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Defective channels lead to an impaired skin barrier

Diana C. Blaydon* and David P. Kelsell

ABSTRACT

Channels are integral membrane proteins that form a pore, allowing
the passive movement of ions or molecules across a membrane
(along a gradient), either between compartments within a cell,
between intracellular and extracellular environments or between
adjacent cells. The ability of cells to communicate with one another
and with their environment is a crucial part of the normal physiology
of a tissue that allows it to carry out its function. Cell communication
is particularly important during keratinocyte differentiation and
formation of the skin barrier. Keratinocytes in the skin epidermis
undergo a programme of apoptosis-driven terminal differentiation,
whereby proliferating keratinocytes in the basal (deepest) layer of
the epidermis stop proliferating, exit the basal layer and move up
through the spinous and granular layers of the epidermis to form the
stratum corneum, the external barrier. Genes encoding different
families of channel proteins have been found to harbour mutations
linked to a variety of rare inherited monogenic skin diseases. In this
Commentary, we discuss how human genetic findings in aquaporin
(AQP) and transient receptor potential (TRP) channels reveal
different mechanisms by which these channel proteins function to
ensure the proper formation and maintenance of the skin barrier.
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Introduction

The skin barrier

There are a number of components of the skin barrier (Proksch et al.,
2008). The physical barrier of the skin is formed mainly by the
stratum corneum, which consists of dead keratinocytes, or
corneocytes, that are embedded in an extracellular matrix formed of
lipid bilayers (Fig. 1). In corneocytes, the cell membrane is replaced
by a tough protein and lipid envelope (the comified cell envelope) that
provides mechanical strength to the stratum corneum, whereas the
lipid matrix forms the main permeability barrier against the invasion
of bacteria and other hazardous substances. However, the living
nucleated keratinocytes of the lower granular and spinous layers (the
stratum granulosum and stratum spinosum, respectively) also provide
an important component to the skin barrier, through the formation of
cell—cell adhesion junctions, including desmosomal junctions, tight
junctions and adherens junctions (Fig. 1B), which link to the cell
cytoskeleton, thereby providing additional strength and restricting
paracellular permeability, including limiting water loss from the body.

The importance of gap junctions
The importance of channels in human skin became evident a
number of years ago, with the identification of mutations in genes
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encoding various connexins, the protein subunits of gap junctions,
as the underlying cause of a spectrum of inherited skin disorders
that exhibit palmoplantar keratoderma (PPK) as a common
feature (Scott and Kelsell, 2011). Gap junctions are major
channels that allow cells to communicate with one another by
facilitating intercellular communication, including the transfer of
Ca*", a fundamental ion in keratinocyte differentiation, and small
molecules of <1 kDa — such as inositol triphosphate (IP3) —
between cells. In the skin, gap junctions appear to regulate a
number of cellular processes, including wound healing,
differentiation and barrier function (Goliger and Paul, 1995;
Coutinho et al., 2003; Qiu et al., 2003; Djalilian et al., 2006; Mori
et al., 2006; Man et al., 2007; Kandyba et al., 2008; Simpson
et al., 2013), and their role in epidermal integrity is reviewed
elsewhere (Martin et al., 2014).

Connexins are four-transmembrane-domain proteins that form
the subunits of gap junctions. Six connexins oligomerise in the
endoplasmic reticulum (ER) or Golgi apparatus to form a
connexon or ‘hemichannel’ prior to arriving at the plasma
membrane or cell surface. These hemichannels can then ‘dock’
with a hemichannel on an adjacent cell to connect the cytoplasms
of the respective cells, forming a gap junction. Thousands of these
channels come together to form large clusters or plaques that are
visible by electron microscopy (Caspar et al., 1977). Gap
junctions can have differing permeabilities to molecules and
ions depending on their specific connexin composition.
Furthermore, hemichannels can be homomeric (made up of the
same six connexins) or heteromeric (made up of two or more types
of connexin), and different hemichannel combinations can
dock with one another and form homotypic (two identical
hemichannels) or heterotypic (different hemichannels) channels
(Ahmad et al., 1999; Martin et al., 2001), adding another level of
complexity to these junctions. Thus, in the epidermis, which is
known to express at least 9 of the 21 known human connexins,
including Cx26, Cx30, Cx30.3, Cx31 and Cx43, multiple
hemichannels and gap junction types will exist (Wiszniewski
et al., 2000; Di et al., 2001). This might indicate some redundancy
between the connexins for their normal function in the skin, which
is supported by the association of loss-of-function mutations of
GJB2 and GJB6 (encoding Cx26 and Cx30, respectively) with
non-syndromic autosomal recessive sensorineural hearing loss
without a dermatological condition (Scott and Kelsell, 2011).
However, carriers of the common recessive deafness-associated
GJB2 mutations 35delG and R143W have been reported to exhibit
a normal but slightly thicker epidermis (D’Adamo et al., 2009;
Guastalla et al., 2009). In vitro studies, using three-dimensional
(3D) skin culture models, support these histological and ultrasound
observations, and suggest that loss of functional Cx26 might
confer improved barrier function in the skin (and also in the gut),
with increased protection from bacterial infection (Man et al.,
2007; Simpson et al., 2013).

In contrast to the recessively inherited loss-of-function
deafness-associated mutations, connexin mutations that cause
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Fig. 1. Structure of the epidermis and epidermal barrier and localisation of AQP3, AQP5 and TRPV4 in normal palmar skin. (A) lllustration of the different
layers of keratinocytes found in the epidermis. Keratinocytes in the stratum basale (the deepest layer of the epidermis) are attached to the basement membrane
and undergo proliferation. Upon leaving the stratum basale, keratinocytes stop proliferating and enter a programme of terminal differentiation. These cells move
up through the stratum spinosum and stratum granulosum layers of the epidermis, undergoing a conformational change as they do so. In the outer layer of the
epidermis, the stratum corneum, the keratinocytes are flattened anucleated dead cells known as corneocytes, which are continuously lost from the surface of the
skin and replenished by cells from the lower layers of the epidermis. Ca®* is essential for the regulation of keratinocyte differentiation, and a Ca®* gradient is seen
in the epidermis. (B) The epidermal barrier is formed from a number of components. The stratum corneum forms the main physical barrier of the skin and
consists of corneocytes, with a toughened cornified cell envelope, embedded in an extracellular lipid matrix, which forms the main permeability barrier. Cell—cell
adhesion junctions, including desmosomal junctions, tight junctions and adherens junctions, between the living nucleated keratinocytes of the lower granular and
spinous layers also provide strength to the skin barrier and restrict paracellular permeability. (C) Localisation of some key aquaporin and TRP channel proteins in
normal palmar skin is shown using immunofluorescent staining. AQP3 (green, left panel) is expressed in the basal and spinous layers of the epidermis, but
AQP3 expression is lost in the upper granular layer, consistent with a role for AQP3 in keratinocyte proliferation and negative regulation of differentiation. By
contrast, AQP5 (green, middle panel) shows a strong plasma membrane localisation in keratinocytes of the granular layer, indicating a role for AQPS5 in the
formation or maintenance of the epidermal barrier, although further work is required to establish the function of AQPS5 in the epidermis. Similarly, TRPV4 (green,
right panel) is also expressed in the upper layers of the epidermis, where it is has been shown to play a role in the formation of the intercellular junctions in the
epidermal barrier. An association between TRPV4 and AQP5 has been demonstrated in other cell types, and they might have a similar relationship in
keratinocytes, although further studies are required to establish this. Nuclei are shown in blue (DAPI), and the white dashed line indicates the location of the

basement membrane.

hyperkeratotic skin disease (with or without deafness), such as
Vohwinkel’s syndrome (mutilating keratoderma with hearing
loss), keratitis-ichthyosis-hearing loss (KID) syndrome and
erythrokeratoderma variabilis (EKV), are dominantly inherited.
These skin-disease-associated connexin mutants appear to either
suppress wild-type gap junction channel activity by exerting a
dominant-negative effect on wild-type connexins or a trans-
dominant effect on other connexin proteins (Rouan et al., 2001),
or represent gain-of-function variants (Richard et al., 1998;
Bakirtzis et al., 2003; Essenfelder et al., 2004; Gerido et al., 2007;
Lee et al., 2009). For example, mutant forms of Cx31 can traffic
incorrectly and accumulate in organelles such as the ER, causing
ER stress and activation of the unfolded protein response (UPR),
which results in cell death (Tattersall et al., 2009). Other mutant
connexins are able to traffic normally but, on reaching the cell
surface, they form leaky hemichannels that are sensitive to low
extracellular Ca®" levels, thus also resulting in increased levels of
cell death (Gerido et al., 2007; Lee et al., 2009). Furthermore,
over-active hemichannels might lead to increased release of
secondary metabolites such as ATP into the extracellular
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environment, which will activate purinergic cell signalling
pathways, resulting in a variety of possible outcomes, including
inflammation and cell death (Essenfelder et al., 2004; Baroja-
Mazo et al., 2013).

Recently, other channel proteins — the aquaporins (AQPs) and
the transient receptor potential (TRP) channels — have also been
associated with human disorders of keratinisation (Blaydon et al.,
2013; Lin et al, 2012) and will form the focus of this
Commentary. As well as briefly reviewing the structure and
function of aquaporin and TRP channels, we will summarise
their roles in the normal function of the skin barrier and discuss
the potential mechanisms underlying the diseases that are
associated with mutations in two members of these channel
protein families, AQP5 and TRPV3. Dominant gain-of-function
mutations in AQP5 and TRPV3 have recently been reported as
the underlying cause of diffuse non-epidermolytic palmoplantar
keratoderma (NEPPK) and Olmsted syndrome, respectively, two
rare congenital hyperkeratotic skin disorders that, in common
with the gap-junction-associated skin diseases, feature PPK (Lin
et al., 2012; Blaydon et al., 2013). We will highlight how these
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disease-associated variant channels give insight into non-channel-
associated functions of these proteins, such as interactions with
proteins of the cell-cell junctions and cytoskeleton, as well as
their role in the skin barrier function.

Aquaporins

Aquaporins are a family of integral cell membrane proteins that
allow the osmotic movement of water across the cell membrane
independently of solute transport (King et al., 2004). To date,
thirteen mammalian aquaporin family members have been
identified, which can be subdivided into two groups — those
that are only permeated by water (aquaporins) and the
aquaglyceroporins, which also allow the passage of glycerol
and other small solutes. Aquaporins share a common protein fold
with six transmembrane o-helices (TMHs) and their amino- and
carboxy-termini in the cytosol. Two short half-helices abut in the
centre of the membrane to form a virtual seventh TMH that is
crucial to the selectivity of the channel (Jung et al., 1994). Human
AQP5 has been crystallised as a tetramer, which is considered to
be the physiologically relevant form of aquaporin (Horsefield
et al., 2008). However, unlike gap junctions, where the molecules
pass through the hemichannel formed by the connexin subunits,
water molecules move through the channel formed by each of the
four aquaporin monomers, rather than through the central pore of
the aquaporin tetramer (Jung et al., 1994).

Expression of up to six different aquaporins (AQP1, AQP3,
AQPS5, AQP7, AQP9 and AQP10) has been shown in various cell
types that are found in human skin (Boury-Jamot et al., 2006).
Among these, the aquaglyceroporin AQP3 is the most abundantly
expressed aquaporin in the keratinocytes of the epidermis (Boury-
Jamot et al., 2006). AQP7 is found in adipocytes throughout the
body, including the hypodermis of the skin, where it is involved
in adipocyte metabolism and the regulation of fat accumulation
through glycerol transport (Hara-Chikuma et al., 2005; Hibuse
et al., 2005). However, it appears that dendritic cells in the skin
also express AQP7 (Hara-Chikuma et al., 2012), where it has
been shown to be involved in antigen uptake and the initiation of
primary immune responses. Similarly, AQPI is expressed in
dermal fibroblasts and melanocytes in addition to endothelial
cells throughout the body (Mobasheri and Marples, 2004; Boury-
Jamot et al., 2006). Furthermore, AQP9 and AQP10 mRNA have
been detected in keratinocytes that grow in monolayer culture
(Sugiyama et al., 2001; Boury-Jamot et al., 2006); however, the
function of AQP1, AQP9 and AQPI0 in the skin is currently
unknown. New insights into the importance of aquaporins in the
skin has come from human genetic studies linking AQPS
mutations with a diffuse form of PPK, as discussed below.

AQP5

In contrast to AQP3 and the majority of other AQPs expressed in
the skin, AQP5 is the only water-selective aquaporin reported in
the epidermis. Until recently, the expression of AQPS in the skin
was believed to be restricted to the sweat gland cells in the
dermis, although its role in sweat secretion is not clear (Nejsum
et al., 2002; Song et al., 2002; Inoue et al., 2013). However, we
have recently reported the first inherited skin disease associated
with aquaporin mutations and have shown that AQPS is expressed
throughout the epidermis, albeit at a much lower level than seen
in the sweat glands, with a particularly strong localisation at the
plasma membrane in keratinocytes of the stratum granulosum of
the palmar epidermis (Fig. 1C) (Blaydon et al., 2013). We and
others have shown that missense mutations in 4QP5 underlie an

autosomal dominant form of diffuse NEPPK that is characterised
by a diffuse even hyperkeratosis, or thickening of the stratum
corneum, over the whole of the palms and soles, with affected
areas of skin displaying a white spongy appearance upon
exposure to water (Blaydon et al., 2013; Cao et al., 2014).

The disease-associated variant AQPS proteins appear to retain
the ability to traffic to the keratinocyte cell membrane, and we
have proposed that the variant AQP5 monomers maintain the
capacity to form open channels in the plasma membrane that
conduct water and, thus, are likely to represent gain-of-function
alleles (Blaydon et al., 2013; Cao et al., 2014). In support of this,
AQP5 has been shown to play a role in enhancing microtubule
organisation and stability in airway epithelial cells (Sidhaye et al.,
2012); likewise, we also see increased microtubule stabilisation in
the diffuse NEPPK palm when compared with normal palm skin
(Blaydon et al., 2013). The limitation of the diffuse NEPPK
patient phenotype to the palmoplantar skin argues for a role for
AQP5 that is specific to the palmoplantar skin, as opposed to
interfollicular skin. For instance, palmoplantar skin typically has
to sustain greater levels of mechanical stress and, hence, might
show special adaptations, including a thicker epidermis and
possibly stronger cell-cell adhesion.

AQP3
The aquaglyceroporin AQP3, the most abundantly expressed
aquaporin in keratinocytes, plays an important role in the
transport of water and glycerol in the epidermis. It is localised
to the plasma membrane of the lower basal layer (the stratum
basale) and spinous layer of the epidermis, but is absent from the
upper granular layer of keratinocytes (Sougrat et al., 2002)
(Fig. 1C). Since its expression was first reported in the rat
epidermis (Frigeri et al., 1995), AQP3 has become the most well-
studied aquaporin in mammalian skin. Much of what we know
about the role of AQP3 in the epidermis has been gleaned from
AQP3-null mice, which display impairments in skin hydration,
elasticity, barrier recovery and wound healing functions and show
reduced glycerol content in the stratum corneum and epidermis
(Hara et al., 2002; Ma et al.,, 2002). Furthermore, replacing
glycerol in AQP3-null mice improves the skin phenotype,
illustrating the importance of AQP3-mediated glycerol transport
for the normal physiology of the skin (Hara and Verkman, 2003).
It is clear that AQP3 plays a role in keratinocyte proliferation in
both human and mouse epidermis (Hara-Chikuma and Verkman,
2008b; Nakahigashi et al., 2011) and AQP3-facilitated water
transport is important for keratinocyte migration in the mouse
(Hara-Chikuma and Verkman, 2008a). Furthermore, despite some
debate over a role for AQP3 in keratinocyte differentiation in
mice (Bollag et al., 2007; Hara-Chikuma et al., 2009; Kim and
Lee, 2010), evidence in human keratinocytes supports a role for
AQP3 in the negative regulation of differentiation (and promotion
of proliferation) through the downregulation of Notchl, a known
mediator of keratinocyte differentiation (Guo et al., 2013).
Although mutations in AQP3 have yet to be identified as the
underlying cause of an inherited skin disorder, a number of lines
of evidence indicate a role for AQP3 in the skin barrier function.
AQP3 has been shown to accumulate with E-cadherin (Nejsum
and Nelson, 2007), an important component of cell—cell adherens
junctions, and AQP3 knockdown in human keratinocytes resulted
in a significant decrease in E-cadherin, as well as B-catenin and -
catenin, in the plasma membrane fraction, suggesting impaired
cell—cell adhesion in association with reduced levels of AQP3
(Kim and Lee, 2010). Furthermore, in AQP3-null mice, delayed
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biosynthesis of stratum corneum lipids owing to reduced
epidermal glycerol content is thought to be the cause of both
delayed barrier function recovery [as measured by trans-
epidermal water loss (TEWL)] after tape stripping and slower
wound healing after punch biopsy (Hara et al., 2002). In keeping
with a role for AQP3 in the skin barrier, changes in the levels of
AQP3 expression have been found in association with human skin
conditions where the epidermal barrier is impaired. For example,
increased AQP3 expression is seen in patients with atopic eczema
and has been proposed to partially account for the increased water
loss and dry skin seen in these patients (Olsson et al., 20006;
Nakahigashi et al., 2011), and reduced levels of AQP3 are
reported in the lesional and peri-lesional skin of psoriasis patients
(Voss et al., 2011; Lee et al., 2012). However, it is not known
whether altered AQP3 expression is involved with the
pathophysiology of these skin diseases or whether it merely
represents secondary changes that occur in response to the
disease.

TRP channels

TRP proteins are a superfamily of six-transmembrane-domain
proteins that form tetrameric cation-permeable pores with huge
variations in ion selectivities, modes of action and physiological
roles (Clapham, 2003; Montell, 2005). Specifically, they play
a crucial role in the sensory physiology, including
mechanosensation and thermosensation in the skin. However,
TRP channels also play an important role in many non-excitable
cells, including keratinocytes, allowing individual cells to sense
changes, such as variations in osmolarity and temperature, in the
extracellular environment.

TRPC channels

The TRP channel superfamily can be divided into seven
subfamilies: five group 1 TRPs (TRPC, TRPV, TRPM, TRPN
and TRPA) and two group 2 subfamilies (TRPP and TRPML) that
are grouped based on homology rather than their selectivity or
function. A number of the ‘classical’ TRPC subfamily channels
(so called as they were the first identified members of the TRP
superfamily) are expressed in the epidermis, and there is evidence
that the TRPC channels might have a key role in promoting Ca*'-
induced keratinocyte differentiation and, hence, barrier formation
(Cai et al.,, 2006; Beck et al., 2008; Miiller et al., 2008).
Extracellular Ca®" is crucial for the regulation of the process of
keratinocyte differentiation (Sharpe et al., 1989; Pillai et al.,
1990), and a Ca*" gradient is seen in the epidermis, with the
lowest concentrations found in the proliferating basal layer and
the highest concentrations in the upper differentiating granular
layer (Menon et al., 1985). A major Ca®" entry route into cells is
the store-operated route, whereby an increase in the concentration
of extracellular Ca®" is detected and leads to the release of Ca>"
from internal stores, such as the ER and Golgi, within the cell,
which in turn activates store-operated calcium (SOC) channels in
the plasma membrane, allowing an influx of extracellular Ca>"
and increasing the intracellular Ca®" concentration to a level
required to induce differentiation. TRPC1 and TRPC4 have
been demonstrated to act as SOC channels in Ca®'-induced
differentiation of human keratinocytes in vitro (Tu et al., 2005;
Cai et al., 2006; Beck et al., 2008). Moreover, the importance of
TRPC channels in keratinocyte differentiation is highlighted by
the finding that activation of TRPC6 is sufficient to induce in
vitro keratinocyte differentiation to levels similar to those seen
when the cells are stimulated with high concentrations of
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extracellular Ca®" (Miiller et al, 2008). In addition, the
importance of normal Ca®" homeostasis for the maintenance of
the epidermal barrier is highlighted in patients with Darier’s
disease. In Darier’s disease, skin fragility and hyperkeratosis are
associated with mutations in the ATP2A42 gene encoding
SERCA2, a transmembrane ATPase pump that mediates the
uptake of cytosolic Ca®" into internal ER Ca®" stores
(Sakuntabhai et al., 1999). Both mouse and human
keratinocytes with reduced levels of SERCA2 show
upregulation of TRPC1 and increased Ca*" entry (Pani et al.,
2006). The mechanism for upregulation of TRPC1 in patients
with Darier’s disease is not clear; however, the increased
expression of TRPC1 in human keratinocytes confers resistance
to apoptosis and promotes cell survival in a Ca®'-dependent
manner (Pani et al., 2006), indicating a role for TRPC1 in cell
survival. A role for TRPC channels in the preservation of the
epidermal Ca®" gradient is likewise underlined in psoriasis. In
psoriatic skin, an imbalance in keratinocyte proliferation and
differentiation is associated with thickening of the epidermis and
a reduced skin barrier function. Psoriatic skin also displays a
defect in the epidermal Ca®" gradient (Menon and Elias, 1991),
which might be partly explained by a reduction in the expression
of TRPCI, TRPC4 and TRPC6 observed in psoriatic
keratinocytes (Leuner et al., 2011); however, the mechanism
for downregulation of these TRPC channels in psoriatic skin is
unknown.

TRPV channels
The vanilloid subfamily of TRP channels (so named due to
activation of TRPV1 by capsaicin, a vanilloid compound) are also
implicated in epidermal barrier function. Similar to the TRPC
channels discussed above, the highly Ca®"-selective TRPV6
channel also has a crucial role in Ca®"-regulated keratinocyte
differentiation. TRPV6 expression is upregulated in the presence
of increased levels of extracellular Ca>" and mediates Ca®" influx,
leading to increased cytoplasmic Ca®" levels in human
keratinocytes, whereas knockdown of TRPV6 in human
keratinocytes impairs differentiation in vitro (Lehen’kyi et al.,
2007). In addition, TRPV6 knockout mice exhibit impaired
stratum corneum formation that is associated with a decrease in
epidermal Ca®" content (Bianco et al., 2007). Furthermore, it has
been shown that 1,25-dihydroxyvitamin D3, a key regulator of
keratinocyte differentiation, regulates the uptake of Ca®" by
TRPV6 in human keratinocytes (Lehen’kyi et al., 2007).
Keratinocytes also express other members of the vanilloid
subfamily of TRP channels, namely TRPV1, TRPV3 and TRPV4.
In contrast to other TRP channels discussed here, activation of
TRPV1 in keratinocytes appears to suppress cell growth and
induce apoptosis and, hence, to have a negative role in epidermal
barrier formation and recovery (Denda et al., 2007; Téth et al.,
2011; Yun et al., 2011). Nonetheless, TRPV1-mediated Ca*"
influx might still be necessary for keratinocyte polarity and
migration (Graham et al., 2013). TRPV3 is highly expressed in
keratinocytes (Peier et al., 2002) and, through its wide range of
functions, is purported to be one of the most important TRP
channels in the skin (Nilius and Bir6, 2013; Nilius et al., 2014). A
key role for TRPV3 in proliferation and differentiation of the
epidermis is highlighted in Olmsted syndrome patients
harbouring dominantly inherited TRPV3 mutations. These gain-
of-function mutations in TRPV3 result in increased levels of
keratinocyte apoptosis, leading to the formation of hyperkeratotic
plaques (Lin et al., 2012). Although skin barrier integrity has not
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been measured in Olmsted syndrome patients, embryonic day 17
TRPV3-null mouse embryos show significant dye permeability
compared with control embryos, indicating a defect in barrier
integrity in the absence of TRPV3 in the mouse (Cheng et al.,
2010). Also in mice, TRPV3 has been shown to regulate
epidermal growth factor receptor (EGFR) signalling as well as
the activity of transglutaminases, enzymes that crosslink proteins
during the formation of the cornified envelope (Cheng et al.,
2010). The EGFR signalling pathway is important for the balance
between keratinocyte proliferation and differentiation (Schneider
et al., 2008) and, in TRPV3-null mouse skin, the level of EGFR
activity is reduced (Cheng et al., 2010). Furthermore, TRPV3-null
mice also exhibit a ‘wavy’ hair phenotype (Cheng et al., 2010),
similar to transforming growth factor-oo (TGFo) and EGFR-
knockout mice (Luetteke et al., 1993; Mann et al., 1993),
supporting the link with EGFR signalling. By contrast, Olmsted
syndrome patients with activating TRPV3 mutations exhibit
diffuse alopecia, and mice carrying gain-of-function TRPV3
mutations are hairless (Asakawa et al., 2006; Xiao et al., 2008).
Moreover, activation of TRPV3 in human hair follicle culture
causes inhibition of hair shaft elongation and apoptosis-driven
catagen formation (Borbir¢ et al., 2011).

Therefore, TRPV3 appears to have a crucial role in the
formation of the stratum corneum, by means of regulation of the
differentiation process. However, it has emerged that TRPV4, a
TRP channel closely related to TRPV3, is involved in the
formation of the intercellular junctions (tight junctions and
adherens junctions) between cells that are located just below the
stratum corneum and that form another essential component of
the epidermal barrier (Niessen, 2007; Kirschner and Brandner,
2012). TRPV4 interacts with P-catenin and E-cadherin, and
TRPV4 activation strengthens the tight junction barrier and
accelerates barrier recovery (Sokabe et al., 2010; Kida et al.,
2012; Akazawa et al., 2013). TRPV4 is also activated by changes
in osmolarity (Liedtke et al., 2000), and it has been suggested that
TRPV4 might act as a sensor of humidity or water flux from the
skin surface as part of the epidermal permeability barrier
homeostasis (Denda et al., 2007). TRPV4 belongs to a group of
temperature-sensitive  TRP channels known as thermoTRPs,
and it is activated by temperatures in the physiological skin
temperature range (around 33°C) (Chung et al., 2004; Lee and
Caterina, 2005); consequently, TRPV4-null mice display
abnormal thermosensation behaviour (Lee and Caterina, 2005).
Warmth activation of TRPV4 leads to a Ca®" influx through the
channels, and the increase in intracellular Ca®" concentration
promotes Rho activation, which leads to the reorganisation of the
actin cytoskeleton and enhanced integrity of the intercellular
junctions and, hence, enhanced barrier function (Sokabe et al.,
2010). Therefore, it appears that keratinocytes might have a
central role in thermosensation of the skin that is mediated, at
least in part, by TRP channels.

Interestingly, there appears to be an association between
TRPV4 and AQPS5 in certain cell types. TRPV4 and AQPS5 are
both expressed at sites where extracellular osmolarity is known to
fluctuate (e.g. in the respiratory epithelium, salivary glands and
sweat glands) and a decrease in the abundance of AQP5 at the cell
surface in response to hypotonic conditions is regulated by
TRPV4 activation in lung epithelial cells (Sidhaye et al., 2006)
and salivary gland cells (Liu et al., 2006). Furthermore,
regulatory volume decrease (RVD), a mechanism that allows
cells to recover their original volume in the presence of osmotic
stress, appears to be controlled in salivary gland cells by the

interaction of TRPV4 and AQPS5 (Liu et al., 2006). In addition,
activation of TRPV4 also decreases the abundance of AQP5 at
the cell membrane and enhances epithelial barrier integrity in
response to shear stress in airway epithelial cells (Sidhaye et al.,
2008), and loss of AQPS5 is associated with a decrease in
paracellular permeability in mice salivary glands (Kawedia et al.,
2007). It is possible that AQPS and TRPV4 might have a similar
relationship in keratinocytes. AQP5 and TRPV4 proteins are both
expressed in the upper layers of the palm epidermis (Fig. 1C),
and diffuse NEPPK patients with gain-of-function AQPS
mutations exhibit increased microtubule stabilisation (Blaydon
et al., 2013), which, at least in human airway epithelial cells, is a
non-channel function of AQPS that has been associated with
increased paracellular permeability (Sidhaye et al., 2008; Sidhaye
et al., 2012). Furthermore, in an in vitro patch clamp assay, the
basal activity of TRPV4 was increased in the presence of mutant
AQPS5 compared with the activity seen with wild-type AQP5 (Cao
et al., 2014). Therefore, AQP5 and TRPV4 might have a similar
interaction in keratinocytes for detecting and responding to
osmotic and mechanical stress by modulating the epidermal
barrier, in particular through alterations in cell—cell junctions,
such as the tight junctions (Fig. 2). Consequently, it is possible
that the gain-of-function AQPS5 alleles that are associated with
diffuse NEPPK might remain present at the plasma membrane
inappropriately and result in impaired barrier integrity, possibly
through increased paracellular permeability; however, further
studies are required to confirm this.

Therefore, the aquaporin and TRP channel proteins are
emerging as central players in the formation and maintenance
of skin barrier function, and they act through a variety of different
mechanisms, some of which are non-channel-associated functions

(Fig. 2).

Perspectives

A common theme emerging amongst these three families of
channels in the skin — gap junctions, aquaporins and TRP
channels — is that the human epidermal barrier appears to be
capable of tolerating loss-of-function mutations in these channels,
probably due to a level of redundancy between members of these
protein families in the skin, whereas gain-of-function mutations
are associated with an impaired skin barrier. This is particularly
clear with mutations in connexins, whereby recessive loss-of-
function mutations underlie non-syndromic deafness in the
absence of an associated skin phenotype (Scott and Kelsell,
2011). This might also be the case for AQPS, as AQP5-null mice
have no reported skin abnormalities (Song et al., 2002), although
the anatomy of the skin has not been directly studied in these
mice. However, mice lacking TRPV3 expression in keratinocytes
exhibit a significantly thinner stratum corneum, altered
keratinocyte differentiation and impaired barrier function
(Cheng et al., 2010), whereas AQP3-null mice retain normal
barrier function, but display delayed barrier recovery after
disruption (Hara et al., 2002). It remains to be seen whether the
loss of functional AQP5 and TRPV3 has an effect on epidermal
barrier function in human skin and whether any AQP3 variants
will be associated with a human skin phenotype in the future.

It is intriguing that mutations in these channel proteins are all
associated with hyperkeratotic skin diseases that affect the palms
and soles (PPK) in particular. This might indicate that the balance
between proliferation and differentiation in the formation and
maintenance of the epidermal barrier in palmoplantar skin is
particularly sensitive to alterations in the normal physiology and
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Fig. 2. lllustration of the role of key aquaporin and TRP channel proteins in formation of the epidermal barrier. TRP channels form tetrameric cation-
permeable pores, which allow the movement of a variety of cations, including Ca?*, which is crucial for the regulation of keratinocyte differentiation. A number of
TRPC channels (blue) are expressed in keratinocytes, and there is evidence supporting a key role for these channels in the promotion of Ca?*-induced
keratinocyte differentiation. TRPC channels are believed to be activated (thus allowing the influx of extracellular Ca2*) upon detection of Ca®* release from
internal stores, such as the ER. TRPV3 (purple) appears to play a central role in keratinocyte biology, with a key role in establishing the balance between
keratinocyte proliferation and differentiation, which is believed to be mediated through EGFR activation. TRPV3 might also have a more direct role in the
formation of the epidermal barrier through regulation of the activity of transglutaminases (TGM), the enzymes required for the cross-linking of protein
components of the cornified envelope. Furthermore, TRPV4 (red), which is activated in response to mechanical and hypotonic stress, has been shown to bind to
components of the intercellular junctions, such as p-catenin, leading to increased skin barrier integrity. AQP3 (orange), an aquaglyceroporin that is
abundantly expressed in keratinocytes, also allows the movement of small molecules, such as glycerol, in addition to water, into keratinocytes. AQP3 appears to
play a central role in keratinocyte proliferation, and although the role for AQP3 in keratinocyte differentiation is less clear, there is evidence that it might be
involved in the negative regulation of differentiation through inhibition of Notch1, a known mediator of keratinocyte differentiation. AQP5 is a water-selective
aquaporin, the role of which in the formation of the epidermal barrier is currently unclear. However, AQP5 (green) might have a role in the regulation of cell-cell
adhesion, either through microtubule stabilisation or through an association with TRPV4, as has been shown in other cell types, but further work is required to
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determine this.

highlight a key role for channel proteins in the skin barrier
function. For example, increased cell death leading to barrier
dysfunction is seen in association with gain-of-function connexin
variants in EKV and KID syndrome, as well as in association with
TRPV3 variants in Olmsted patients. Furthermore, these mutant
channel proteins give us insight into important roles for
alternative non-channel functions for these proteins, particularly
in the skin barrier. For example, we see increased microtubule
stabilisation in association with gain-of-function variants of
AQPS5; however, further studies are required to understand the
mechanism of microtubule stabilisation by AQPS5 and to unravel
the downstream effects of this alteration in the cell cytoskeleton.
There is also evidence for interplay between these channels; in
particular this has been shown for AQP5 and TRPV4 in other cell
types, but it remains to be confirmed in keratinocytes.
Therefore, although there is clear genetic evidence that channel
proteins have a key role in the normal biology of keratinocytes,
the mechanisms through which these channel proteins act in the
formation, maintenance and regeneration of the human epidermal
barrier still need to be clearly defined. A valuable tool for
unravelling these mechanisms are 3D skin models that mimic key
features of the skin barrier function in vitro (Frankart et al., 2012)
and which can be used for further dissection of normal and
mutant channel proteins using both patient-derived keratinocytes
and normal cells that have been genetically manipulated. These in
vitro disease models can also be used to optimise therapies for
these skin conditions, such as topical barrier creams containing
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small molecule inhibitors specific for the channel protein of
interest. Alternatively, allele-specific small interfering (si)RNA-
mediated knockdown of the variant channel, such as is being
developed for some of the rare monogenic keratin disorders
(McLean and Moore, 2011), provides a more targeted approach
that leaves the wild-type channel intact. A host of other diverse
protein channels are also expressed in the skin that have
important roles in a variety of functions, including barrier
homeostasis, the immunological barrier, barrier regeneration and
sensory functions (e.g. touch, pain and thermoregulation) (Olah
et al., 2012). For example, ENaC, an epithelial sodium channel
with a key role in regulating the transport of sodium ions in
electrically tight epithelia such as the renal collecting duct
(Garty and Palmer, 1997), is also expressed in the epidermis and
cultured keratinocytes (Brouard et al., 1999), and appears to be
required for the directional migration of keratinocytes in an
electric field, indicating a role for ENaC in wound healing
(Yang et al, 2013). Utilising next-generation sequencing
technologies, numerous new genes that are involved in
inherited skin diseases are being identified. It is likely that
further channel or channel-associated proteins will be implicated
in keratinocyte biology and, with the visible and accessible
nature of the skin, their functions and disease-associated
mechanisms are likely to be revealed.
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