.® In addition, it
has been demonstrated that the expression of CIC-Ka/Barttin
in Xenopus oocytes induces an inwardly rectifying current
that is significantly decreased when Nedd4-2, but not the
catalytically inactive Nedd4-2C938S, is coexpressed.® The
effect of Nedd4-2 can be inhibited by the coexpression of
SGK1 or SGK3, due to the phosphorylation of Nedd4-2,
which prevents its binding to its target.®> A mutation of the
proline-rich stretch amino acids (PPMPPY) of CIC-5 that
resembles the PY motif (Table 1), increases surface expres-
sion,® but in vivo disruption of this motif has no effect.* So
far, all the reports indicating that Nedd4-2 regulates CICs
are based on in vitro studies and, therefore, in vivo studies
are required to validate previous results.

Regulation of Nedd4-2 function

Intramolecular interactions

Nedd4-2 itself contains a LPPY motif within the HECT that
is involved in the interaction with its own WW domains™
(Figure 3A). The consequences of this intramolecular inter-
action are 1) Nedd4-2 autoubiquitination is reduced; 2) the
stability of Nedd4-2 is increased; and 3) the binding of
Nedd4-2 to ENacC is decreased, and this results in increased
ENaC activity.” Thus, in basal conditions, the self-interaction
of Nedd4-2 seems to protect it from degradation, and it
regulates Nedd4-2 interaction with its targets. At present, it
is unknown whether the Nedd4-2 intramolecular interaction
modulates VGIC levels and functions.
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Substrate binding Substrate binding
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SGK1 Akt PKA AMPK

v
14-3-3 Substrate binding

and ubiquitination

Substrate binding
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iy

¥
@

Figure 3 Nedd4-2 activity and binding to substrates can be regulated in several
ways.

Notes: (A) Regulation of Nedd4-2 by intramolecular interactions. The binding
of the WW domain to the endogenous PY motif inhibits Nedd4-2 activity.
(B) Nedd4-2 phosphorylation by SGKs and Akt allows the binding of 14-3-3 proteins,
inhibiting Nedd4-2 activity. (C) Nedd4-2 can interact with deubiquitinases that can
deubiquitinate different substrates. (D) The binding of Ndfip protein adaptors
regulates Nedd4-2 activity. (E) AMPK increases Nedd4-2 activity on its substrates.
Abbreviation: AMPK, adenosine 5-monophosphate (AMP)-activated protein
kinase; SGKs, serum and glucocorticoid kinases.

SGKs,Akt, PKA, and 14-3-3 proteins

Another way by which Nedd4-2 is regulated in response to
different stimuli is through phosphorylation by SGK, which
decreases the binding of Nedd4-2 and the ubiquitination of
ENaC,”" Na 1.5,” CIC-2,” and different membrane trans-
porters*7™ (Figure 3B). However, SGK1 modulation of
ENaC, Kv4.3, EAAT4, or hERG independently of Nedd4-2
phosphorylation has also been reported.”””® The effect of
SGK1 in regulating ENaC channels has been suggested
previously in SGK 1-knockout mice, which had problems in
reducing renal Na* output and in maintaining blood pressure
under dietary salt restriction.” SGK levels are regulated by
Nedd4-2-mediated ubiquitination,®® supporting a regulatory
loop of both proteins.

However, SGKs are not the only kinases that are able to
phosphorylate and inactivate Nedd4-2. Akt and PKA can
also phosphorylate and inactivate it**? (Figure 3B). The
residues of Nedd4-2 phosphorylated by the above kinases
are binding sites for 14-3-3 proteins,*®#%5 and it is known
that this interaction prevents the recruitment of Nedd4-2 to
ENaC?%¢ (Figure 3B). However, it remains to be addressed
whether other substrates of Nedd4-2, such as the VGICs, are
regulated by the above kinases and 14-3-3 proteins.
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DUBs

Another protein that has been demonstrated to regulate
Nedd4-2 substrates is the deubiquitinase enzyme USP2,
which binds directly to Nedd4-2 and counteracts the effects
of Nedd4-2 on ENaC?®” and on KCNQ1.%® Nedd4-2 seems to
locate USP2 in close proximity to the ubiquitinated substrates
in order to deubiquitinate them (Figure 3C). However, it
remains to be seen whether this DUB, or others, may regulate
Nedd4-2 activity and/or stability and the effects on other
substrates of Nedd4-2.

Ndfip

As previously indicated, there are substrates of Nedd4-2
that do not contain PY or other motifs that allow the direct
binding of the E3 ubiquitin ligase to the substrate. Among
Nedd4-2 targets, CIC-Ka/b uses Barttin as a protein adaptor
to bring Nedd4-2 close enough to allow ubiquitination.
Other proteins that have been identified as interacting with
Nedd4-2, allowing or competing with the binding to dif-
ferent substrates, are the Ndfips (Ndfipl and Ndfip2).8-°
These adaptors can prevent the effect of Nedd4-2 on different
substrates such as ENaC*® and EGFR,’ whereas they can
promote the Nedd4-2-mediated degradation of the divalent
metal transporter 1 (DMT1)°? and water-channel aquaporin
2 (AQP2)* (Figure 3D). It has been described that Ndfip1 is
upregulated in ischemic conditions, and it has been suggested
that Ndfipl, together with Nedd4-2 and Itch, may provide
neuroprotection.’> Moreover, it has been reported that
Ndfips recruit Nedd4-2 to exosomes to terminate the actions
of Nedd4-2.°¢ Whether Ndfips modulate VGICs protein
expression and/or function in nonpathological conditions or
in response to injury remains to be addressed.

AMPK

AMPK is activated by increases in the cytoplasmic AMP/ATP
concentration ratio, which corresponds to the cellular energy
status,”” but can also be further activated by the increase in
cytoplasmic Ca?* even in the absence of metabolic stress.”s”
Among many different proteins, AMPK regulates some
VGICs, including KCNQ16:1%101 and Kv1.5,'% not directly
but rather by acting through Nedd4-2. In some cases, it has
been reported that AMPK phosphorylates Nedd4-2, enhanc-

193 and therefore,

ing the binding to some of its substrates,
regulating the ubiquitination of these substrates. However,
it is unknown which Nedd4-2 residues are phosphorylated
by AMPK, although they must be different from those rec-
ognized by 14-3-3 proteins. Identification of the Nedd4-2

amino acids that are phosphorylated by AMPK will provide

mechanistic insight regarding the binding and/or activation
of Nedd4-2. In addition, it remains to be addressed whether
other substrates of Nedd4-2 can be downregulated by
AMPK.

Voltage-gated ion channels

and disease

Numerous studies have provided convincing evidence that
VGICs play an important role in the functioning of electrical
cells and in different pathologies. Mutations in the Na chan-
nels expressed in the CNS, such as Na 1.1 and Na 1.2, cause
neurological disorders, including different forms of epilepsy,
such as Dravet syndrome (DS), generalized epilepsy with
febrile seizure plus, and benign familial neonatal—infantile
seizures.!*1% These mutations lead to loss of function of
Na  channels mainly in inhibitory interneurons, thereby
impairing their inhibitory function on excitatory neurons
and leading to hyperexcitability.!%!%7 Antiepileptic drugs
used to control both partial and generalized seizures arising
from many different causes may be contraindicated for the
treatment of inherited seizure syndromes caused by loss-of-
function mutations in Na channels. An alternative approach
to rebalance excitation and inhibition is to enhance inhibi-
tory neurotransmission using benzodiazepines that enhance
GABA receptors in combination with other drugs.'® This has
been proved to be a successful strategy in preventing seizures
in DS, although most patients are not seizure free.!®®

Mutations of Na expressed in the PNS, mainly Na 1.7,
cause different kind of pain syndromes.!” Gain-of-function
mutations are associated with erythromelalgia and parox-
ysmal extreme pain disorder as a result of sensory neuron
hyperexcitability, whereas loss-of-function mutations result
in congenital indifference to pain because of an attenua-
tion in action potential firing that causes complete loss of
pain sensation.'”'"" Moreover, mutations in Na_ cardiac
channels, mainly in Na 1.5, cause cardiac arrhythmias such
as Brugada syndrome, Long QT (LQT) syndrome, ven-
tricular fibrillation, and sudden infant death syndrome. !>
Treatment of LQT syndrome using sodium current blockers,
such as mexiletine, flecainide, or ranolazine, may represent
a therapeutic option,''>!"¢ although the response to the drug
is mutation-specific showing benefits in some LQT patients,
but not in others.

In addition to the altered functionality of Na_due to muta-
tions, regulation of its localization and expression are highly
relevant for the development of peripheral neuropathic pain.
In a spared nerve injury model, Nedd4-2 expression was
decreased in DRG neurons,** leading to increased Na 1.7
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and Na 1.8 levels that enhanced the currents meditated by
these channels.* These results were further confirmed in
Nedd4-2 knockout mice, which exhibited increased thermal
and inflammatory pain.** Restoration of Nedd4-2 levels in
the SNI model eased the mechanical allodynia experienced
by these mice. Together, these results point to Nedd4-2 as
a key regulator of Na_ in chronic pain that may be of use
as a target to control different pain pathologies. Specific
blockers of Na 1.7, Na 1.8, and Na 1.9 that are currently
in development may represent an appropriate drug for the
treatment of patients with gain-of-function mutations in
these channels.

K, channels have been implicated in different pathologies,
including LQT syndrome (KCNQI1), deafness (KCNQI,
KCNQ#4), and benign familial neonatal seizures (KCNQ?2,
KCNQ3)."""!"8 The mutations described for these channels
can lead to impaired protein stability, misfolding, traffick-
ing, and alterations in channel gating. Some drugs acting
on KCNQ channels to modulate their activity are currently
being developed as treatments for epilepsy. One of them is
retigabine, which stabilizes neuronal KCNQ channels in
the open position without affecting cardiac KCNQ1 chan-
nels, and therefore, decreasing the potential for cardiac
side effects. This drug leads to hyperpolarization of the
subthreshold membrane potential by increasing the outward
K* current. 12!

A number of human disease-causing mutations have been
identified in the genes encoding CICs. Mutations in CIC-1
lead to both recessively- and dominantly inherited forms
of muscle stiffness or myotonia.!?> Mutations in CIC-2 in
humans result in leukodystrophy,'* whereas mutations in
CIC-Ka and CIC-Kb lead to Bartter syndrome, which com-
bines deafness and a severe renal phenotype.'?#%> Similarly,
mutations in CIC-5 lead to several forms of inherited kidney
stone disease named Dent’s disease,'?*!”” while other muta-
tions lead only to proteinuria.!?® These mutations have been
shown to reduce or abolish CIC function.

Conclusion

VGICs are crucial components for the proper functioning of
electrically stimulated cells, and hence, their numbers and
presence at the plasma membrane must be tightly controlled.
Ubiquitination is a posttranslational modification that
regulates protein stability, as well as protein trafficking and
localization, and Nedd4-2 ubiquitinates several VGICs and
regulates their functions. Misregulation or mutations that
change the location or number of the VGICs are the basis of
several different neurological and cardiac diseases.

Several questions remain to be answered, and further
studies should address the following issues, among others:
1) the identification of other VGICs that are substrates of
Nedd4-2; 2) a better understanding of the molecular mecha-
nisms involved in the regulation of VGICs, with the identifica-
tion of accessory proteins that participate in the ubiquitination
of VGICs by Nedd4-2; 3) the role of Nedd4-2 in the develop-
ment of cardiac diseases with the use of genetically modified
mice. The seminal in vivo studies indicating that Nedd4-2
protein levels are regulated in response to chronic pain and
that Nedd4-2 modulates Na 1.7 and Na 1.8 channels in
neuropathic pain should also be the basis for future studies.
Gaining further knowledge about interactions between VGICs
and Nedd4-2 from recent advances in solving structures of
transmembrane proteins may also allow the development of
drugs that potentiate or block these complexes in a specific
manner. Such drugs could be of potential therapeutic use in
diseases in which VGICs are involved directly.
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