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Abstract

Voltage-gated sodium channels are protein complexes comprised of one pore
forming o subunit and two, non-pore forming, 3 subunits. The voltage-gated
sodium channel B subunits were originally identified to function as auxiliary
subunits, which modulate the gating, kinetics, and localization of the ion channel
pore. Since that time, the five 3 subunits have been shown to play crucial roles as
multifunctional signaling molecules involved in cell adhesion, cell migration,
neuronal pathfinding, fasciculation, and neurite outgrowth. Here, we provide an
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overview of the evidence implicating the  subunits in their conducting and
non-conducting roles. Mutations in the f§ subunit genes (SCNI/B-SCN4B) have
been linked to a variety of diseases. These include cancer, epilepsy, cardiac
arrhythmias, sudden infant death syndrome/sudden unexpected death in epi-
lepsy, neuropathic pain, and multiple neurodegenerative disorders. § subunits
thus provide novel therapeutic targets for future drug discovery.
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1 The Basics of the Voltage-Gated Sodium Channel 3
Subunits

There are five voltage-gated sodium channel (VGSC) 3 subunits, which are encoded
by four genes, SCNIB-SCN4B (O’Malley and Isom 2015). SCNIB encodes the f1
subunit and the developmentally regulated splice variant, f1B, while the p2, f3, and
[34 subunits are encoded by SCN2B-SCN4B, respectively (Table 1) (Isom et al. 1992,
1995a; Kazen-Gillespie et al. 2000; Morgan et al. 2000; Patino et al. 2011; Qin et al.
2003; Yu et al. 2003). B subunits each contain a large, extracellular V-set immuno-
globulin (Ig) domain, making them part of the Ig superfamily of cell adhesion
molecules (CAMs) (Brackenbury and Isom 2011; O’Malley and Isom 2015). f1B
differs from the other subunits in that it is the only one that is not a type I
transmembrane protein, but rather, a soluble, secreted CAM expressed during
embryonic development in brain and throughout development, into adulthood, in
heart. The C-terminal domain of f1B is encoded by a retained intron, resulting in a
unique polypeptide sequence that does not contain a transmembrane segment
(Patino et al. 2011). B subunit Ig domains are stabilized by two completely conserved
cysteine residues in the extracellular portion, maintaining the p-sheet structure, as

Table 1 VGSC genes and v G5C o subunits VGSC P subunits

their encoded proteins - :
Gene Protein Gene Protein
SCNIA Na,1.1 SCNIB Bl
SCN2A Na,1.2 SCNIB B1B
SCN3A Na,1.3 SCN2B B2
SCN4A Na,1.4 SCN3B p3
SCN5SA Na,1.5 SCN4B B4
SCNSA Na,1.6
SCN9A Na,1.7
SCN10A Na,1.8
SCN1IA Na,1.9
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established by the X-ray crystal structures of B3 and P4 (Gilchrist et al. 2013;
Namadurai et al. 2014).

VGSCs are comprised of one pore-forming o subunit and two different p
subunits, either a Bl or B3 and a 2 or f4 (Fig. 1) (O’Malley and Isom 2015). p1
and B3 non-covalently associate with o, while 2 and 4 associate with a by cysteine
disulfide bonds, Cys-26 and Cys-58, respectively, both of which are located in the
extracellular Ig domain (Chen et al. 2012; Gilchrist et al. 2013; McCormick et al.
1998; Meadows et al. 2001; Spampanato et al. 2004). While there is no biochemical
evidence to show that f1B associates with o subunits by co-immunoprecipitation,
co-expression of 1B and Na,1.5 in heterologous systems results in plasma mem-
brane retention of 1B and increased sodium current density, implicating association
with o (Patino et al. 2011; Watanabe et al. 2008). Heterologous co-expression of
1B with Na,1.2 results in changes in current activation and inactivation, while
co-expression with Na,1.3 results in subtle alternation of current properties, again
suggesting a functional association (Kazen-Gillespie et al. 2000; Patino et al. 2011).

VGSC f subunits are expressed in many tissues and cell types, not all of which
are excitable (Brackenbury and Isom 2011). The expression of each specific f§
subunit is also developmentally regulated. In rodent brain, 1B and 3 are most
highly expressed during embryonic development and early life. This differs from
heart, in which $1B and p3 expression continues into adult life (Kazen-Gillespie
et al. 2000; Patino et al. 2011; Shah et al. 2001). f1 and p2 display peak expression
in brain during adulthood (Isom et al. 1992, 1995a). The developmental regulation
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Fig. 1 Cartoon diagram of the VGSC. VGSCs are comprised of one pore-forming, or a subunit,
and one or two non-pore forming § subunits. The a subunit is made up four domains each of which
contain six transmembrane segments. The voltage sensor is located in transmembrane segment
four of each domain (Catterall 2000). There are five § subunits, f1-p4, and the developmentally
regulated f1B. f1—P4 all contain an intracellular C-terminal domain, a single transmembrane
domain, and a large extracellular immunoglobulin (Ig) domain (Isom et al. 1994). f1B also
possesses an Ig domain, but does not contain an intracellular or transmembrane domain, resulting
in a soluble, secreted protein (Patino et al. 2011). 1 and B3 are non-covalently linked to the o
subunit, while 2 and p4 are linked by disulfide bonds. Each f subunit is heavily glycosylated,
denoted by ¥, and B1 also contains an intracellular phosphorylation site at tyrosine 181 (Isom and
Catterall 1996; Malhotra et al. 2004). Figure reproduced from Brackenbury and Isom (2011)



A.A. Bouza and L.L. Isom

of B4 subunit expression is yet to be determined.  subunits are localized to a variety
of specific sub-cellular compartments. In the brain and peripheral nervous system,
f subunits are highly enriched the axon initial segment and nodes of Ranvier
(Buffington and Rasband 2013; Chen et al. 2002, 2004; Dhar Malhotra et al. 2001;
O’Malley et al. 2009). These sites are important in the initiation and propagation of
action potentials in neurons and have a high density of VGSC « subunit expression
(Brackenbury et al. 2010). In heterologous cells, the f1 C-terminal domain interacts
with the scaffolding protein, ankryin-G, in a tyrosine phosphorylation-dependent
manner and a similar mechanism is proposed at the axon initial segment and nodes
of Ranvier (Malhotra et al. 2000). In cardiomyocytes, the phosphorylation of 1
may regulate its sub-cellular localization. Tyrosine phosphorylated 1 subunits
are localized to the intercalated disks, while non-phosphorylated 1 subunits are
localized to t-tubules (Malhotra et al. 2004).

In addition to phosphorylation, the  subunits are post-translationally modified
by glycosylation and proteolytic cleavage. All five B subunits are highly N-linked
glycosylated (Isom et al. 1992). This heavy glycosylation of mature  subunits
accounts for about 12 kilodaltons (kDa) of the ~36 kDa total molecular weight.
B subunit glycosylation impacts their surface expression and channel modulatory
properties (Johnson et al. 2004). Lastly, the transmembrane f subunits are also
substrates for sequential cleavage by the f-site amyloid precursor protein cleaving
enzyme-1 (BACE1) and y-secretase (Wong et al. 2005). Initially, BACEI cleaves
B subunits on the extracellular side of the membrane, shedding the Ig domain,
which may function as a soluble CAM, similar to $1B. Subsequently, y-secretase
cleaves the f subunits in the lumen of the membrane, generating an intracellular
domain (ICD) (Fig. 2) (Haapasalo and Kovacs 2011; Wong et al. 2005). Evidence
shows that the B2 subunit ICD translocates to the nucleus where it increases
expression of the Na,1.1 o subunit (Kim et al. 2007). A similar mechanism has
been proposed, but not shown, for the other p subunits. Sequential cleavage of
[ subunits may play important roles in mediating neurite outgrowth, migration, and
cell adhesion (Brackenbury and Isom 2011; Kim et al. 2005).

1.1 Modulation of the lon Channel Pore by B Subunits

VGSC f subunits are traditionally known for their functions in modulating
the gating and kinetics of the VGSC pore (Calhoun and Isom 2014). In Xenopus
oocytes, expression of Na,1.2 mRNA alone results in sodium currents that are
activated and inactivated much slower than those recorded in neurons. Co-injection
of f1 or p2 mRNA altered the sodium current parameters (Isom et al. 1992).
Co-expression 1 with Na, 1.2 increased peak sodium current density, shifted the
voltage-dependence of inactivation negatively, and accelerated activation and
inactivation in comparison to Na,l.2 alone (Isom et al. 1992). Co-expression
of p2 with Na,1.2 also resulted in increased peak sodium current density and
accelerated current inactivation. Expression of the three subunits together, 1, 2,
and Na,1.2, yielded the largest peak sodium currents and the most rapidly
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Fig. 2 Cartoon diagram of f1/f1B topology. Both intracellular and extracellular residues on p1
are important for interacting with the o subunit (McCormick et al. 1998; Spampanato et al. 2004).
Epilepsy-linked mutation sites are clustered in the Ig domain (Audenaert et al. 2003; Meadows
et al. 2002; Patino et al. 2009; Scheffer et al. 2007; Wallace et al. 1998, 2002). The alternative
splice site for f1B, ankyrin interaction site (Kazen-Gillespie et al. 2000; Patino et al. 2011; Qin
et al. 2003), a-secretase/BACE]1/y-secretase cleavage sites (Wong et al. 2005), N-glycosylation
sites (¥) (McCormick et al. 1998), tyrosine phosphorylation site (Malhotra et al. 2004), and the
putative palmitoylation and fyn kinase interaction site are designated (Brackenbury et al. 2008;
McEwen and Isom 2004). Figure reproduced from Brackenbury and Isom (2011)

inactivating channels, most closely mimicking that observed in neurons (Isom
et al. 1995a).

In addition to modulating VGSC activity, pl can also act on Kvl.1, Kv1.2,
Kv1.3, Kvl.6, Kv4.2, Kv4.3, and Kv7.2 in Xenopus oocytes or heterologous cells
(Deschenes and Tomaselli 2002; Nguyen et al. 2012). Interestingly, f1 and Kv4.2
co-immunoprecipitate from mouse brain. Kv4.2 is a major contributor to A-type
potassium current. Knockdown of Pl decreases A-type potassium current and
prolongs action potential waveforms in cultured cortical neurons. fl expression
also increases the stability of Kv4.2 in HEK293 cells, leading to increased total and
cell surface expression of Kv4.2 (Marionneau et al. 2012).

In addition to oocytes, heterologous mammalian cell lines have been utilized
to study VGSC modulation by the p subunits. Although these models are more
physiologically relevant, they cannot fully replicate VGSC activity in native excit-
able cells, such as neurons and cardiomyocytes. In Chinese Hamster Lung (CHL)
cells, co-expression of Na, 1.2 with B1 increases peak current density and causes a
negative shift in the voltage-dependence of activation and inactivation, although to
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a lesser extent than observed in Xenopus oocytes (Isom et al. 1992, 1995b; Patino
et al. 2009). Co-expression of Na, 1.2 and p2 in CHL cells does not recapitulate
the results observed in Xenopus oocytes, instead resulting in sodium currents that
are unchanged or reduced in comparison to the expression of Na,1.2 alone
(Kazarinova-Noyes et al. 2001; McEwen et al. 2004). In addition to altering
kinetics of the ion channel pore, co-expression of 1 and/or 2 with Na, 1.2 affects
o subunit surface expression. Co-expression of 1 with Na, 1.2 increases a subunit
cell surface expression (Isom et al. 1995a). When B2 is added to the experiment, the
cell surface expression of o subunits is even further increased, even though p2 can-
not generate this effect in the absence of f1 (Kazarinova-Noyes et al. 2001). The
modulatory and localization effects of 3 subunits on a subunits are impacted by
the presence of other Ig-superfamily CAMs. In the case of the CAM, contactin,
co-expression with Na,1.2 and Pl increases o subunit cell surface expression and
sodium current density approximately fourfold over that observed with Na, 1.2 plus
B1. This is also displayed with NF186, although to a lesser extent than the effects
observed with contactin. p1B co-expression with Na,1.2 in CHL cells also
increases o subunit surface expression and peak sodium current density, although
this combination only has a modest effect on channel activation and inactivation
(Kazen-Gillespie et al. 2000; Patino et al. 2011).

The effects of the  subunits on a variety of o subunits have also been studied in
Chinese Hamster Ovary (CHO) cells and Human Embryonic Kidney (HEK) cells.
B1 or B3 co-expression with Na, 1.3 in CHO cells results in a negative shift in the
voltage dependence of inactivation, but does not influence the rate of inactivation.
In this same system, co-expression of f2 with Na, 1.3 had no effect on the gating or
kinetics of the ion channel pore (Meadows et al. 2002). Co-expression of 3 with
Nay1.5 in CHO cells results in a negative shift in the voltage dependence of
inactivation, but decreases the rate of inactivation (Ko et al. 2005). Co-expression
of B1B with Na, 1.3 in CHO cells has no effect on Na, 1.3 cell surface expression or
sodium current density, different from the large effect of f1B observed in CHL cells
(Kazen-Gillespie et al. 2000; Patino et al. 2011). In HEK cells, co-expression of
Na, 1.5 and P4 results in a negative shift in the voltage dependence of inactivation in
comparison to expression of Na, 1.5 alone (Medeiros-Domingo et al. 2007). The 4
subunit, when expressed with Na,1.2 or Na,1.4, induces a negative shift in the
voltage dependence of activation (Yu et al. 2003). This is also the case for
co-expression of 4 with Na,l.1, although this results in increased levels of
non-inactivating current (Aman et al. 2009). Also in HEK cells, p1 and B3 subunits
each modulate activity, cell surface expression, and glycosylation state of Na,1.7.
B1 or B3 co-expression with Na,1.7 resulted in shifted activation and inactivation
and increased sodium current density. Co-expression of f1 also resulted in alterna-
tive glycosylation of Na, 1.7, while co-expression with 33 led to increased expres-
sion of fully glycosylated Na,1.7 (Laedermann C¢ et al. 2013). Overall, studies on
B subunit modulation of VGSCs in heterologous systems have revealed cell type,
[ subunit, and o subunit specific effects.

The most physiologically relevant method to study VGSC modulation by the
[ subunits is to utilize primary cells, e.g. neurons or cardiomyocytes. In these native



Voltage-Gated Sodium Channel § Subunits and Their Related Diseases

cells, p subunit effects are, in general, more modest than observed in heterologous
over-expression systems. Scn/b-null mice, lacking both f1 and p1B, model the
epileptic encephalopathy Dravet syndrome, and exhibit spontaneous seizures,
ataxia, and premature death around post-natal day (P)19 (Chen et al. 2004). Acutely
isolated P10-P18 Scnib-null pyramidal and bipolar hippocampal neurons show no
differences in VGSC activity compared to age-matched wild-type animals (Chen
et al. 2004; Patino et al. 2009). However, slice recordings from this age range
revealed hyperexcitability in the Scnlb-null CA3 hippocampal region as well as
epileptiform activity in the hippocampus and cortex, suggesting altered VGSC
activity in axons or dendrites (Patino et al. 2009). There are altered sodium currents
and decreased excitability in cultured Scn/b-null cerebellar granule neurons
(CGNSs) (Brackenbury et al. 2010). In contrast, acutely isolated Scnlb-null dorsal
root ganglion (DRG) neurons are hyperexcitable (Brackenbury et al. 2010; Lopez-
Santiago et al. 2011). These results suggest that the effects of f1 and 1B in brain
are neuronal cell-type specific, consistent with that observed in heterologous cells.
Similar to that observed in heterologous systems, f1/p1B expression in vivo affects
the expression of a subunits, especially Na,l.1 and Na,1.3. In the Scn/b-null
hippocampal CA3 region, Na, 1.1 expression is decreased, while Na, 1.3 expression
is increased (Chen et al. 2004). f2 also modulates VGSC gating and kinetics in vivo.
Acutely isolated Scn2b-null hippocampal neurons display a negative shift in the
voltage dependence of inactivation in comparison to neurons from age-matched,
wild-type mice (Chen et al. 2002). Acutely isolated Scn2b-null small-fast DRG
neurons have decreased sodium current density and decreased rates of TTX-sensitive
sodium current activation and inactivation (Lopez-Santiago et al. 2006). Importantly,
the 4 intracellular domain is postulated to play a role in resurgent sodium current, or
the influx of sodium ions through the ion channel pore during repolarization. 4
knockdown in mouse CGNs showed reduced resurgent sodium current and repetitive
firing (Bant and Raman 2010). Furthermore, expression of a 4 intracellular domain
peptide in CA3 neurons, which do not endogenously express 4 subunits, generates
resurgent sodium current (Grieco et al. 2005). This activity is particularly important in
high-frequency firing neurons. Scn4b-null mice have defects in sodium current modu-
lation. Scn4b-null mice have reduced resurgent sodium current and repetitive firing in
medium spiny neurons of the striatum, as well as increased failure rates of inhibitory
postsynaptic currents with repetitive stimulation (Miyazaki et al. 2014). 1 and 1B are
also implicated in regulating resurgent sodium current in the cerebellum, as Scrn/b-null
CGNs have normal transient sodium current, but decreased resurgent sodium current,
even though the overall protein expression of 4 is unchanged (Brackenbury et al.
2010). Together, these data indicate that modulation of sodium current by the f
subunits in vivo is cell-type-, subcellular domain-,  subunit-, and o subunit-specific.

VGSC B subunits are also important regulators of excitability in the heart. In
ventricular cardiomyocytes isolated from Scn/b-null mice, transient and persistent
sodium currents are increased due to increased ScnSa and Na,1.5 expression,
resulting in prolongation of action potential repolarization and the QT interval
(Lin et al. 2014; Lopez-Santiago et al. 2007). Furthermore, Scn/b-null mice display
increased susceptibility to polymorphic ventricular arrhythmias. Scnib-null
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ventricular cardiomyocytes also have increased tetrodotoxin (TTX)-sensitive sodium
current, increased Na,1.3 mRNA levels, increased incidence of delayed after-
depolarizations, delayed Ca®* transients, and frequent spontaneous Ca’* release.
Addition of TTX prevented the majority of changes in Ca®* handling, indicating
mutations in Scn/b may result in disrupted intracellular Ca>* homeostasis in ventric-
ular myocytes (Lin et al. 2014). Scn2b deletion in mice leads to atrial and ventricular
arrhythmias and increased levels of atrial fibrosis. These animals exhibit region-
specific effects in heart. Scn2b-null ventricular myocytes show reduced sodium and
potassium currents, with conduction slowing in the right ventricle compared to wild-
type. Scn2b-null atria had normal levels of sodium current compared to wild-type
(Bao et al. 2016). Scn3b-null mice also show abnormal cardiac excitability, with
ventricular tachycardia from electrical stimulation that is not observed in wild-type
mice. Scn3b-null hearts also demonstrate atrial tachycardia during atrial burst pacing
(Hakim et al. 2008).

1.2 The 3 Subunits as Cell Adhesion Molecules

All five f subunits have an extracellular Ig domain and belong to the Ig superfamily
of CAMs (Isom and Catterall 1996). Importantly, § subunits have also been shown
experimentally to function as CAMs (Isom 2002). An especially large body of work
in this area has been completed on the p1 subunit. In Drosophila S2 cells expressing
either B1 or B2, large aggregates form, suggesting these molecules can participate in
trans homophilic cell adhesion in vitro (Malhotra et al. 2000). Upon f1-p1 trans
homophilic cell adhesion in Drosophila S2 cells, ankyrin is recruited to the point of
cell—cell contact (Meadows et al. 2001). Ankyrin binds to the f1 subunit via the
intracellular C-terminal domain in a tyrosine phosphorylation-dependent manner.
When residue Y181 of B1 is phosphorylated, ankyrin is unbound, while when Y181
is not phosphorylated, ankyrin binds to 1, indicating that downstream signaling
events occur in response to cell—cell adhesion (Malhotra et al. 2002). In addition, 1
subunits can form heterophilic interactions with other CAMs, including contactin,
N-cadherin, NrCAM, neurofascin-155, neurofascin-186, and the VGSC 2 subunit
as well as the extracellular matrix protein, tenascin-R (Fig. 3) (McEwen and Isom
2004; Xiao et al. 1999). p2 subunits can also participate in heterophilic adhesion
in vitro with both tenascin-R and tenascin-C (Srinivasan et al. 1998; Xiao et al.
1999). Drosophila S2 cells expressing 3 subunits do not aggregate, suggesting that
B3 does not participate in trans homophilic adhesion (McEwen et al. 2009). In
contrast, f3 subunits expressed in HEK cells participate in frans heterophilic
adhesion with other CAMs, although this does not result in 3-ankyrin binding
(McEwen et al. 2009; McEwen and Isom 2004; Ratcliffe et al. 2001). The function
of B4 in cell adhesion remains more poorly understood (Brackenbury and Isom
2011). Insights from crystallographic, mutagenic, and photo-crosslinking studies
have revealed the structural importance of an antiparallel interface between (4
subunits in trans homophilic adhesion (Shimizu et al. 2016). Recent evidence
shows that f4 Ig domains interact in a parallel manner involving a disulfide bond
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Fig. 3 p1 participates in homophilic and heterophilic cell adhesion (Malhotra et al. 2000).
Left Schematic of f1—f1 homophilic cell adhesion and its downstream signaling. At points of
cell—cell contact B1 binds to ankyrin in a phosphorylation-dependent manner. When p1 is not
phosphorylated it is bound to ankyrin, while when tyrosine 181 is phosphorylated it is not bound to
ankyrin (Malhotra et al. 2000, 2002). In rat brain Pl interacts with receptor protein tyrosine
phosphatase-f which may contribute to regulating the 1 phosphorylation state (Ratcliffe et al.
2000). Right P1 participates in heterophilic cell adhesion with N-CAM, VGSC f2 subunits, and
contactin

between cysteine 58 and hydrophobic and hydrogen bonding interactions between
residues 30 through 35. Deletion of the f4 N-terminal domain led to decreased cell
adhesion and increased association with the o subunit, revealing the importance of
B4 cis dimerization (Shimizu et al. 2017).

Consistent with the role of f1 and 2 in cell adhesion, these molecules have been
identified to mediate neurite outgrowth in CGNs (Davis et al. 2004). In this series of
experiments, CGNs were grown on a monolayer of CHL cells that either did, or
did not, express B subunit proteins. When f1—f1 frans homophilic cell adhesion
occurred between the CGN and the monolayer expressing P1, neurite length was
longer than when it did not. In contrast, f2-mediated homophilic adhesion resulted
in decreased neurite length while 4 had no effect on this biological output. These
data suggest that B1—B1 frans homophilic cell adhesion initiates a signal transduc-
tion cascade to drive neurite outgrowth in vitro while f2-mediated signaling may
be inhibitory. Cell adhesion-mediated neurite outgrowth has been shown to occur
through two downstream pathways: either via an epidermal growth factor receptor
(EGFR) or fibroblast growth factor receptor (FGFR) mediated signal transduction
cascade, or through the fyn kinase pathway (Brackenbury et al. 2008). Inhibitors of
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FGFR and EGFR had no effect on f1-mediated neurite outgrowth in CGNs. In
contrast, CGNs isolated from fyn-null mice grown on a CHL monolayer expressing
p1 did not show extended neurite length, suggesting that pl-mediated neurite
outgrowth signals through a pathway that involves fyn kinase. This hypothesis is
further supported by results showing that $1 subunit peptides associate with fyn in
detergent-resistant membrane fractions solubilized from mouse brain (Brackenbury
et al. 2008). The proteolytic processing of f1 by BACEI and y-secretase is also
important for f1-mediated neurite outgrowth, as inhibitors of y-secretase block p1-
mediated neurite outgrowth (Fig. 4) (Brackenbury and Isom 2011). The secreted
Scnlb splice variant, f1B, increases neurite outgrowth to a similar extent as full-
length 1 (Patino et al. 2011). Outside of the central nervous system, the 1 subunit
can induce the growth of neurite-like features from cultured breast cancer cells,
suggesting a possible developmental role for 1 in other cell-types (Nelson et al.
2014).

B1/p1B-mediated cell adhesive activity has been implicated in neuronal devel-
opment in vivo. In the Scn/b null mouse, there are fewer optic nerve nodes of
Ranvier. At the ultrastructural level, optic nerve, spinal cord, and sciatic nerve
nodes have abnormal architecture (Chen et al. 2004). Scnlb-null mice also have
defects in neuronal pathfinding and fasciculation in multiple brain regions. In
normal cerebellum, CGN axons project from the granule layer to the molecular
layer, where they form parallel fibers. In the Scn/b null mouse, CGN axons are
defasiculated, forming a disrupted molecular layer. Abnormal pathfinding and
defasiculation are also observed in the Scn/b-null corticospinal tract and hippo-
campus. In a related model, dendritic arborization of pyramidal neurons in
subiculum is reduced in Scnl/b-C121W mutant animals (Reid et al. 2014). The
Scn2b- and Scn3b-null mouse models do not have an apparent neurological pheno-
type, although Scn2b-null mice have increased seizure susceptibility and altered
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Fig. 4 f subunits are sequentially cleaved by a-secretase and/or the B-site amyloid precursor
protein-cleaving enzyme 1 (BACE1) and subsequently by y-secretase in the lumen of the mem-
brane. Sequential cleavage generates a soluble extracellular N-terminal domain and intracellular
C-terminal domain (Kim et al. 2005; Wong et al. 2005). The soluble N-terminal domain participates
in cell adhesion and migration, while the intracellular domain modulates neurite outgrowth and, in
the case of 2, regulates VGSC gene transcription in vitro (Davis et al. 2004; Kim et al. 2005, 2007,
Miyazaki et al. 2007). Figure reproduced from Brackenbury and Isom (2011)
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pain sensation (Chen et al. 2002; Hakim et al. 2008, 2010; Lopez-Santiago et al.
2006; O’Malley and Isom 2015). CNS abnormalities in the Scr4b-null mouse
model were recently described. Scn4b-null mice display deficits in balance and
motor coordination and resurgent sodium current in null Purkinje neurons was
reduced by approximately 50%. This was further validated using in vivo short
hairpin RNA knockdown of 4 in adult Purkinje neurons (Ransdell et al. 2017).
Overexpression of the 4 subunit in Neuro2a cells results in increased neurite
outgrowth, dendrite formation, and filopodia-like protrusions, suggesting a role
for 4 in neuronal pathfinding and migration (Oyama et al. 2006).

2 The Role of 3 Subunits in Pathophysiology
2.1 Cancer

VGSC B subunits are expressed in prostate, breast, lung, and cervical cancers. This
expression is subunit specific and varies by cancer type (Brackenbury 2012). B1 is
found in breast, prostate, and cervical cancers, while 2 has been detected in breast
and prostate cancers, and p3 in prostate and lung cancers (Chioni et al. 2009; Diss
et al. 2008; Hernandez-Plata et al. 2012; Jansson et al. 2012; Roger et al. 2007).

Bl and P2 expression levels correspond with metastatic potential in prostate
cancer cells (Chioni et al. 2009; Jansson et al. 2012). Experiments performed
in vitro with breast cancer cells have shown that 1 expression enhances cell—cell
and cell-substrate adhesion and decreases cell migration (Chioni et al. 2009). On
the other hand, data suggest that $1 contributes to cell invasion during metastasis in
breast cancer cells (Chioni et al. 2009). Overexpression of 1 increases vascular
endothelial growth factor secretion and angiogenesis, and decreases apoptosis in
endothelial cells (Andrikopoulos et al. 2011). f1 overexpression in an orthotopic
mouse model of breast cancer increases tumor growth and metastasis (Nelson et al.
2014). In the well-defined prostate cancer cell line, LNCaP, B2 overexpression
increases cell length, but reduces cell volume, which may result in increased
cellular motility and invasion. In a wound healing assay, cells overexpressing
B2 migrate farther than controls. To the contrary, over-expression of 2 decreases
tumor formation and growth after tumor implantation into nude mice. Furthermore,
2 over-expression enhances invasion and growth on laminin (Jansson et al. 2012).

Unlike P1 and 2, B3 is postulated to function as a tumor suppressor because its
amino acid sequence contains two p53 response elements. In p53-null mouse
embryo fibroblasts, Scn3b is increased after adriamycin treatment and 3 expres-
sion induces p53-dependent apoptosis (Adachi et al. 2004). Less is known about the
expression of P4 in cancer, although P4 expression levels are lower in cervical
and prostate cancer cells in comparison to noncancerous cells (Diss et al. 2008;
Hernandez-Plata et al. 2012). f4 co-expression with Na, 1.5 has also been shown to
play arole in CD4" T cell development (Lo et al. 2012). These data suggesting roles
for VGSC B subunits in cancer indicate that these molecules are important to the
functioning of non-excitable, in addition to excitable, cells.
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2.2 Cardiac Arrhythmia

The VGSC f subunits are expressed in the human heart and conduction system.
Here, SCNIB is expressed at the highest levels in atria and endocardium, while
SCN2B and SCN3B are expressed throughout the human heart (Gaborit et al. 2007).
In mouse ventricular cardiomyocytes, 2, B4, and tyrosine-phosphorylated (1
subunits are expressed at the intercalated disc along with Na, 1.5, the predominant
heart o subunit (Maier et al. 2004; Malhotra et al. 2004). At t-tubules of ventricular
cardiomyocytes, 2, f3, and non-phosphorylated p1 are co-expressed with Na,1.1,
Na,1.3, and Na,1.6 a subunits (Dhar Malhotra et al. 2001; Maier et al. 2004,
Malhotra et al. 2004). Cardiac VGSC f subunits are critical for action potential
upstroke, conduction velocity, and excitation-contraction coupling, suggesting that
abnormal expression of [} subunits may contribute to cardiac disease states (Remme
and Bezzina 2010).

Mutations in genes encoding VGSC  subunits are linked to multiple types
of cardiac disease (Bao and Isom 2014), including long QT syndrome (LQTS)
(Medeiros-Domingo et al. 2007; Riuro et al. 2014), a ventricular arrhythmia in
which there is delayed action potential repolarization, resulting in prolongation
of the QT interval on the electrocardiogram. LQTS causes an increased risk of
ventricular fibrillation (VF) and sudden cardiac death (Alders and Christiaans
1993). There is now an extensive list of LQTS mutations, including mutations in
ion channel genes (Nakano and Shimizu 2016; Tester and Ackerman 2014). Two
mutations, resulting in gain-of-function activity, have been identified in SCN/B and
SCN4B, respectively (Medeiros-Domingo et al. 2007; Nakano and Shimizu 2016;
Riuro et al. 2014), including 1B p.P213T, which results in increased late sodium
current and action potential duration, shifted window current, and decreased rate of
slow inactivation, and B4 p.L179F, which results in a positive shift in sodium
current inactivation causing abnormal action potential repolarization (Medeiros-
Domingo et al. 2007; Riuro et al. 2014).

Multiple mutations in SCN1B have also been linked to Brugada syndrome (BrS)
(Holst et al. 2012; Hu et al. 2012; Watanabe et al. 2008; Yuan et al. 2014). BrS
patients have an increased risk of sudden cardiac death due to VF (Watanabe
et al. 2008). SCN1B mutations are associated with reductions in Na, 1.5-generated
sodium current density, hyperpolarized voltage-dependence of sodium current
inactivation, and/or alterations in the rate of recovery from inactivation (Watanabe
et al. 2008). A missense mutation in SCN2B, p.D211G, has been linked to BrS and
results in reduced sodium current density by decreasing Na, 1.5 cell surface expres-
sion (Riuro et al. 2013). Mutations in all four of the VGSC  subunit genes are
linked to atrial fibrillation (AF) (Li et al. 2013; Olesen et al. 201 1; Wang et al. 2010;
Watanabe et al. 2009).

Mouse models lacking individual § subunits show the important roles of these
subunits in cardiac function. Cardiac function in Scn/b-null mice is altered, even
after blocking autonomic input. These animals exhibit action potential depolariza-
tion and prolonged QT intervals, suggesting a LQTS phenotype. Scnlb-null ven-
tricular myocytes have increased transient and persistent sodium current in
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comparison to wild-type animals, and an increase in Na, 1.5 transcript and protein
levels (Lopez-Santiago et al. 2007). Scnlb-null mice also show increased TTX-
sensitive sodium current in the ventricular myocyte midsection, concurrent with
increased Scn3a mRNA levels. Cardiac-specific Scn/b-null mice also display
increased Scn3a mRNA, lengthened action potential repolarization, delayed after
repolarizations and Ca®" transients, and frequent spontaneous release of Ca".
Alterations in Ca’" levels were blocked by TTX (Lin et al. 2014). Scn2b-null
mice exhibit a mixed, Brugada-atrial fibrillation like phenotype. Scn2b-null ven-
tricular myocytes have alterations in sodium and potassium current densities,
particularly in the right ventricular outflow tract. Similar to Scn2b-null brain,
total levels of Na,1.5 protein were found to be similar to those from wild-type
animals, supporting the hypothesis that a main function of B2 in the ventricle is to
chaperone VGSC a subunits to the cell surface without changing overall channel
expression. In contract, Scn2b null atria had normal levels of sodium and potassium
currents but increased levels of fibrosis. Lastly, Scn2b-null hearts display increased
susceptibility to atrial fibrillation and repolarization dispersion compared to wild-
type animals (Bao et al. 2016). Scn3b-null mice also show cardiac dysfunction. In
both atria and ventricles, Scn3b-null mice display an increased susceptibility to
arrhythmia, reduced peak sodium current, conduction abnormalities that are similar
to Brugada syndrome models, bradycardia, AV block, and deficits in sinoatrial node
recovery (Hakim et al. 2008). The role of p4 in cardiac function has yet to be
reported using the null mouse model.

2.3 Epilepsy

Many mutations in VGSC genes have been linked to epilepsies, including SCN/B
(Kaplan et al. 2016). There has as yet been no explicit neurological phenotype
associated with SCN3B and no epilepsy phenotype linked to SCN4B. The mutation
SCNIB p.C121W, identified in a patient with Generalized Epilepsy with Febrile
Seizures plus (GEFS+), was one of the first epilepsy mutations ever identified
(Wallace et al. 1998). GEFS+ patients initially experience febrile seizures, which
then progress to persistent afebrile seizures (Wallace et al. 1998). The heterozygous
p.C121W knock-in mouse has been shown to model the GEFS+ phenotype
(Wimmer et al. 2010). The p.C121W mutation disrupts a key disulfide bond in
the Ig loop (McCormick et al. 1998; Wallace et al. 1998). Although p.C121W
traffics appropriately to the plasma membrane and its co-expression increases
VGSC o subunit cell surface levels in culture, it is unable to participate in trans-
homophilic cell adhesion or modulate sodium current in vitro (Meadows et al.
2002). Studies of p.C121W subcellular localization in cultured neurons showed
that, unlike wildtype P1, mutant subunits do not traffic to specialized axonal
subdomains including the AIS and nodes of Ranvier. Phenotypically, p.C121W
homozygous mice model Dravet syndrome, displaying brain-region specific hyper-
excitability, reduced dendritic arborization of pyramidal neurons in the subiculum,
and an increased susceptibility to febrile and spontaneous seizures (Wimmer et al.
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2010). Animals that are heterozygous for this mutation are more susceptible to
hyperthermia-induced seizures than Scnlb*'~ or Senlb*'* animals. Even though f1-
C121W is localized to the cell surface of neurons in vivo, they are incompletely
glycosylated and do not interact with o subunits (Kruger et al. 2016). Additional
GEFS+ mutations in SCNIB, p.R85C, and p.R85H, have also been studied in
heterologous cells in vitro (Xu et al. 2007). Both mutants have decreased expression
compared to wild-type and are unable to modulate o subunits. Although of the two,
only p.R85H has been shown to reach the plasma membrane (Patino et al. 2009; Xu
et al. 2007).

The Scnib-null mouse line is a model of Dravet Syndrome (DS), and mutations
in Scnlb are linked to DS (Chen et al. 2004; Patino et al. 2009), a severe and
intractable pediatric epileptic encephalopathy that typically presents within the first
year of life with myoclonic seizures that can change etiology over time. DS patients
also suffer from a variety of comorbidities including ataxia, behavioral and devel-
opmental delay, and a high risk of sudden unexpected death in epilepsy, or SUDEP
(Gataullina and Dulac 2017). DS mutations in SCN/B are homozygous recessive.
The first DS mutation identified in SCN/B was p.R125C. This mutation has
abnormal trafficking and does not reach the cell surface in vitro, resulting in a
functional null phenotype (Patino et al. 2009). An additional SCN/B DS mutations,
p-I1106F, was later identified, although the mechanism underlying this mutation
remains unknown (Ogiwara et al. 2012). Scn/ b-null mice further validate the role of
B1in DS. These animals have frequent spontaneous seizures and abnormal neuronal
excitability and development, consistent with that observed in DS patients (Chen
et al. 2004). In addition, Scnib null mice die at ~P21, and are thus a SUDEP model.

Heterozygous mutations in SCN/B have been linked to a variety of other
epilepsies. These include p.R85C, p.R85H, p.R125L, and an in-frame deletion
mutation (Fendri-Kriaa et al. 2011; Scheffer et al. 2007; Wallace et al. 1998).
One mutation that is specific to the developmentally regulated splice variant,
B1B, has also been identified, p.G257R, and is linked to idiopathic epilepsy in
multiple pedigrees. In vitro, this mutation also has defects in membrane trafficking
(Patino et al. 2011). Except for this mutation specific to $1B, all epilepsy-linked
mutations in SCN/B code for amino acids in the Ig loop domain, suggesting the
clinical relevance of cell adhesion in the pathogenesis of epilepsy.

Scn2b-null mice express approximately half of normal levels of cell surface
TTX-sensitive VGSCs in brain. These animals are also more prone to pharmaco-
logically induced seizures compared to wild-type animals (Chen et al. 2002).
Additionally, a polymorphism in SCN2B (rs2298771) has been associated with
idiopathic epilepsy (Baum et al. 2014). In conclusion, the f1 and B2 subunits play
critical roles in epilepsy.

24 Neurodegenerative Disorders

B subunits have been implicated in neurodegenerative disorders including
amyotrophic lateral sclerosis (ALS), Alzheimer’s disease (AD), Huntington’s
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disease (HD), Multiple sclerosis (MS), and Parkinson’s disease (PD) (Calhoun and
Isom 2014; O’Malley and Isom 2015). ALS is characterized by the degeneration of
motor neurons in the spinal cord, motor cortex, and brainstem (Al-Chalabi et al.
2017). Differential gene expression of Scnl/b and Scn3b has been observed in the
Sodl mouse model of ALS. Scn/b mRNA and protein are decreased, while there is
increased Scn3b mRNA and protein in ventral dorsal horn. Neuronal hyperexcit-
ability is found in ALS, thus, alterations in the expression of Scnlb and Scn3b, as
well as the changes reported in the expression of Na, 1.6, may explain hyperexcit-
ability in ALS patients (Nutini et al. 2011).

Like that of the Amyloid Precursor Protein (APP), most famously known for its
potential implications in AD, f subunits are substrates for sequential cleavage by
B-site APP cleaving enzyme-1 (BACE!) and y-secretase, potentially linking the f
subunits to AD (Wong et al. 2005). In AD pathology, APP is initially cleaved on the
extracellular portion of the membrane by BACE1 and then subsequently cleaved in
the lumen of the membrane by y-secretase, generating the amyloid  (Ap) peptide.
AP then accumulates and forms amyloid plaques. BACEL is ubiquitously expressed
throughout the body, but is expressed at highest levels in the pancreas and brain
(Cole and Vassar 2007). The expression of BACE]1 increases with age in the cortex
of AD patients (Evin et al. 2010). Interestingly, AD patients are at increased risk of
seizures, further supporting a potential role of VGSCs in AD (Pandis and Scarmeas
2012). BACEI cleavage of p2 reverses normal 2 modulation of VGSC f subunits.
In BACE1-null mice, decreased cleavage of 2 (or possibly other BACEI sub-
strates, including other VGSC f subunits) may contribute to the increased neuronal
excitability observed in AD patients (Kim et al. 2011). In addition, SCN3B mRNA
is lower in AD brains with neurofibrillary tangles (NFTs), another pathological
issue displayed in some AD cases, suggesting [ subunits may be implicated in the
formation of NFTs and hyperexcitability in AD (Dunckley et al. 2006).

SCN2B and SCN4B have been linked to HD, a genetic, neurodegenerative
disease that affects motor coordination and mental ability. Ultimately, many of
these patients lose their ability to walk and/or talk. In HD patient postmortem brain
samples, SCN4B is downregulated in the striatum. This is mimicked in mouse
models, where it has been shown to occur prior to loss of motor coordination. In
vitro, 4 overexpression is implicated in neuronal development, suggesting that in
HD, p4 dysregulation may contribute to neural degeneration. A decrease in
2 expression is also observed in the same mouse model of HD, but later in the
pathogenesis of disease than observed for Scn4b (Oyama et al. 2006).

Although Scn2b-null mice have normal myelination, at least in the optic nerve,
deletion of Scn2b is neuroprotective in the Experimental Allergic Encephalomyeli-
tis (EAE) model of MS. Interestingly, Scn2b deletion in the EAE mouse model
leads to decreased axonal degeneration, fewer demyelinated and dysmyelinated
axons, reduced phenotypic severity, and increased survival (O’Malley et al. 2009).
B2 may also be implicated in MS through sequential cleavage by BACE1 and
y-secretase. In cerebrospinal fluid from MS patients, there is decreased BACE1
activity and this biomarker in MS is linked to a more severe and prolonged disease
state. Throughout MS progression, BACE1 expression continues to decline
(Mattsson et al. 2009).
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VGSC B1 subunits are also implicated in maintaining normal myelination.
Scnlb-null mice phenotypically display abnormal optic nerve myelination, spinal
cord dysmyelination, increased axonal degeneration, fewer optic nerve nodes of
Ranvier, and defects in nodal ultrastructure in both the central and peripheral
nervous systems. Loss of f1 expression, and thus adhesion, at nodes of Ranvier
leads to abnormalities in the formation of paranodal junctions, suggesting Pl
contributes to myelination (Chen et al. 2004).

Increased expression and glycosylation of the VGSC f4 subunit compared to
wild-type animals has been identified in a mouse model of PD. Studies of neurite
outgrowth in response to expression of WT vs. mutant 4 that could not be
glycosylated showed that neurite outgrowth was accelerated, with an increased
level of filopdia-like protrusions. Thus, the glycosylation state of f4 may be critical
for neuronal morphology and may be involved in PD pathogenesis (Zhou et al.
2012). Overall, P subunits contribute to myelination and neurodegenerative disease
states through a variety of mechanisms.

25 Neuropathic Pain

A variety of factors can cause neuropathic pain, including genetic mutations and
nerve injury. This leads to defects in nociception, the neuronal pathways implicated
in sensing noxious stimuli. The VGSC f subunits are expressed in dorsal root
ganglion (DRG) neurons and peripheral nerves, suggesting potential roles for
these proteins in neuropathic pain (Lopez-Santiago et al. 2006). Behavioral pain
phenotypes are difficult, if not impossible, to study in Scn/b-null mice due to their
severe seizures and early post-natal death (Chen et al. 2004). In spite of this, Scn/b-
null DRG neurons are hyperexcitable, suggesting that these mice may have some
form of allodynia (Lopez-Santiago et al. 2011). On the other hand, Scn/b mRNA
levels are increased in a model of chronic constrictive nerve injury, complicating
the interpretation of the role of Bl in neuropathic pain (Blackburn-Munro and
Fleetwood-Walker 1999).

Studies examining the role of B2 in neuropathic pain have also led to conflicting
results. While Scn2b-null mice are less sensitive than wild-type littermates in
models of inflammatory and neuropathic pain, f2 protein levels are increased in
injured and non-injured wild-type neurons in spared nerve injury and spinal nerve
ligation models in rat (Lopez-Santiago et al. 2006; Pertin et al. 2005). The latter
occurs without a corresponding increase in mRNA levels (Pertin et al. 2005).
Lastly, Scn2b mRNA levels are downregulated in cervical sensory ganglia after
avulsion injury, but increased in a model of chronic constrictive nerve injury
(Blackburn-Munro and Fleetwood-Walker 1999; Coward et al. 2001).

Scn3b mRNA expression is increased in multiple pain models, including in
small C-fibers, in a chronic constrictive injury model in rats, in A8 fibers in the
streptozotocin model of diabetic neuropathy in rat, in the small and medium fibers
in the sciatic nerve transection model, and finally, in the spared nerve injury model
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of neuropathic pain suggesting Scn3b may play a role in modulating pain (Shah
et al. 2000, 2001; Takahashi et al. 2003).

Although there are little data to directly implicate 4 in pain, the C-terminal
portion of 4 plays a role in generating resurgent sodium current in DRG neurons
(Grieco et al. 2005). Paroxysmal Extreme Pain Disorder (PEPD) is an inherited
neuropathic pain syndrome linked to gain-of-function mutations in SCNYA,
encoding Na,1.7. When PEPD-linked Na,1.7 mutants are co-expressed with the
C-terminal P4 peptide, differential enhancement of resurgent current is observed,
suggesting a potential role for $4 in pain (Theile et al. 2011). In all, the § subunits
contribute to pain phenotypes in a cell-type and subunit-specific manner.

2.6 Sudden Infant Death Syndrome (SIDS) and Sudden
Unexpected Death in Epilepsy (SUDEP)

Sudden Infant Death Syndrome, or SIDS, is the unexpected death of a child up to
1 year of age where a clear cause of death cannot be identified via autopsy (Krous
et al. 2004). The mechanism of SIDS remains to be elucidated, but one out of ten
cases is associated with cardiac ion channel gene mutations, including in genes
encoding the f subunits (Van Norstrand and Ackerman 2009). p.V36M and p.V54G
mutations in SCN3B and p.S206L in SCN4B have been linked to SIDS (Tan et al.
2010). Importantly, p.V36M in SCN3B has also been linked to idiopathic ventricu-
lar fibrillation, a potential fatal cardiac arrhythmia, and p.S206L in SCN4B also
leads to abnormal excitability in rat ventricular myocytes (Tan et al. 2010; Valdivia
et al. 2010). There has been one reported instance of SIDS in a child with a p.
R214Q in p1B, which has also been associated with Brugada Syndrome (Hu et al.
2012). 1B modulates Na, 1.5 function, potentially providing an underlying mech-
anism for SCNIB linked cardiac dysfunction (Patino et al. 2011). To date, no
mutations in SCN2B have been linked to SIDS.

Some ion channel genes that have been linked to SIDS have also been linked to
Sudden Unexpected Death in EPilepsy (SUDEP). SUDERP is defined as the sudden
and unexpected death of a person with epilepsy without any identifiable cause of
death during autopsy (Nashef et al. 2012). SUDEP occurs in up to 17% of epileptic
patients and those diagnosed with Dravet syndrome (DS) are at an especially high
risk for SUDEP (Ficker et al. 1998). Seizures that are difficult to treat by pharma-
cological intervention are also associated with increased SUDEP risk (Hesdorffer
et al. 2012). Currently, there are no reliable biomarkers for SUDEP, but it is likely
that death is initiated by dysfunction in multiple organ systems, including auto-
nomic dysfunction, cardiac arrhythmia, central or obstructive apnea, hypoventi-
lation, and pulmonary edema (Surges and Sander 2012). Several types of cardiac
events are known to occur during or after seizure activity in epilepsy patients. These
include asystole, atrial fibrillation, bradycardia, tachycardia, and T-wave alterations
(Jansen and Lagae 2010). Epileptic activity may affect the autonomic nervous
system, which is known to be a critical regulator of cardiac function. Dysregulation
of the autonomic nervous system and spreading depression to brain stem centers
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during an epileptic event can result in fatal cardiac abnormalities (Jansen and Lagae
2010; Massey et al. 2014; Surges and Sander 2012).

Multiple DS and epilepsy animal models also serve as models for SUDEP,
including the previously discussed Scn/b-null mouse line (Chen et al. 2004). Addi-
tional models include Scn/a*'~ mice, which model the haploinsufficiency observed in
most DS patients, and the Kcnal null mouse line, which deletes the voltage-gated
potassium channel Kv1.1 (Glasscock et al. 2010; Oakley et al. 2011). Intriguingly,
each of these SUDEP models presents with different cardiac alterations that may
mechanistically contribute to SUDEP. Scnlb-null mice display increased cardiac
sodium current and prolonged QT and RR intervals. Scn/b-null mice treated with
atropine or propranolol do not show differences in QT interval compared to vehicle
treated animals, indicating the cardiac phenotype may not be a result of an abnormal
autonomic activity (Lopez-Santiago et al. 2007). Scnla*' ™ mice also display increased
cardiac sodium current, but additionally have bradycardia, focal discharges, a variable
RR interval, and bundle branch block (Auerbach et al. 2013; Kalume et al. 2013).
Kcnal-null mice display a cardiac phenotype as well, including atrioventricular
(AV) block, bradycardia, premature ventricular contractions and altered heart rate
variability (Glasscock et al. 2010). Contrary to Scnlb-null mice, treatment of Scnl at’”
and Kcnal-null animals with atropine reverses AV block, suggesting parasympathetic
hyperexcitability in these models (Glasscock et al. 2010; Kalume et al. 2013). In
summary, studies with animal models and patient mutations provide evidence that f§
subunits are likely key regulators in the pathogenesis of SIDS and SUDEP, although
additional work must be completed to further understand and ultimately prevent SIDS
and SUDEP events.

3 Conclusion

In conclusion, VGSC f subunits play critical roles in modulating the gating,
localization, and kinetics of the VGSC pore as well as modulate the activities of
some potassium channels. In addition, these non-pore-forming proteins function as
CAMs and signaling molecules in both excitable and non-excitable cell types. Their
importance as CAMs is implicated in neurite outgrowth, axonal pathfinding and
fasciculation, and migration in cancerous cells. Sequential § subunit cleavage by
BACE and y-secretase also affects the expression of other genes. Mutations in the
genes encoding f subunits are linked to a variety of devastating diseases, including
epilepsy, SIDS and SUDEP, cancer, neuropathic pain, and some of the major
neurodegenerative disorders (Fig. 5). Additional research needs to be completed
in order to further understand the biology of these critical proteins and their
potential as novel therapeutic targets for a wide variety of disease states.
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Fig. 5 Disease-linked f subunit mutations. Figure reproduced from O’Malley and Isom (2015)
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