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Connexin channels in congenital skin disorders
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Abstract

Gap junctions and hemichannels comprised of connexins influence epidermal proliferation and
differentiation. Significant advances in our understanding of the functional role of connexins in
the skin have been made by studying the diseases caused by connexin mutations. Eleven clinically
defined cutaneous disorders with an overlapping spectrum of phenotypes are caused by mutations
in five different connexin genes, highlighting that disease presentation must be deciphered with an
understanding of how connexin functions are affected. Increasing evidence suggests that the skin
diseases produced by connexin mutations result from dominant gains of function. In palmoplantar
keratoderma with deafness, the connexin 26 mutations transdominantly alter the function of wild-
type connexin 43 and create leaky heteromeric hemichannels. In keratitis-ichthyosis-deafness
syndrome, different connexin 26 mutations can either form dominant hemichannels with altered
calcium regulation or increased calcium permeability, leading to clinical subtypes of this
syndrome. It is only with detailed understanding of these subtle functional differences that we can
hope to create successful pathophysiology driven therapies for the connexin skin disorders.
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1. Introduction

Many hereditary disorders were clinically described before the underlying genetic cause was
known. Physicians grouped patients with similar disease presentation and developed
diagnostic criteria based on phenotype to distinguish among different disorders. The ability
to identify causative mutations increased dramatically and identified roles for many gene
families in the function of different organ systems, as highlighted by the story of connexins
in the skin. There are many dermatologic diseases caused by diverse connexin mutations,
and confusingly, the diseases share many similarities. The present challenge for both
clinicians and basic scientists is to understand how the specific pathophysiologies of the
distinct mutations explain the clinical similarities and differences between diseases. While
this functional level of genetic to clinical correlation is still a work in progress, we will
review recent mechanistic advances in our understanding of how connexin mutations cause
skin disease and summarize the known connexin diseases by pathogenic mutation. We will
also describe how acquired functions of mutations in different connexin genes and disorders
may provide insights into the phenotypic similarities and differences between the increasing
numbers of genodermatoses linked to the connexin family.

1.1. Connexins and intercellular communication

Gap junctions allow the passage of small molecules between adjacent cells in animal tissues,
coupling them electrically and metabolically [1, 2]. They contain clusters of channels made
from a family of proteins called connexins (Cx). Connexins have four transmembrane
domains that form the channel wall and pore, connected by two extracellular loops that
facilitate compatibility, docking, and gating. On the intracellular side, connexins have N-
and C-termini, and a loop connecting the second and third transmembrane domains [3, 4].

Connexins oligomerize into a hemichannel (or connexon) in the ER-Golgi pathway [5, 6].
Hemichannels are then transported to the plasma membrane, where they can become
functional channels by themselves, or move to regions of cell contact and find a partner
hemichannel from an adjacent cell to complete gap junction channel formation [3].
Unopposed hemichannels become active under conditions of mechanical, or ischemic stress,
and allow the extracellular release of molecules like ATP, glutamate, or NAD*, provoking
different physiological responses [7, 8].

Connexins have overlapping expression patterns, and many cells express more than one. For
example, Cx26, Cx30, Cx30.3, Cx31, and Cx43 are all present in keratinocytes [9, 10]. Co-
expression of multiple connexins within a cell influences the composition of the
hemichannels and intercellular channels formed. Hemichannels can be formed either from a
single connexin, or from more than one type, leading to the formation of either homomeric
or heteromeric hemichannels, respectively. The formation of heteromeric hemichannels
depends on the compatibility of the connexins participating, because not all connexins can
interact with each other [11, 12].
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1.2. Connexins in the epidermis

Epidermal keratinocytes are subdivided into the inner most basal layer, the spinous layer, the
granular layer, and the outermost cornified layer. Basal layer cells proliferate and
differentiate as they move outward through the spinous, granular and cornified layers, from
which they are eventually shed. Connexins are thought to play a role in maintaining
epidermal integrity and homeostasis [13]. Ultrastructural analyses of human skin detected
gap junctions between keratinocytes in the basal, spinous, and granular layers, but not in the
cornified layers [14]. These results correlated with dye-transfer experiments showing
junctional communication between keratinocytes populating the three inner layers of the
epidermis [15, 16], which suggested that keratinocytes organized into "communication
compartments" consisting of 20-25 cells, as dye transfer occurred between basal and supra
basal keratinocytes within a compartment, but was reduced between keratinocytes in
neighboring compartments. Communication compartments were postulated to correlate with
epidermal proliferative units, suggesting a role for gap junctional communication in
regulating keratinocyte growth [15, 17].

Cx43 is expressed throughout the interfollicular epidermis, whereas Cx26 is restricted to
palmoplantar skin. Cx26 and Cx43 are also found in hair follicles and sweat glands, whereas
Cx30, Cx30.3, and Cx31 are expressed in the upper, differentiated epidermal layers [18, 19].
Changes in connexin expression occur in human epidermis following pathological or
experimentally induced shifts in keratinocyte proliferation. In normal skin, retinoic acid
treatment resulted in thickening of the epidermis and an increased number of keratinocytes
which correlated with a large induction of Cx26 expression across epidermal layers, and an
increase in Cx43 levels [20]. In psoriatic lesions, an induction of Cx26 occurs in the
proliferative psoriatic areas but not in the surrounding epidermis [21, 22]. In wounded skin,
up regulation of Cx26 expression was also observed [23]. Taken together, these studies
establish a correlation between increased connexin expression and keratinocyte proliferation
and differentiation.

2. Functional consequences of connexin mutations in congenital skin

disease

Mutations in five connexin genes have been linked to eleven genetic skin diseases (Table 1,
discussed in section 3). Six of these clinical disorders result from mutations in Cx26, and
consequently much of the mechanistic research has focused on this connexin. Cx26
mutations occur with a high frequency in humans, and most result in non-syndromic
deafness without skin pathology [24, 25]. An abundance of data suggests that simple loss of
function mutations in Cx26 can cause non-syndromic deafness without exhibiting epidermal
pathology [26, 27]. Thus, human skin does not need functional Cx26 either during
development or for normal homeostasis, yet certain mutations dramatically perturb
homeostasis, possibly through dominant gain of function mechanisms. If syndromic Cx26
mutations that cause skin disease and deafness show a gain of function, then distinct skin
pathologies may differentiate unique gain of function alterations in Cx26 channels.
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2.1 Functional properties of Cx26 mutations linked to palmoplantar keratoderma
associated with deafness (PPK)

Functional consequences of Cx26 mutations can be explored by comparing the channel
activity of wild-type and mutant proteins. Using electrophysiological measurements of gap
junctional coupling, it has been shown that five different mutations causing PPK, Cx26-
H73R, Cx26-S183F, Cx26-R75W, Cx26-AE42 and Cx26-D66H, all lacked intrinsic gap
junction channel activity. Four of the five showed dominant-negative inhibition of co-
expressed wild-type Cx26, suggesting a mechanism for their contribution to hearing loss.
When these mutations were co-expressed with Cx43, they all produced trans-dominant
inhibition of Cx43 gap junction channels [28-30]. This suggested that skin disease caused by
PPK mutations might be manifested through a common gain of function mechanism where
the Cx26 mutations dominantly interact with other connexins, such as Cx43. This model was
supported by analysis of a sixth mutation associated with PPK, Cx26-G59A. Using a dye
transfer assay, it was shown that Cx26-G59A failed to form functional channels by itself,
and reduced dye transfer between cells when co-expressed with either wild-type Cx26 or
Cx43 [31]. Consistent with this, another dye transfer analysis of the Cx26-G59A and Cx26-
R75W mutations showed that both could dominantly inhibit either wild-type Cx26 or Cx30
[32, 33].

A recent study also examined the ability of two PPK mutations to form functional
hemichannels. Both Cx26-H73R and Cx26-S183F failed to form hemichannels when
expressed alone in Xenopus oocytes. However, co-expression of the mutants with Cx43
showed significantly increased hemichannel activity in the presence of either mutant,
compared to Cx43 alone. Co-immunoprecipitation experiments showed that Cx43 could be
pulled down more efficiently with Cx26-H73R and Cx26-S183F than wild-type Cx26,
confirming the enhanced formation of heteromeric hemichannels [30]. This result was
surprising, as previous reports had shown that wild-type Cx26 was unable to co-oligomerize
with Cx43 [34], and Cx43 expression failed to induce voltage-activated hemichannel
currents in Xenopus oocytes [35].

Thus, two gain of function mechanisms have emerged for Cx26 mutations linked to PPK: i)
inhibition of gap junction channels formed by other keratinocyte connexins (Cx26, Cx30
and Cx43) and ii) formation of active heteromeric hemichannels with Cx43. The trans-
dominant inhibitory action of mutant proteins reduces the number of gap junction channel
types available in the epidermis, and may alter both the type of molecules exchanged and the
overall magnitude of gap junctional communication. Leaky hemichannels could cause
uncontrolled release of cell contents like metabolites and signaling molecules into the
extracellular space, affecting the behavior of surrounding cells in addition to initiating cell
death. The most common mechanism thus far suggests that PPK mutations trans-dominantly
alter functions of wild-type Cx43, and that novel heteromeric structures act as the
pathological unit underlying inhibition of gap junction channels and the activation of
hemichannels.
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2.2 Functional properties of Cx26 mutations linked to keratitis ichthyosis deafness
syndrome (KID)

If PPK causing mutations are characterized by trans-dominant interactions with other
connexins like Cx30 and Cx43, then KID mutants might be expected to display a different
alteration of Cx26 activity. This idea was supported by the first study of a KID mutation,
Cx26-A40V [36]. Expression of Cx26-A40V in Xenopus oocytes induced large membrane
currents consistent with constitutively active hemichannels. Work from several labs has
established that aberrant opening of mutant Cx26 hemichannels was a common gain of
function that could contribute to the skin phenotype of KID [37-43]. One exception to this
rule was the KID mutation Cx26-S17F, which failed to form active hemichannels when
expressed alone [39]. This enigma was resolved when a recent study demonstrated increased
hemichannel activity of Cx26-S17F in the presence of wild-type Cx43 [44]. As described for
heteromeric hemichannels containing PPK mutants in section 2.1, Cx26-S17F was unable to
form hemichannels or gap junction channels alone, but showed significantly increased
hemichannel activity when co-expressed with Cx43. Unlike the case for PPK, several of the
KID mutations can also form functional gap junction channels [38, 39, 41].

More detailed studies have investigated how changes in hemichannel gating and permeation
resulting from KID mutations might contribute to the loss of epidermal homeostasis.
Hemichannels are large aqueous pores, allowing inorganic cations and anions, as well as
larger metabolites to permeate. Cysteine scanning of three mutants, Cx26-A40V, Cx26-
G45E, and Cx26-D50N revealed that two of the three residues, G45 and D50, lined the
hemichannel pore. In addition, the unitary conductances of the three hemichannels were
found to be markedly different. Cx26-A40V hemichannels were indistinguishable from
wild-type Cx26, while Cx26-G45E and Cx26-D50N had unitary conductances that were
20% larger and 50% smaller, respectively. In addition, calcium regulation of the
hemichannels differed for the three mutations; Cx26-A40V and Cx26-D50N showed
significantly reduced inhibition by extracellular Ca*, whereas Cx26-G45E showed only
modest impairment in Ca2* regulation. However, Cx26-G45E hemichannels showed a
substantially increased permeability to Ca2*, whereas Cx26-D50N reduced hemichannel
Ca?* permeability [41, 42]. These data suggest that Cx26-A40V, Cx26-G45E and Cx26-
D50N are all gain of hemichannel function mutations that produce similar epidermal
pathology, but through somewhat different underlying mechanisms. Cx26-A40V and Cx26-
D50N make hemichannels that lose inhibitory regulation by extracellular calcium, whereas
Cx26-G45E has substantially increased Ca2* permeability. Since wild-type Cx26 is known
to be permeable to Ca2* [45], the net results would be similar from a normally open channel
with higher permeability (G45E), or a channel with normal permeability but much higher
open probability (A40V). Calcium is a central regulator of keratinocyte differentiation, and
the epidermis maintains an extracellular calcium gradient, with the highest concentrations in
the granular layer and an abrupt reduction in the cornified layer [46]. The aberrant properties
of KID hemichannels with respect to calcium would likely disrupt this gradient.

Additional support for KID hemichannels disrupting the calcium homeostasis has come
from studies of mouse models of KID syndrome (Figure 1). Transgenic mice expressing the
Cx26-G45E and Cx26-S17F mutations have been generated, and both models develop
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features of KID syndrome [47, 48]. Cx26-G45E mice develop a severe lethal form of the
disease, and significantly increased hemichannel activity was found to be present in primary
keratinocytes derived from KID lesions [47]. In Cx26-S17F animals, the epidermal calcium
gradient was altered, with elevated Ca2* found in both the intra- and extracellular
compartments of the cornified layer, which was correlated with defects in the epidermal
water barrier and altered lipid secretion [49].

2.3 A generalized role for hemichannels in connexin skin disorders

Increased hemichannel activity has now been linked to Cx26 mutations underlying both KID
and PPK. While not as thoroughly studied, there is evidence that altered hemichannel
function may also play a role in other connexin genodermatoses. For example, the Cx30
mutants, Cx30-G11R and Cx30-A88V, associated with hidrotic ectodermal displaysia
(HED) caused cell death in vitro, which could have resulted from the presence of functional
hemichannels, an idea supported by the detection of large voltage-activated currents in cells
expressing mutant proteins. Analysis of HeLa cells transfected with Cx30-G11R and Cx30-
A88V showed that cells expressing the mutant connexins had an ATP leakage 2-3 fold
higher than control cells, suggesting that ATP release through hemichannels may play a role
in the HED syndrome phenotype [50]. Additional support for active hemichannels
contributing to skin disease came from analysis of the Cx43-G8V mutation causing
keratoderma-hypotrichosis-leukonychia totalis syndrome (KHLT). Expression of the Cx43-
G8V mutation in HEK293 cells resulted in the formation of functional gap junction channels
and increased hemichannel activity [51]. The Cx43-G8V hemichannels increased membrane
current, Ca%* influx, and cell death compared to wild-type Cx43. Some Cx43 mutations
causing Oculodentodigital dysplasia (ODDD) have also been shown to exhibit increased
hemichannel activity [52], although it remains to be seen if there is any clear correlation
with skin pathology. ODDD mutations linked to skin disease have also been shown to
display dominant negative inhibition of wild-type Cx43 [53, 54].

3. Human epidermal disorders caused by connexin mutations

3.1 Syndromic diseases caused by mutations in GJB2 (Cx26)

Currently, five syndromic diseases are attributed to mutations in Cx26 (Table 1). Common
to all are sensorineural deafness and palmoplantar keratoderma (thickening of the skin on
the palms and soles). Cx26 is expressed at low levels in palmoplantar skin [55], whereas
hyperproliferative epidermis demonstrates upregulated Cx26 [20]. Syndromic diseases due
to Cx26 can be broadly divided into two groups. In the first group, PPK with deafness [28],
VVohwinkel syndrome (VS) [56], and Bart-Pumphrey syndrome (BP) [57] are thought to
represent phenotypic subtypes within a spectrum, and the pathogenic mutations among the
three diseases overlap and mainly affect the first extracellular loop (Figure 2). Clinically,
they are similar as well, with palmoplantar keratoderma and deafness, but without the
widespread keratoderma seen in keratitis-ichthyosis-deafness syndrome or hystrix-like
ichthyosis deafness syndrome [58].

PPK, VS and BP have a few distinguishing characteristics, which led to their different
categorization, but it is unclear how important these characteristics are. Palmoplantar
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keratoderma develops in infancy in VS, in childhood in BP. VS has starfished-shaped
keratoses over the knuckles, BP has knuckle pads [59, 60]. Finally, VS patients, but not BP
patients, have been described to have constrictive bands on their fingers and toes leading to
pseudoainhum (auto-amputation) [59]. BP patients on the other hand have been found to
have leukonychia (white nails) that improves over time [60].

KID syndrome [61, 62] and hystrix-like ichthyosis deafness syndrome (HID) [63] form the
second group and have deafness and palmoplantar keratoderma, like the other syndromic
Cx26 diseases. However, in KID/HID the skin involvement is more extensive. The
thickening, or hyperkeratosis, of the palm and soles also involve other areas of the body,
initially described as ichthyosis [64], but keratoderma is used here to more accurately
describe the clinical presentation seen in KID syndrome [65].

HID syndrome was historically described for patients with widespread severe keratoderma,
mild PPK, and no vascularizing keratitis (although punctate keratitis had been reported as
well) [66, 67]. However, the only known causative mutation for HID syndrome is Cx26-
D50N [63], which is also the most common mutation seen in KID syndrome [68], and
increasingly HID is thought to be a variant of KID syndrome.

Even among patients with KID syndrome, there is a strongly dichotomous genotype-
phenotype correlation [40]. Patients with Cx26-D50N, the most common mutation, live into
adulthood, and clinical concerns include vascularizing keratitis causing blindness, and
development of squamous cell carcinomas in chronically inflamed skin [68, 69]. However,
for patients who carry Cx26-G45E or Cx26-A88V [70-75], the prognosis is grim, as every
patient has died in early childhood from sepsis, possibly augmented by an uncharacterized
immune dysfunction [76]. One patient with Cx26-S17F has also presented with the lethal
form of the disease [77].

One recent lethal case of KID syndrome in a patient with Cx26-G45E demonstrated a novel
genetic pathogenesis, and resolved a mystery in the genetics of syndromic deafness [74].
Initial reports had identified Cx26-G45E as a recessive allele causing nonsyndromic
deafness in the Japanese population [78, 79], a role incompatible with its dominant linkage
to lethal KID syndrome. In a larger follow-up study of 1343 Japanese patients with
sensorineural hearing loss, 33 patients were identified who carried the Cx26-G45E mutation,
but lacked any dermatological problems [80]. These patients were also found to have Cx26-
Y 136X mutations in cis.

Subsequent screening of 920 healthy Japanese controls showed that none carried either
Cx26-G45E or Cx26-Y 136X alone, suggesting the two mutations were in complete linkage
disequilibrium in the Japanese population, and it was hypothesized that Cx26-Y 136X in cis
protected patients from their otherwise lethal Cx26-G45E mutation [74].

It had been theorized, but never documented in any human disease, that a revertant mutation
could release the disease state caused by a lethal mutation previously confined by a co-
existing nonsense mutation. The first case of KID syndrome due to Cx26-G45E presented in
Japan as a result of this revertant mechanism [74]. The patient’s healthy mother was
heterozygous for Cx26-G45E/Cx26-Y 136X mutation in cis, which confined the diseased
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Cx26 product and protected her from KID syndrome. A prezygotic recombination event in
the patient’s mother removed the Cx26-Y 136X mutation in cis, leaving only Cx26-G45E in
the patient, who developed typical manifestations of lethal KID syndrome. In vitro assays
confirmed that the Cx26-G45E mutant, but not the Cx26-G45E/Y 136X mutant induced
abnormally high hemichannel activity in neurobiotin uptake assays [74].

3.2 Non-syndromic skin-limited diseases caused by mutations in GJB2 (Cx26)

Porokeratotic eccrine ostial and dermal duct nevus (PEODDN) [81, 82] manifests as an
epidermal nevus in a linear Blaschkoid pattern [83]. Lines of Blaschko represent the
developmental path of ectodermal precursor cells, and post-zygotic somatic mutations in one
of these precursors lead to a disease state in the resulting linear band of keratinocytes [84].
Mutations in Cx26 were first hypothesized to be the cause of PEODDN because several
patients with KID syndrome were found to additionally have porokeratotic eccrine ostial and
dermal duct nevi [81, 82]. Cx26 mutations in the affected skin, but not peripheral blood or
unaffected skin, were found, confirming this hypothesis [81]. Finally, whole exome
sequencing of paired blood and affected skin also identified Cx26 mutations only in the
affected epidermis [85]. All of the somatic mutations identified to date were single amino
acid changes linked to KID syndrome. Thus, PEODDN is a mosaic form of KID syndrome
resulting from a post-zygotic somatic mutation affecting only a small portion of
keratinocytes. This is clinically significant when patients with porokeratotic eccrine ostial
and dermal duct nevi are of childbearing age, as they need to be counseled that there is a risk
their sperm or ova also carry the mutation [85].

3.3 Syndromic diseases caused by mutations in GJA1 (Cx43)

Oculodentodigital dysplasia (ODDD) [86] is unlike any of the other syndromic connexin
diseases in that the hearing loss is conductive, not sensorineural [87, 88]. Skin findings are
not common and when present are generally mild with variable hair loss, nail brittleness,
and rare cases with palmoplantar keratoderma [89]. It would be reasonable to hypothesize
then that either Cx43 is not critical for skin function, or other connexins provide
redundancy. More striking in ODDD are the characteristic facial and digital structural
anomalies, including microcephaly, microphthalmia, thin noses, and syndactaly [87].

3.4 Non-syndromic skin-limited diseases caused by mutations in GJB6 (Cx30)

Ectodermal dysplasias are a group of diseases in which structures derived from the ectoderm
(e.g. hair, teeth, nails, sweat glands, mucous glands, and sebaceous glands) are abnormal
[90]. HED (also known as Clouston syndrome) is the only one caused by connexin
mutations [91, 92]. Patients have thickened dystrophic nails, and often have short wiry hair
or no hair [93]. Other ectodermally derived structures are unaffected. Like many of the other
connexin disorders, these patients also have diffuse palmoplantar keratoderma [94]

In HED, the dorsal aspects of the hands and feet can have pebbly pink lesions corresponding
to enlarged eccrine acrosyringia, which can transform with growth into
syringofibroadenomas, a benign eccrine tumor [95]. Rarely, cases of HED with longstanding
syringofibroadenomas have been found to develop squamous cell carcinomas [96], although
it is unclear if these tumors are a direct result of aberrant connexin function.
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3.5 Non-syndromic skin-limited diseases caused by mutations in GJA1 (Cx43)

Keratoderma-hypotrichosis-leukonychia totalis syndrome (KHLT) has recently been found
by exome sequencing to be caused by the mutation Cx43-G8V [51]. Unlike ODDD, KHLT
has severe skin dysfunction with hyperkeratosis of areas of the body prone to friction (e.g.,
ankles, elbows, and knuckles), congenital alopecia, and white discoloration of all twenty
nails [97]. In vitro experiments showed that the mutation increased hemichannel activity
[51]. If indeed the cutaneous disease phenotype of KHLT is from Cx43-G8V’s gain of
function, it reinforces that like KID syndrome among others, one must not only know the
affected gene, but also how the protein activity is functionally altered.

3.6 Non-syndromic skin-limited diseases by mutations in GJB3, GJB4, and GJA1 (Cx31,
Cx30.3, and Cx43, respectively)

Erythrokeratodermia variabilis et progressiva (EKVP) can result from mutations in one of
three different connexin genes [89, 98, 99]. Historically, erythrokeratoderma variabilis and
progressive symmetric erythrokeratoderma were considered separate entities even though
both had sharply demarcated hyperkeratotic plaques, because erythrokeratoderma variabilis
would present with the additional component of transient pink patches. Furthermore, the
distribution of progressive symmetric erythrokeratoderma was thought to be more
predictable, i.e. symmetric, and favoring extensor surfaces such as arms and legs.
Approximately half the patients with either disease would have palmoplantar keratoderma as
well [100]. Erythrokeratoderma variabilis was first linked to mutations in Cx31, and
subsequently Cx30.3 [98, 100].

However, some patients with erythrokeratoderma variabilis never had many transient pink
patches, and most patients’ skin lesions over time would stabilize [101]. Thus, it was not
surprising that mutations in Cx30.3 were found in patients with both erythrokeratoderma
variabilis and progressive symmetric erythrokeratoderma [102]. One family had two
daughters, one of whom clinically had erythrokeratoderma variabilis and the other daughter
progressive symmetric erythrokeratoderma, and the pathology of their skin lesions were
identical [101]. Thus, the term erythrokeratodermia variabilis et progressiva was proposed to
encompass both.

Terminology aside, there were still patients with EKVP with unknown mutations [103].
Recently, a group of these patients were found to carry Cx43 mutations [89]. These patients
with EKVP shared striking features such as thick white lunulae without nail dystrophy and
periorificial darkening, which had not been previously reported in the other connexin-
associated cases. As we learn more about genotype-phenotype correlations, a more logical
nomenclature for these diseases would include both the identified mutation in a patient and
their manifestation of the disease, such as for these patients Cx43-associated EKVP.

4. Conclusions

Accumulating evidence suggests that diverse connexin mutations associated with distinct
epidermal phenotypes consistently give rise to novel gain of function activities. It is likely
that numerous disease mechanisms, including changes in hemichannel activity, may be
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involved for the hereditary skin diseases involving connexins. Indeed, mechanisms may
even vary within individual clinical classifications, as appears to be the case for the KID
causing mutation Cx26-S17F. There may also be common pathological mechanisms across
the diverse disorders. Thus far, the leading mechanism appears to the formation of
dysregulated hemichannels that perturb calcium homeostasis both within keratinocytes, and
in the extracellular epidermal calcium gradient. Additional characterization of disease
causing mutations and the further study of transgenic animals expressing them in the skin
will improve our understanding of the pathophysiology of the connexin skin diseases.
Experimental approaaches combining specific connexin inhibitors with the existing animal
models will be a powerful next step toward confirming, or eliminating, any proposed role of
hemichannel activity in skin disease.

Acknowledgements

Our work was supported by the NIH grant R01 AR59505 (TWW) from the NIAMS.

References

[1]. Bruzzone R, White TW, Paul DL. Connections with connexins: the molecular basis of direct
intercellular signaling. Eur J Biochem. 1996; 238:1-27. [PubMed: 8665925]

[2]. Vinken M. Introduction: connexins, pannexins and their channels as gatekeepers of organ
physiology. Cell Mol Life Sci. 2015; 72:2775-8. [PubMed: 26084871]

[3]. Harris AL. Emerging issues of connexin channels: biophysics fills the gap. Q Rev Biophys. 2001;
34:325-472. [PubMed: 11838236]

[4]. Willecke K, Eiberger J, Degen J, Eckardt D, Romualdi A, Guldenagel M, et al. Structural and
functional diversity of connexin genes in the mouse and human genome. Biol Chem. 2002;
383:725-37. [PubMed: 12108537]

[5]. Das Sarma J, Wang F, Koval M. Targeted gap junction protein constructs reveal connexin-specific
differences in oligomerization. J Biol Chem. 2002; 277:20911-8. [PubMed: 11929864]

[6]. Laird DW. Life cycle of connexins in health and disease. Biochem J. 2006; 394:527-43. [PubMed:
16492141]

[7]. Evans WH, De Vuyst E, Leybaert L. The gap junction cellular internet: connexinn hemichannels
enter the signalling limelight. Biochem J. 2006; 397:1-14. [PubMed: 16761954]

[8]. Retamal MA, Reyes EP, Garcia IE, Pinto B, Martinez AD, Gonzalez C. Diseases associated with
leaky hemichannels. Front Cell Neurosci. 2015; 9:267. [PubMed: 26283912]

[9]. Kretz M, Euwens C, Hombach S, Eckardt D, Teubner B, Traub O, et al. Altered connexin
expression and wound healing in the epidermis of connexin-deficient mice. J Cell Sci. 2003;
116:3443-52. [PubMed: 12840073]

[10]. Wiszniewski L, Limat A, Saurat JH, Meda P, Salomon D. Differential expression of connexins
during stratification of human keratinocytes. J Invest Dermatol. 2000; 115:278-85. [PubMed:
10951247]

[11]. Segretain D, Falk MM. Regulation of connexin biosynthesis, assembly, gap junction formation,
and removal. Biochim Biophys Acta. 2004; 1662:3-21. [PubMed: 15033576]

[12]. Bai D, Wang AH. Extracellular domains play different roles in gap junction formation and
docking compatibility. Biochem J. 2014; 458:1-10. [PubMed: 24438327]

[13]. Martin PE, Easton JA, Hodgins MB, Wright CS. Connexins: sensors of epidermal integrity that
are therapeutic targets. FEBS Lett. 2014; 588:1304-14. [PubMed: 24607543]

[14]. Caputo R, Peluchetti D. The junctions of normal human epidermis. A freeze-fracture study. J
Ultrastruct Res. 1977; 61:44-61. [PubMed: 915975]

[15]. Kam E, Melville L, Pitts JD. Patterns of junctional communication in skin. J Invest Dermatol.
1986; 87:748-53. [PubMed: 3537149]

Semin Cell Dev Biol. Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lilly et al.

Page 11

[16]. Salomon D, Saurat JH, Meda P. Cell-to-cell communication within intact human skin. J Clin

[17].

Invest. 1988; 82:248-54. [PubMed: 2455735]

Potten CS. Cell replacement in epidermis (keratopoiesis) via discrete units of proliferation. Int
Rev Cytol. 1981; 69:271-318. [PubMed: 6163744]

[18]. Salomon D, Masgrau E, Vischer S, Ullrich S, Dupont E, Sappino P, et al. Topography of

[19].

[20].

[21].

[22].

[23].

[24].
[25].
[26].
[27].

[28].

[29].

[30].

[31].

[32].

[33].

[34].

[35].

mammalian connexins in human skin. J Invest Dermatol. 1994; 103:240-7. [PubMed: 7518858]
Di WL, Rugg EL, Leigh IM, Kelsell DP. Multiple epidermal connexins are expressed in different
keratinocyte subpopulations including connexin 31. J Invest Dermatol. 2001; 117:958-64.
[PubMed: 11676838]

Masgrau-Peya E, Salomon D, Saurat JH, Meda P. In vivo modulation of connexins 43 and 26 of
human epidermis by topical retinoic acid treatment. J Histochem Cytochem. 1997; 45:1207-15.
[PubMed: 9283608]

Rivas MV, Jarvis ED, Morisaki S, Carbonaro H, Gottlieb AB, Krueger JG. Identification of
aberrantly regulated genes in diseased skin using the cDNA differential display technique. J
Invest Dermatol. 1997; 108:188-94. [PubMed: 9008232]

Labarthe MP, Bosco D, Saurat JH, Meda P, Salomon D. Upregulation of connexin 26 between
keratinocytes of psoriatic lesions. J Invest Dermatol. 1998; 111:72-6. [PubMed: 9665389]
Lucke T, Choudhry R, Thom R, Selmer IS, Burden AD, Hodgins MB. Upregulation of connexin
26 is a feature of keratinocyte differentiation in hyperproliferative epidermis, vaginal epithelium,
and buccal epithelium. J Invest Dermatol. 1999; 112:354-61. [PubMed: 10084314]

Kelsell DP, Dunlop J, Stevens HP, Lench NJ, Liang JN, Parry G, et al. Connexin 26 mutations in
hereditary non-syndromic sensorineural deafness. Nature. 1997; 387:80-3. [PubMed: 9139825]
Denoyelle F, Lina-Granade G, Plauchu H, Bruzzone R, Chaib H, Levi-Acobas F, et al. Connexin
26 gene linked to a dominant deafness. Nature. 1998; 393:319-20. [PubMed: 9620796]

White TW. Functional analysis of human Cx26 mutations associated with deafness. Brain Res
Brain Res Rev. 2000; 32:181-3. [PubMed: 10751668]

Zhao HB, Kikuchi T, Ngezahayo A, White TW. Gap junctions and cochlear homeostasis. J
Membr Biol. 2006; 209:177-86. [PubMed: 16773501]

Richard G, White TW, Smith LE, Bailey RA, Compton JG, Paul DL, et al. Functional defects of
Cx26 resulting from a heterozygous missense mutation in a family with dominant deaf-mutism
and palmoplantar keratoderma. Hum Genet. 1998; 103:393-9. [PubMed: 9856479]

Rouan F, White TW, Brown N, Taylor AM, Lucke TW, Paul DL, et al. trans-dominant inhibition
of connexin-43 by mutant connexin-26: implications for dominant connexin disorders affecting
epidermal differentiation. J Cell Sci. 2001; 114:2105-13. [PubMed: 11493646]

Shuja Z, Li L, Gupta S, Mese G, White TW. Connexin26 Mutations Causing Palmoplantar
Keratoderma and Deafness Interact with connexin43, Modifying Gap Junction and Hemichannel
Properties. J Invest Dermatol. 2015

Thomas T, Telford D, Laird DW. Functional domain mapping and selective trans-dominant
effects exhibited by Cx26 disease-causing mutations. J Biol Chem. 2004; 279:19157-68.
[PubMed: 14978038]

Yum SW, Zhang J, Scherer SS. Dominant connexin26 mutants associated with human hearing
loss have trans-dominant effects on connexin30. Neurobiol Dis. 2010; 38:226-36. [PubMed:
20096356]

Zhang J, Scherer SS, Yum SW. Dominant Cx26 mutants associated with hearing loss have
dominant-negative effects on wild type Cx26. Mol Cell Neurosci. 2011; 47:71-8. [PubMed:
21040787]

Gemel J, Valiunas V, Brink PR, Beyer EC. Connexin43 and connexin26 form gap junctions, but
not heteromeric channels in co-expressing cells. J Cell Sci. 2004; 117:2469-80. [PubMed:
15128867]

White TW, Deans MR, O'Brien J, Al-Ubaidi MR, Goodenough DA, Ripps H, et al. Functional
characteristics of skate connexin35, a member of the gamma subfamily of connexins expressed in
the vertebrate retina. Eur J Neurosci. 1999; 11:1883-90. [PubMed: 10336656]

Semin Cell Dev Biol. Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lilly et al.

[36].

[37].

[38].

[39].

[40].

[41].

[42].

[43].

[44].

[45].

[46].

[47].

[48].

[49].

[50].

[51].

[52].

Page 12

Montgomery JR, White TW, Martin BL, Turner ML, Holland SM. A novel connexin 26 gene
mutation associated with features of the keratitis-ichthyosis-deafness syndrome and the follicular
occlusion triad. J Am Acad Dermatol. 2004; 51:377-82. [PubMed: 15337980]

Donnelly S, English G, de Zwart-Storm EA, Lang S, van Steensel MA, Martin PE. Differential
susceptibility of Cx26 mutations associated with epidermal dysplasias to peptidoglycan derived
from Staphylococcus aureus and Staphylococcus epidermidis. Exp Dermatol. 2012; 21:592-8.
[PubMed: 22643125]

Gerido DA, DeRosa AM, Richard G, White TW. Aberrant hemichannel properties of Cx26
mutations causing skin disease and deafness. Am J Physiol Cell Physiol. 2007; 293:C337-45.
[PubMed: 17428836]

Lee JR, Derosa AM, White TW. Connexin mutations causing skin disease and deafness increase
hemichannel activity and cell death when expressed in Xenopus oocytes. J Invest Dermatol.
2009; 129:870-8. [PubMed: 18987669]

Mhaske PV, Levit NA, Li L, Wang HZ, Lee JR, Shuja Z, et al. The human Cx26-D50A and
Cx26-A88V mutations causing keratitis-ichthyosis-deafness syndrome display increased
hemichannel activity. Am J Physiol Cell Physiol. 2013; 304:C1150-8. [PubMed: 23447037]

Sanchez HA, Mese G, Srinivas M, White TW, Verselis VK. Differentially altered Ca2+
regulation and Ca2+ permeability in Cx26 hemichannels formed by the A40V and G45E
mutations that cause keratitis ichthyosis deafness syndrome. J Gen Physiol. 2010; 136:47-62.
[PubMed: 20584891]

Sanchez HA, Villone K, Srinivas M, Verselis VK. The D50N mutation and syndromic deafness:
altered Cx26 hemichannel properties caused by effects on the pore and intersubunit interactions.
J Gen Physiol. 2013; 142:3-22. [PubMed: 23797419]

Stong BC, Chang Q, Ahmad S, Lin X. A novel mechanism for connexin 26 mutation linked
deafness: cell death caused by leaky gap junction hemichannels. Laryngoscope. 2006; 116:2205—
10. [PubMed: 17146396]

Garcia IE, Maripillan J, Jara O, Ceriani R, Palacios-Munoz A, Ramachandran J, et al. Keratitis-
ichthyosis-deafness syndrome-associated cx26 mutants produce nonfunctional gap junctions but
hyperactive hemichannels when co-expressed with wild type cx43. J Invest Dermatol. 2015;
135:1338-47. [PubMed: 25625422]

Fiori MC, Figueroa V, Zoghbi ME, Saez JC, Reuss L, Altenberg GA. Permeation of calcium
through purified connexin 26 hemichannels. J Biol Chem. 2012; 287:40826-34. [PubMed:
23048025]

Elsholz F, Harteneck C, Muller W, Friedland K. Calcium--a central regulator of keratinocyte
differentiation in health and disease. Eur J Dermatol. 2014; 24:650-61. [PubMed: 25514792]

Mese G, Sellitto C, Li L, Wang HZ, Valiunas V, Richard G, et al. The Cx26-G45E mutation
displays increased hemichannel activity in a mouse model of the lethal form of keratitis-
ichthyosis-deafness syndrome. Mol Biol Cell. 2011; 22:4776-86. [PubMed: 22031297]

Schutz M, Auth T, Gehrt A, Bosen F, Korber |, Strenzke N, et al. The connexin26 S17F mouse
mutant represents a model for the human hereditary keratitis-ichthyosis-deafness syndrome. Hum
Mol Genet. 2011; 20:28-39. [PubMed: 20926451]

Bosen F, Celli A, Crumrine D, Vom Dorp K, Ebel P, Jastrow H, et al. Altered epidermal lipid
processing and calcium distribution in the KID syndrome mouse model Cx26S17F. FEBS Lett.
2015

Essenfelder GM, Bruzzone R, Lamartine J, Charollais A, Blanchet-Bardon C, Barbe MT, et al.
Connexin30 mutations responsible for hidrotic ectodermal dysplasia cause abnormal
hemichannel activity. Hum Mol Genet. 2004; 13:1703-14. [PubMed: 15213106]

Wang H, Cao X, Lin Z, Lee M, Jia X, Ren Y, et al. Exome sequencing reveals mutation in GJAl
as a cause of keratoderma-hypotrichosis-leukonychia totalis syndrome. Hum Mol Genet. 2015;
24:243-50. [PubMed: 25168385]

Dobrowolski R, Sommershof A, Willecke K. Some oculodentodigital dysplasia-associated Cx43

mutations cause increased hemichannel activity in addition to deficient gap junction channels. J
Membr Biol. 2007; 219:9-17. [PubMed: 17687502]

Semin Cell Dev Biol. Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lilly et al.

[53].

[54].

[55].

[56].

[57].

[58].
[59].
[60].

[61].

[62].

[63].

[64].

[65].

[66].

[67].

[68].

[69].

[70].

[71].

[72].

Page 13

Gong XQ, Shao Q, Lounsbury CS, Bai D, Laird DW. Functional characterization of a GJA1
frameshift mutation causing oculodentodigital dysplasia and palmoplantar keratoderma. J Biol
Chem. 2006; 281:31801-11. [PubMed: 16891658]

Gong XQ, Shao Q, Langlois S, Bai D, Laird DW. Differential potency of dominant negative
connexin43 mutants in oculodentodigital dysplasia. J Biol Chem. 2007; 282:19190-202.
[PubMed: 17420259]

Di WL, Common JE, Kelsell DP. Connexin 26 expression and mutation analysis in epidermal
disease. Cell Commun Adhes. 2001; 8:415-8. [PubMed: 12064628]

Maestrini E, Korge BP, Ocana-Sierra J, Calzolari E, Cambiaghi S, Scudder PM, et al. A missense
mutation in connexin26, D66H, causes mutilating keratoderma with sensorineural deafness
(Vohwinkel's syndrome) in three unrelated families. Hum Mol Genet. 1999; 8:1237-43.
[PubMed: 10369869]

Richard G, Brown N, Ishida-Yamamoto A, Krol A. Expanding the phenotypic spectrum of Cx26
disorders: Bart-Pumphrey syndrome is caused by a novel missense mutation in GJB2. J Invest
Dermatol. 2004; 123:856-63. [PubMed: 15482471]

Lee JR, White TW. Connexin-26 mutations in deafness and skin disease. Expert Rev Mol Med.
2009; 11:e35. [PubMed: 19939300]

Vohwinkel KH. Keratoma hereditarium mutilans. Archiv Fur Dermatologie Und Syphilis. 1929;
158:354-64.

Bart RS, Pumphrey RE. Knuckle pads, leukonychia and deafness. A dominantly inherited
syndrome. N Engl J Med. 1967; 276:202-7. [PubMed: 6015974]

van Steensel MA, van Geel M, Nahuys M, Smitt JH, Steijlen PM. A novel connexin 26 mutation
in a patient diagnosed with keratitis-ichthyosis-deafness syndrome. J Invest Dermatol. 2002;
118:724-7. [PubMed: 11918723]

Richard G, Rouan F, Willoughby CE, Brown N, Chung P, Ryynanen M, et al. Missense
mutations in GJB2 encoding connexin-26 cause the ectodermal dysplasia keratitis-ichthyosis-
deafness syndrome. Am J Hum Genet. 2002; 70:1341-8. [PubMed: 11912510]

van Geel M, van Steensel MA, Kuster W, Hennies HC, Happle R, Steijlen PM, et al. HID and
KID syndromes are associated with the same connexin 26 mutation. Br J Dermatol. 2002;
146:938-42. [PubMed: 12072059]

Skinner BA, Greist MC, Norins AL. The keratitis, ichthyosis, and deafness (KID) syndrome.
Arch Dermatol. 1981; 117:285-9. [PubMed: 7224657]

Caceres-Rios H, Tamayo-Sanchez L, Duran-Mckinster C, de la Luz Orozco M, Ruiz-Maldonado
R. Keratitis, ichthyosis, and deafness (KID syndrome): review of the literature and proposal of a
new terminology. Pediatr Dermatol. 1996; 13:105-13. [PubMed: 9122065]

Gulzow J, Anton-Lamprecht 1. [Ichthyosis hystrix gravior typus Rheydt: an otologic-
dermatologic syndrome (author's transl)]. Laryngol Rhinol Otol (Stuttg). 1977; 56:949-55.
[PubMed: 145534]

Traupe, H. The Ichthyoses. Springer; Berlin Heidelberg: 1989. Hystrix-like Ichthyosis with
Deafness: the HID Syndrome; p. 193-7.

Mazereeuw-Hautier J, Bitoun E, Chevrant-Breton J, Man SY, Bodemer C, Prins C, et al.
Keratitis-ichthyosis-deafness syndrome: disease expression and spectrum of connexin 26 (GJB2)
mutations in 14 patients. Br J Dermatol. 2007; 156:1015-9. [PubMed: 17381453]

Grob JJ, Breton A, Bonafe JL, Sauvan-Ferdani M, Bonerandi JJ. Keratitis, ichthyosis, and
deafness (KID) syndrome. Vertical transmission and death from multiple squamous cell
carcinomas. Arch Dermatol. 1987; 123:777-82. [PubMed: 3579358]

Haruna K, Suga Y, Oizumi A, Mizuno Y, Endo H, Shimizu T, et al. Severe form of keratitis-
ichthyosis-deafness (KID) syndrome associated with septic complications. J Dermatol. 2010;
37:680-2. [PubMed: 20629838]

Jonard L, Feldmann D, Parsy C, Freitag S, Sinico M, Koval C, et al. A familial case of Keratitis-
Ichthyosis-Deafness (KID) syndrome with the GJB2 mutation G45E. Eur J Med Genet. 2008;
51:35-43. [PubMed: 18024254]

Koppelhus U, Tranebjaerg L, Eshberg G, Ramsing M, Lodahl M, Rendtorff ND, et al. A novel
mutation in the connexin 26 gene (GJB2) in a child with clinical and histological features of

Semin Cell Dev Biol. Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lilly et al.

[73].

[74].

[75].

[76].

[77].

[78].

[79].
[80].

[81].

[82].

[83].

[84].

[85].

[86].

[87].

[88].

[89].

[90].
[91].

[92].

Page 14

keratitis-ichthyosis-deafness (K1D) syndrome. Clin Exp Dermatol. 2011; 36:142-8. [PubMed:
20846357]

Meigh L, Hussain N, Mulkey DK, Dale N. Connexin26 hemichannels with a mutation that causes
KID syndrome in humans lack sensitivity to CO2. Elife. 2014; 3:e04249. [PubMed: 25422938]

Ogawa Y, Takeichi T, Kono M, Hamajima N, Yamamoto T, Sugiura K, et al. Revertant mutation
releases confined lethal mutation, opening Pandora's box: a novel genetic pathogenesis. PLoS
Genet. 2014; 10:1004276. [PubMed: 24785414]

Sbidian E, Feldmann D, Bengoa J, Fraitag S, Abadie V, de Prost Y, et al. Germline mosaicism in
keratitis-ichthyosis-deafness syndrome: pre-natal diagnosis in a familial lethal form. Clin Genet.
2010; 77:587-92. [PubMed: 20412116]

Gilliam A, Williams ML. Fatal septicemia in an infant with keratitis, ichthyosis, and deafness
(KID) syndrome. Pediatr Dermatol. 2002; 19:232—6. [PubMed: 12047643]

Mazereeuw-Hautier J, Chiaverini C, Jonca N, Bieth E, Dreyfus I, Maza A, et al. Lethal form of
keratitis-ichthyosis-deafness syndrome caused by the GIJB2 mutation p.Ser17Phe. Acta Derm
Venereol. 2014; 94:591-2. [PubMed: 24531573]

Fuse Y, Doi K, Hasegawa T, Sugii A, Hibino H, Kubo T. Three novel connexin26 gene
mutations in autosomal recessive non-syndromic deafness. Neuroreport. 1999; 10:1853-7.
[PubMed: 10501520]

Abe S, Usami S, Shinkawa H, Kelley PM, Kimberling WJ. Prevalent connexin 26 gene (GJB2)
mutations in Japanese. J Med Genet. 2000; 37:41-3. [PubMed: 10633133]

Tsukada K, Nishio S, Usami S, Deafness Gene Study C. A large cohort study of GJB2 mutations
in Japanese hearing loss patients. Clin Genet. 2010; 78:464—-70. [PubMed: 20497192]

Easton JA, Donnelly S, Kamps MA, Steijlen PM, Martin PE, Tadini G, et al. Porokeratotic
eccrine nevus may be caused by somatic connexin26 mutations. J Invest Dermatol. 2012;
132:2184-91. [PubMed: 22592158]

Lazic T, Li Q, Frank M, Uitto J, Zhou LH. Extending the phenotypic spectrum of keratitis-
ichthyosis-deafness syndrome: report of a patient with GJB2 (G12R) Connexin 26 mutation and
unusual clinical findings. Pediatr Dermatol. 2012; 29:349-57. [PubMed: 22011219]

Abell E, Read Sl. Porokeratotic eccrine ostial and dermal duct naevus. Br J Dermatol. 1980;
103:435-41. [PubMed: 7437310]

Christ GJ, Brink PR, Zhao W, Moss J, Gondre CM, Roy C, et al. Gap junctions modulate tissue
contractility and alpha 1 adrenergic agonist efficacy in isolated rat aorta. J Pharmacol Exp Ther.
1993; 266:1054—65. [PubMed: 8102641]

Levinsohn JL, McNiff JM, Antaya RJ, Choate KA. A Somatic p.G45E GJB2 Mutation Causing
Porokeratotic Eccrine Ostial and Dermal Duct Nevus. JAMA Dermatol. 2015; 151:638-41.
[PubMed: 25692760]

Kogame T, Dainichi T, Shimomura Y, Tanioka M, Kabashima K, Miyachi Y. Palmoplantar
keratosis in oculodentodigital dysplasia with a GJA1 point mutation out of the C-terminal region
of connexin 43. J Dermatol. 2014; 41:1095-7. [PubMed: 25388818]

Paznekas WA, Boyadjiev SA, Shapiro RE, Daniels O, Wollnik B, Keegan CE, et al. Connexin 43
(GJA1) mutations cause the pleiotropic phenotype of oculodentodigital dysplasia. Am J Hum
Genet. 2003; 72:408-18. [PubMed: 12457340]

Laird DW. Syndromic and non-syndromic disease-linked Cx43 mutations. FEBS Lett. 2014;
588:1339-48. [PubMed: 24434540]

Boyden LM, Craiglow BG, Zhou J, Hu R, Loring EC, Morel KD, et al. Dominant De Novo
Mutations in GJA1 Cause Erythrokeratodermia Variabilis et Progressiva, without Features of
Oculodentodigital Dysplasia. J Invest Dermatol. 2015; 135:1540-7. [PubMed: 25398053]
Pinheiro M, Freire-Maia N. Ectodermal dysplasias: a clinical classification and a causal review.
Am J Med Genet. 1994; 53:153-62. [PubMed: 7856640]

Lamartine J. Towards a new classification of ectodermal dysplasias. Clin Exp Dermatol. 2003;
28:351-5. [PubMed: 12823289]

Lamartine J, Munhoz Essenfelder G, Kibar Z, Lanneluc |, Callouet E, Laoudj D, et al. Mutations
in GJB6 cause hidrotic ectodermal dysplasia. Nat Genet. 2000; 26:142—4. [PubMed: 11017065]

Semin Cell Dev Biol. Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lilly et al.

[93].

Page 15

Clouston HR. A Hereditary Ectodermal Dystrophy. Can Med Assoc J. 1929; 21:18-31. [PubMed:
20317409]

[94]. Avshalumova L, Fabrikant J, Koriakos A. Overview of skin diseases linked to connexin gene

mutations. Int J Dermatol. 2014; 53:192-205. [PubMed: 23675785]

[95]. Andrade AC, Vieira DC, Harris OM, Pithon MM. Clouston syndrome associated with eccrine

[96].

[97].

[98].

[99].

syringofibroadenoma. An Bras Dermatol. 2014; 89:504—-6. [PubMed: 24937830]

Bjarke T, Ternesten-Bratel A, Hedblad M, Rausing A. Carcinoma and eccrine
syringofibroadenoma: a report of five cases. J Cutan Pathol. 2003; 30:382-92. [PubMed:
12834488]

Basaran E, Yilmaz E, Alpsoy E, Yilmaz GG. Keratoderma, hypotrichosis and leukonychia
totalis: a new syndrome? Br J Dermatol. 1995; 133:636-8. [PubMed: 7577599]

Richard G, Smith LE, Bailey RA, Itin P, Hohl D, Epstein EH Jr. et al. Mutations in the human
connexin gene GJB3 cause erythrokeratodermia variabilis. Nat Genet. 1998; 20:366-9. [PubMed:
9843209]

Macari F, Landau M, Cousin P, Mevorah B, Brenner S, Panizzon R, et al. Mutation in the gene
for connexin 30.3 in a family with erythrokeratodermia variabilis. Am J Hum Genet. 2000;
67:1296-301. [PubMed: 11017804]

[100]. Richard G, Brown N, Rouan F, VVan der Schroeff JG, Bijlsma E, Eichenfield LF, et al. Genetic

heterogeneity in erythrokeratodermia variabilis: novel mutations in the connexin gene GJB4
(Cx30.3) and genotype-phenotype correlations. J Invest Dermatol. 2003; 120:601-9. [PubMed:
12648223]

[101]. Macfarlane AW, Chapman SJ, Verbov JL. Is erythrokeratoderma one disorder? A clinical and

ultrastructural study of two siblings. Br J Dermatol. 1991; 124:487-91. [PubMed: 1828175]

[102]. van Steensel MA, Oranje AP, van der Schroeff JG, Wagner A, van Geel M. The missense

mutation G12D in connexin30.3 can cause both erythrokeratodermia variabilis of Mendes da
Costa and progressive symmetric erythrokeratodermia of Gottron. Am J Med Genet A. 2009;
149A:657-61. [PubMed: 19291775]

[103]. Nakamura M. Erythrokeratoderma variabilis without GJB3 or GJB4 mutation: a review of

Japanese patients. Br J Dermatol. 2007; 157:410-1. [PubMed: 17573869]

Semin Cell Dev Biol. Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Lilly et al. Page 16

wild-type ~ G45E day4 G45E day 8 G45E day 12 G45E day 16 G45E day 20

Figure 1.
A mouse model of KID syndrome. Eight-week-old control or transgenic mice were induced

with doxycycline chow. Expression of human Cx26-G45E in basal keratinocytes produced a
progressive pathology over 3 weeks that replicated the epidermal features of KID syndrome.
(A). A control mouse has normal skin. (B-F) A transgenic mouse imaged on days 4-20 after
induction at 4 day intervals. Changes are evident at day 4 and pathology is severe by day 20.
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Figure 2.

Syndromic Cx26 mutations mapped onto the crystal structure of Cx26. Amino acids mutated
in KID disorders are colored red, and those mutated in PPK disorders are colored blue. Only
one of the six subunits present in the hemichannel has been labeled. (A). View from the
extracellular surface of the hemichannel looking into the cell through the pore. (B). Side
view of a hemichannel with the extracellular surface pointed up. (C). View from the

intracellular hemichannel surface looking out through the pore. (D). Side view of a

hemichannel with labeled residues rotated 90 degrees. KID mutations tend to line the
channel pore, whereas PPK mutations cluster near the extracellular end of the channel and

are distributed across the channel wall.
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