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Abstract

Using two disease-linked connexin mutant mice that possess significantly reduced
connexin function (Cx43"*°" and Cx26*'*5"") this investigation is the first to address
the roles of Cx26 and Cx43 in modulating epidermal health in response to UV radiation.
Viable Cx26*' 5" mice were successfully created in-house to express the mutant Cx26
S17F protein in keratinocytes and possess scaly skin, rapidly develop epidermal

1130T/+ . .
3 " mice did not

desquamation, and die soon after UV exposure. Conversely, Cx4
possess any skin abnormalities before or after UV exposure. We also identified that
primary murine melanocytes are not homocellularly coupled and do not express Cx43.
Furthermore, we show that Cx43 may act as a tumor facilitator to promote tumor cell
survival in human melanoma metastases in a variety of distant organ sites. Taken together,
these studies strongly suggest that Cx26 is critical in protecting keratinocytes from acute

UV damage, while Cx43 may provide melanomas with a survival advantage in distant

metastases.
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Chapter 1

1 Literature Review

1.11 Connexins

Connexins encompass a family of integral membrane proteins that have been extensively
studied at all levels of cellular, molecular, and disease biology. Members of the connexin
family share similar overall structural topology: the polypeptide backbone spanning the
plasma membrane four times resulting in two extracellular loops, one intracellular
cytoplasmic loop, and intracellular amino- and carboxy-terminals (Goodenough and Paul,
1996). Many of the functional differences among members of the connexin family can be
sourced to the variable length and sequence of the intracellular cytoplasmic loop and
carboxy-terminus of the connexin protein (Elfgang et al., 1995). For example, the carboxy-
terminus of some connexins contain phosphorylation sites that regulate channel
permeability, in addition to connexin life cycle and intercellular trafficking (Lampe and
Lau, 2010). As such, connexins are categorized by differences in sequence and structural
homology, and are commonly distinguished in nomenclature by their respective molecular

weights in kDa (i.e. Cx43 is approximately 43 kDa) (Scott and Kelsell, 2011).

Most importantly, connexins gain functional significance by oligomerizing into hexamer
units, commonly known as connexons or hemichannels. The majority of connexons are
composed of identical connexin subunits, however specific members within the connexin
family can interact to form heteromeric connexon channels (Wagner, 2008). These
connexons are trafficked to the plasma membrane where they can either act as a
hemichannel, allowing for communication between a cell and the surrounding
microenvironment, or they can form a communication channel by docking to another
connexon from a neighbouring cell. These communication channels are termed gap
junctions (GJs), which often form GJ aggregates on the plasma membranes of both cells
termed GJ plaques (Laird, 2006). At this level, the docking of two identical or two non-
identical connexon channels further increases the variety of GJ channels that can form
(Wagner, 2008). In addition, each connexin member is specific in its compatibility to

interact with other connexins, in both connexons and GJ channels. For example, under



standard conditions, Cx26 and Cx43 will not typically intermix when co-expressed in a

cell (Gemel et al., 2004), whereas Cx26 and Cx30 are compatible (Di et al., 2005).

GJs are present in almost all tissues in the body, however, not all connexins are
ubiquitously distributed. Specific tissues will express certain connexin proteins that
presumably possess selective channel properties that are favorable to maintain the normal
function and health of cells that reside within that tissue. For example, both Cx43 and Cx26
are expressed in the skin (Churko and Laird, 2013), however Cx43 is expressed in the heart
and Cx26 is not (Severs et al., 2008). This is an indication of the putative roles connexins
play in different physiological processes, including cellular proliferation, differentiation,
and apoptosis (Dbouk et al., 2009; Alexander and Goldberg, 2003). As such, it is not
surprising that the vast majority of members within the connexin family are homologous
and highly conserved (S6hl and Willecke, 2003; S6hl and Willecke, 2004). Minus a few
exceptions, almost all connexins share a similar gene structure, which is made up of two
exons separated by an intron that can vary in length (Willecke et al., 2002). However,
extensive regulatory processes (Sohl and Willecke, 2004), including tissue-specific
promoters, allow connexin isoforms to be expressed differentially in an overlapping array

with both spatial and temporal specificity (Dbouk et al., 2009).

1.1.2  Gap Junction Dependent Roles for Connexins

The most prominent role of GJ channels is to facilitate the passage of ions (i.e. Ca**, Mg®")
and small molecules less than 1 kDa (i.e. ATP, cAMP) between neighbouring cells, which
is termed gap junctional intercellular communication (GJIC) (Dbouk et al., 2009). The
importance of GJIC in the normal development and physiology of vertebrates has been
demonstrated through different connexin-deficient mice (Schiitz et al., 2011; Kalcheva et
al., 2007; Yamakage et al., 2000), in addition to the discovery of a variety of human
diseases that have been linked to connexin mutations (Laird, 2008; Kelsell et al., 1997,
Bergoffen et al., 1993). For example, Cx43 and Cx26 null mice are not viable due to severe
deficits in ventricular flow (Reaume et al., 1995) and placental development (Gabriel et al.,
1998), respectively, illustrating the prominent role of Cx43-based GJIC in the heart, and
Cx26-based GJIC in the developing placenta.



Macroscopic gap junctional conductance has been determined by a variety of techniques
including voltage clamp assessment of two coupled cells and the intercellular diffusion of
fluorescent dyes (Herve & Derangeon, 2013). However, it is important to note that while
GJ channels can typically pass many of the same constituents, they are not passive conduits
for molecular intercellular transfer, but have distinct gating mechanisms that include their
selective permeability to specific ions and molecules (Harris, 2007). For example, the
secondary messenger inositol -1,4,5-triphosphate (IP3) can pass through various GJ
channels, however it tends to preferentially pass through Cx32-based GJ channels as
opposed to Cx43- or Cx26- based GJ channels (Goldberg et al., 2004). Furthermore, the
wide array of biological consequences linked to improper GJ mediated intercellular
signaling have been partially sourced to the distinct permeability properties of each GJ
channel (Harris, 2007). Unfortunately, while the functional conduit of ions through GJ
channels was demonstrated many years ago (Lawrence et al., 1978), their specific
permeability properties have been difficult to determine (Harris, 2007). This is primarily
due to the vast variability between GJ channels, which is a result of the unique pore
properties of each connexin isoform, the ability of these isoforms to interact with non-
identical connexin/connexon units forming a wide variety of GJ channels, and further
because the permeability of those GJ channels can be dynamically modulated (Harris,
2007). However, recent work has determined that while pore size is important, GJ channels
possess a high degree of molecular charge selectivity, with the ability to discern between

monovalent ions (Herve & Derangeon, 2013).

1.1.3  Gap Junction Independent Roles for Connexins

In addition to the central dogma that connexins act as the building blocks of GJs to facilitate
the intercellular transfer of molecules, recent evidence has shown that they possess GJ
independent roles (Goodenough and Paul, 2003; Wang et al., 2013). One important
function that has been identified is the ability of connexons to function as hemichannels,
the unpaired halves of GJ channels, at the cell surface to exchange ions and molecules
between the cell and the extracellular environment (DeVries and Schwartz, 1992; Wang et
al., 2013). Evidence for these extra-junctional connexin channels has come from a variety

of surface labeling, sucrose gradient fractionation, and cross linking studies (as reviewed



in Goodenough & Paul, 2003). For example, antibodies are commonly too large to fit
between the extracellular space within the two connexons that comprise a GJ channel
(Goodenough and Revel, 1971), yet antibodies conferred against the extracellular epitopes
of a connexon channel can block GJ formation (Meyer et al., 1992). This indicates that
connexons are present at the cell surface even before they assemble into GJ channels
(Goodenough and Paul, 2003). What has been raised into question is whether or not these
hemichannels are active, originally it was presumed that they only could exist in a closed
state, however channel opening appears to be dynamically regulated. For example, similar
to other ion channels, hemichannels seem to be activated by common stimuli such as
depolarization and changes in extracellular calcium (DeVries and Schwartz, 1992).
Strikingly, these channels also seem to be activated by similar stimulants to that of their
gap junctional counterparts, including changes in voltage, pH, cAMP etc. (DeVries and
Schwartz, 1989). In addition, similar to gap junctions, hemichannels also allow for the
passage of similar small molecules, including ATP, IP3, cAMP, glutathione etc. (Wang et
al., 2013; Harris, 2007). Furthermore, hemichannels have been shown to form and be
activated in a variety of different cell types, including oocytes (Paul et al., 1991),
ventricular myocytes (Kondo et al., 2000), and astrocytes (Hofer and Dermietzel, 1998),
and have been linked to important physiological processes (Goodenough and Paul, 2003).
For example, the presence of connexons has been identified as an important tool for
osteocyte survival, and osteogenesis (Orcel and Beaudreuil, 2002; Plotkin et al., 2002;
Goodenough & Paul, 2003). However, uncontrolled hemichannel activity can have
detrimental cellular effects. For example, the overexpression of Cx46 in oocytes caused

cell lysis through hemichannels (Paul et al., 1991; Ebihara and Steiner, 1993).

Connexins have also been shown to have functions independent of molecular passage that
is seen in both GJs and hemichannels. Connexins can also affect different physiological
processes by binding to direct partners within a protein interactome, activating or
inactivating different downstream signaling cascades (Vinken et al., 2012; Laird, 2010).
Each connexin member has its own distinct protein interactome, most likely due to
differences in carboxy terminal length (Giepmans, 2004). For example, over 30 binding
partners have been identified for Cx43, whereas only 5 have been identified for Cx26 which

has a short carboxy terminal (Laird, 2010). This has raised the notion that the carboxy



terminal tail of connexin proteins is particularly important in specific protein interactions
that can actually modulate the genetic programming of a cell (Giepmans, 2004). For
example, in transformed cells, full length Cx43 and Cx32 induced GJIC but did not affect
cell proliferation. However, transformed cells with Cx43 and Cx32 mutants lacking the

carboxy terminal tail were able to inhibit proliferation (Omori and Yamasaki, 1999).

Connexins also be interact with different post-transcriptional modifiers, including kinases,
different scaffolding and cytoskeletal proteins (i.e. microtubules, tight junctions, adherens
junctions), and other transcription factors and growth regulators (i.e. Wnt pathway
modulators, NOV, CCN3, c¢-SRC, v-SRC etc.) (Giepmans, 2004; Laird, 2010). More
importantly the interactions with these different binding partners, most notably with Cx43,
have also been shown to have a variety of physiological effects. In addition, the role of
Cx43 as a tumor suppressor in keratinocytes has been proposed to possibly be linked to its
interaction with another known tumor suppressor, caveolin 1 (Langlois et al., 2010). In
addition, Cx43 has also been shown to interact with other proteins, such as tumor
susceptibility gene (TSG101; (Leithe et al., 2009) and NOV (Fu et al., 2004), that all have
relationships to cell cycle control and furthermore to tumorigenesis (Naus and Laird, 2010).
Furthermore, the interaction of connexons with different adhesion molecules, has also been
shown to affect processes such as cellular migration and adhesion. For example, the
interaction of Cx43 and N-cadherin has been shown to affect cell motility (Wei et al.,
2005), and the interaction of Cx43 and zona occludens (ZO) has been shown to modulate
the cellular cytoskeleton (Olk et al., 2010; Laird, 2010). As such, as we continue to resolve
the importance of connexins as modulators of cellular homeostasis and tissue health, it is

important that we keep their non-junctional functions in mind.

1.1.4  Connexins in the Epidermis

While the general function of GJ channels is conserved, their expression profile is tissue-
specific, which is representative of their myriad of functions in both health and disease. In
both humans and mice, numerous connexin members are expressed (21 and 20,
respectively) in an overlapping array to maintain normal cellular function and tissue
homeostasis (S6hl and Willecke, 2003; Alexander & Goldberg, 2003). In fact, many tissues

express more than one connexin family member. For example, cardiomyocytes of the heart



express Cx40, Cx43, and Cx45, while hepatocytes of the liver express Cx26 and Cx32.
Among these tissues, the epidermis of the skin is of great interest for its ability to express
up to 10 connexins at the transcript level, and 7 at the protein level (as reviewed by Laird,

20006).

The epidermis of the skin is made of two primary cell types, keratinocytes and
melanocytes. Melanocytes, which make up 5-10% of total cells in the epidermis, reside
within the basal layer of epidermal keratinocytes (Figure 1.1). They distribute melanin
pigment to surrounding keratinocytes in the epidermis, which helps prevent damage from
environmental carcinogens, such as ultraviolet (UV) radiation (Li and Herlyn, 2000; Zaidi
et al., 2008; Klein-szanto et al., 1994). The keratinocytes, which make up 90% of cells in
the epidermis, are organized into four different layers: the basal layer, spinous layer,
granular layer, and the uppermost stratified corneum. As the keratinocytes divide and
differentiate they migrate from the basal layer to the stratified corneum, which is composed
of terminally differentiated keratinocytes (Richard, 2000). The differentiation of
keratinocytes into the insoluble stratified corneum is dependent on GJIC in addition to the
expression of involucrin and loricrin and the incorporation of lipids (Scott et al., 2012). The
functional capacity of the corneum is to protect the body from external pathogens by
conferring an epidermal barrier (Hardman et al., 1998). The permeability barrier is
maintained, in part, by the complement of connexins expressed throughout the different
layers of the epidermis (Hardman et al., 1998; Schiitz et al., 2011; Djalilian et al., 2006).
As such, it is not surprising that multiple reports describe a prominent role for connexins

in maintaining skin physiology (Churko & Laird, 2013; Martinez et al., 2009).

Within the strata of keratinocytes, Cx43 is the most prominent connexin expressed in the
epidermis and it acts in establishing a baseline of GJIC. However, Cx43 alone is not
sufficient to maintain the normal epidermal function. As such, approximately 9 other Cx
species are expressed, including Cx26 (Laird, 2006; Richard, 2000; Kretz et al., 2004).
Current studies suggest that both of these connexins play functional roles in the regulation
of epidermal homeostasis (Haass et al., 2006; Haass et al., 2010). Moreover, mutations in

genes encoding Cx43 (GJAI) or Cx26 (GJB2) are associated with a variety of skin diseases,



including palmoplantar keratoderma (Scott et al., 2012; Churko et al., 2010) and keratitis-
ichthyosis-deafness syndrome (Scott et al., 2012; Schiitz et al., 2011).

It is also important to note that the expression of connexins throughout the epidermis can
vary between humans and rodents. For example, in humans Cx43 is predominately
expressed in the suprabasal layers of the interfollicular epidermis (Figure 1.1) (Di et al.,
2001), as opposed to the basal layers of rodent epidermis (Butterweck et al., 1994; Churko
and Laird, 2013). In addition, in humans Cx26 exists at low levels in the granular layer of
the epidermis (Figure 1.1) (Di et al., 2001) and in the more suprabasal layers of rodent
epidermis (Butterweck et al., 1994; Churko and Laird, 2013). However, for the purpose of
this investigation these slight differences in expression are not expected to affect the
analyses of Cx43 and Cx26 in modulating epidermal health in response to UV radiation or

skin cancer onset and progression.

In contrast to keratinocytes, the connexin status of epidermal melanocytes is still widely
unknown. While limited, one immunolabeling study has provided evidence for the
expression of Cx43 in epidermal primary human melanocytes, and melanocytic cell lines
(Hsu et al., 2000). Furthermore, some evidence does suggest that primary human
melanocytes and keratinocytes in co-culture exhibit intercellular communication that is
presumably through connexin-mediated GJs (Hsu et al., 2000, Haass and Herlyn, 2005).
However, further investigation is required to confirm the identity of Cx43 in melanocytes
and ultimately the importance of GJIC. In addition, while Cx26 has been shown to be
expressed in melanocytes of the vestibular dark area of the inner ear, there has been no
published reports of Cx26 being expressed in mouse or human epidermal melanocytes

(Masuda et al., 2001).

While keratinocytes and melanocytes make up the majority of epidermal cells, other cell
types have been identified. Most prominently, Merkel and Langerhans cells have been
identified, and reside within the stratum basal and the suprabasal layers, respectively
(Maricich et al., 2009; Wolff and Stingl, 1983). Merkel cells make synaptic connections
with somatosensory neurons to transmit sensory information (Maricich et al., 2009) while

Langerhan cells act as the immune cells of the epidermis (Wolf and Stingl, 1983). Similar
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Figure 1.1: Cx43 and Cx26 are differentially expressed within the stratified human epidermis.



to melanocytes, the connexin profile of these cells has been extremely limited. While
Langerhan cells have been shown to be uncoupled with their keratinocyte neighbours
(Goliger and Paul, 1994; Zimmerli et al., 2007), Merkel cells have been shown to express
Cx43 (Woo et al., 2010).

1.1.5 Connexins in Epidermal Pathology

The overlapping array of connexins expressed within the epidermal strata play a variety of
roles in regulating cellular behaviour to maintain overall tissue health and function (Laird,
2006). The differential expression of connexins throughout the epidermis indicates the
critical role of GJIC in epidermal physiology, and in more recent investigations, their
effects on epidermal biology through non junctional binding proteins (Goodenough and
Paul, 2003; Scott et al., 2012). Moreover, aberrant connexin protein expression has shown
to result in abnormal keratinocyte proliferation, migration, and differentiation (Dbouk et
al., 2009; Scott et al., 2012). As such, it is not surprising that a range of skin pathologies
can be attributed to mutations in connexin-encoding genes resulting in impairments in
epidermal barrier, wound healing, and/or syndromic skin disease. Among these Cx43,
Cx26, and Cx30 have been the primary focus due to their identified role in human skin
pathology, but other connexins including Cx31 and Cx31.1 have also been examined (Scott

et al., 2012).

Studies in both humans and mice report that a transient decrease in Cx43 expression is
necessary for epidermal healing after wounding (Kretz et al., 2003; Brandner et al., 2004),
and has been identified as a regulator of keratinocyte proliferation (Pollok et al., 2011;
Churko et al., 2012). In chronic non-healing wounds from humans and diabetic mice, Cx43
is found to be expressed abnormally at the wound margins (Wang et al., 2007; Brandner et
al., 2004). Furthermore, the application of mimetic peptides that reduce Cx43 GJIC or
hemichannel function have been shown to decrease wound healing time, collectively
demonstrating the need for regulated Cx43 expression to maintain normal keratinocyte
behaviour (Pollok et al., 2011; Scott et al., 2012). In addition, truncating the c-terminal tail
of Cx43 results in aberrant murine skin barrier formation and keratinocyte differentiation
(Maass et al., 2005). Mutations in the gene encoding Cx43 (GJAI) have also been linked
to the development of oculodentodigital dysplasia (ODDD), where a subset of patients have
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been shown to present with palmoplantar keratoderma and hyperkeratosis (Scott et al.,
2012; Avshalumova et al., 2014). This indicates that the transient decrease in Cx43
expression is required for certain epidermal physiological processes, such as wound
healing, but that its chronic loss can also be detrimental to other processes involving

keratinocyte differentiation.

Cx26 is also a critical regulator of epidermal health, and has been identified in the
epidermal response to wounding, regulating processes such as proliferation and
differentiation. For example, a transient increase in Cx26 expression is necessary in
epidermal healing after mechanical wounding (Goliger and Paul, 1995; Kretz et al., 2003).
Human chronic non-healing wounds have been shown to persistently express Cx26 and
Cx30 at wound margins throughout the healing process (Brandner et al., 2004), and
persistent Cx26 expression in murine epidermis resulted in keratinocyte hyperproliferation,
hindering wound closure (Djalilian et al., 2006). Collectively, these studies outline the
critical role of Cx26 in regulating keratinocyte proliferation. The critical role of Cx26 in
keratinocyte differentiation is highlighted by the fact that its regulated expression is

required for epidermal barrier acquisition in murine development (Djalilian et al., 2006).

Autosomal dominant mutations in the gene encoding Cx26 (GJB2) have also been linked
to a multitude of skin pathologies that are often characterized by epidermal thickening and
keratinocyte hyperproliferation. For example, GJB2 has been identified as a psoriasis
susceptibility locus in Chinese populations (Sun et al., 2010), and Cx26 expression was
found to be upregulated in human hyper-proliferative psoriatic lesions (Labarthe et al.,
1998); Scott et al., 2012). In addition, autosomal dominant mutations in GJB2 have also
been directly associated with the development of human skin diseases such as,
palmoplantar keratoderma (PPK), Vohwinkel syndrome, keratitis ichthyosis deafness
(KID) syndrome, Bart-Pumphrey syndrome, and hystrix-like ichthyosis deafness syndrome
(Scott et al., 2012). However, it is interesting to note that while mutations in GJB2 result
in a wide array of skin pathologies, patients that are homozygous for some mutations that
completely abolish Cx26 associated GJIC do not present with skin disease (D’Andrea et
al., 2002). It has been postulated that this is due to compensation from the wide array of

other connexin proteins expressed amongst the epidermal strata (Scott et al., 2012). As
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such, a multitude of connexin-disease linked mechanisms have been identified, especially
for mutations in GJB2. These mechanisms include mutations that not only possess loss of
function and impaired GJIC (Vohwinkel Syndrome), but also include trafficking defects,
aberrant or leaky hemichannels, and dominant negative effects on WT connexins or other
connexin types (Scott et al., 2012). Collectively, these studies demonstrate the crucial role

that connexins play in maintaining overall keratinocyte health and function.

1.1.6  UV-induced Epidermal Pathogenesis

Despite the well-established importance of Cx43 and Cx26 in epidermal health, their roles
in the epidermal response to common environmental insults, including UV radiation, are
poorly understood. This is of concern as exposure to UV radiation can lead to both acute
and chronic skin damage, ranging from sunburn and epidermal desquamation to UV-
induced tumorigenesis (DeGruijl, 1999). Solar UV rays that reach the earth’s surface can
be primarily broken down into two different wavelengths, UVA (320-400 nm) and UVB
(290 — 320 nm) (Bernerd et al., 2000). Exposure to both UVA and UVB have been widely
implicated in the induction of both long term and acute epidermal pathogenesis (Bernerd
et al., 2000; Ichihashi et al., 2003). UVB has been deemed the primary carcinogen linked
to the development of skin cancers, causing significant DNA damage in the form of
cyclobutane pyrimidine primers. In addition, both UVA and UVB radiation have been
shown to damage skin by stimulating the production of reactive oxygen species (Ichihashi
et al., 2003). This has been linked to long term skin damage including photoaging and skin
cancer development (Ichihashi et al., 2003; DeGruijl, 1999). In addition, exposure to UV
radiation has been shown to disrupt the epidermal permeability barrier (Haratake et al.,

1997).

To delineate the mechanisms behind UV-induced epidermal pathogenesis, current studies
have started to investigate the role of Cx43 and GJIC in the epidermis’ acute response to
UV exposure (Bellei et al., 2008; Gambichler et al., 2008). However only two reports have
discussed this gap in knowledge. For example, in human keratinocytes, Cx43 and GJIC
have been proposed to be downregulated in response to UV A radiation (Bellei et al., 2008),
but upregulated in response to UVB (Gambichler et al., 2008). Furthermore, not only does
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the significance of these changes in Cx43 expression remain unclear, but the role of Cx26

in the epidermal response to UV radiation is completely unknown.

1.1.7 Connexins in Skin Cancer

Normally, to prevent skin cancer formation, cells are maintained under tight homeostatic
control to maintain the overall function and health of their residing tissue (Dbouk et al.,
2009). Accordingly, the disruption of this process can lead to the development of diseases,
such as cancer. Specifically, skin cancers can arise from the uncontrolled proliferation of
keratinocytes and melanocytes. Common keratinocyte derived skin cancers can be broken
down into either squamous or basal cell carcinomas, depending on which layer of the
epidermis the cancer originates (Seebode et al., 2016). If keratinocytes that comprise the
basal layer experience uncontrolled growth and proliferation, the resulting cancer is termed
basal cell carcinoma (BCC). However, if it is the squamous suprabasal keratinocytes that
undergo this change, the resulting cancer is termed squamous cell carcinoma (SCC)
(Seebode et al., 2016). Accordingly, one non-keratinocyte derived cancer, termed
melanoma, can develop if the melanocytes in the epidermis undergo uncontrolled
proliferation and growth (Bandarchi et al., 2010). In addition, the long-term effects of UV-
induced epidermal damage have been extensively categorized and identified as the primary
carcinogen responsible for the development of skin cancers. For example, more than 90%
of human keratinocyte derived-tumors (Koh et al., 1996), and more than 86% of human

melanomas have been directly attributed to UV-induced mutations (Parkin et al., 2011).

Cancer cells have long since been reported to lack normal intercellular communication,
including GJIC (Loewenstein and Kanno, 1966). This may be a consequence of GJIC being
able to spread cell-killing signals (i.e. Ca®"). Therefore, its loss may be a mechanism of
tumor cell survival (Haass et al., 2004). As such, the potential regulation of connexins and
GJIC in tumor progression has become an area of focus (Brandner et al., 2004). In this
pursuit, studies have reported a loss or down-regulation of connexins and/or GJIC in an
array of different cancers, including hepatocellular carcinoma (Eghbali et al., 1991), colon
cancer (Friedman & Steinberg, 1982), prostate cancer (Tsai et al., 1996), and mammary
carcinomas (Hirschi et al., 1996), in addition to SCC, BCC and melanoma (Haass et al.,

2006; Tada and Hashimoto, 1997; Haass et al., 2010). However, while connexins often
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appear to act as tumor suppressors in this respect, the role of connexins is highly dependent
on the tumor type and stage of disease. Considerable evidence suggests that Cx43 and Cx26
can act as either tumor facilitators or tumor suppressors, depending on the disease state
(Brandner and Haass, 2013). However, the mechanisms responsible for the biphasic effects
of connexins have not been clearly delineated. Furthermore, there are gaps in our
understanding of how altered cell-cell communication in the skin affects keratinocyte or
melanocyte homeostasis resulting in skin cancer development (Brandner and Haass, 2013;
Haass and Herlyn, 2005). Therefore, further research is required to delineate the possible

mechanisms behind skin cancer progression, to ultimately develop preventative strategies.

1.1.8  Connexins in Squamous and Basal Cell Carcinomas

While the role of connexins in melanocyte regulation is still in question, GJIC has been
extensively linked to the regulation of keratinocyte growth, differentiation, and migration
(Haass et al., 2004). Reductions in connexin function or GJIC are correlated with
keratinocyte deregulation and the development of SCCs or BCCs (Tada & Hashimoto,
1997). Furthermore, studies have reported that keratinocyte-derived tumors have reduced
Cx43 function, which in turn results in increased keratinocyte proliferation and migration
(Haass et al., 2010; Mori et al., 2006; Tada and Hashimoto, 1997). This suggests a
protective role for Cx43 in the early stages of keratinocyte tumorigenesis. In contrast,
reports show that Cx26 is expressed in hyper-proliferative skin, as well as up-regulated in
both SCCs and BCCs, predominately in the more invasive areas (Haass et al., 2006). These
findings suggest that Cx43 and Cx26 may have complicated roles in the initiation and
progression of keratinocyte-derived skin cancers, and further studies are required to define

the potential of these proteins as therapeutic targets in SCCs and BCCs.

1.1.9 Connexins in Melanomas

Under basal conditions, melanocytes form an epidermal melanin unit with surrounding
keratinocytes. The keratinocytes within this unit have been suggested to provide
homeostatic regulatory signals to assist proper melanocyte division (Haass and Herlyn,
2005; Haass et al., 2004). These include the release of paracrine growth factors, secondary

messengers, as well intercellular connections including cell-cell adhesions, cell-matrix
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adhesions, and possibly GJIC (as reviewed by Haass et al., 2005). Furthermore, in
melanoma progression, melanoma cells have been proposed to escape interactions with
keratinocytes as they undergo uncontrolled cellular division and invade across the
basement membrane (Haass and Herlyn, 2005). Surprisingly, only a handful of studies
define keratinocyte-melanocyte intercellular communication (Hunter and Pitts, 1981; Hsu
etal., 2000), and only one suggests that this could possibly be mediated by Cx43 associated
GJs (Hsu et al., 2000). This report does not show evidence of prominent Cx43 associated
GJ plaques at the keratinocyte-melanocyte interface (Hsu et al., 2000), which would
implicate this connexin in the heterocellular interaction between these two primary cell
types. Interestingly, Cx43 has been proposed to be downregulated during normal
melanocyte division, as melanocytes separate from surrounding keratinocytes to divide
(Haass and Herlyn, 2005), and in immunofluorescence of human primary cutaneous
melanoma compared to the surrounding epidermis (Haass et al., 2010). However, while
Cx43 has been identified as a possible mediator of melanocyte homeostasis, studies have
shown that Cx43 can act as both a tumor suppressor (Naus and Laird, 2010; Ableser et al.,
2014) and a tumor facilitator (Elzarrad et al., 2008; Rezze et al., 2011; Sargen et al., 2013).
Therefore, the role of Cx43 in epidermal melanocyte homeostasis and human melanoma

progression remains unclear.

As such, recent studies have begun to address the controversial role of Cx43 and Cx26
function in the epidermis. For example, Ableser et al. (2014) showed that the ectopic
expression of Cx43 in the B16-BL6 mouse melanoma cell line significantly reduced
uncontrolled melanocyte proliferation and growth, while ectopic Cx26 expression did not
(Ableser et al., 2014). In addition, there are few studies that have investigated the
expression of Cx43 in human primary cutaneous melanomas (Haass et al., 2010; Sargen et
al., 2013). However, these reports are controversial, where one study reported the absence
of Cx43 expression in primary cutaneous melanomas (Haass et al., 2010), others reported
its increased expression (Sargen et al., 2013; Rezze et al., 2011). Furthermore, neither of
these investigations assessed the localization patterns of Cx43 to determine if its
localization was consistent with Cx43 playing a role in cell-cell communication as fully
assembled gap junctions, which is a focus of our current study. In addition, existing reports

have found an absence of Cx26 in primary melanoma tumors (Haass et al., 2006; Sargen
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et al., 2013), which may not be surprising as there is no evidence that human epidermal
melanocytes express Cx26 normally. Therefore, in order to address outstanding questions
regarding the role of connexins in melanocytes, and human melanoma progression we
began to assess the potential biphasic role of Cx43 in melanocyte homeostasis in vivo and

it possible role(s) in tumorigenesis.

1.1.10 Mouse Models to Assess the Roles of Cx26 and Cx43 in the
Skin

The first mouse model that we employed in our current study, Cx43"3"*

, globally
expresses an autosomal dominant missense mutation that results in an isoleucine to
threonine mutation located in the cytoplasmic loop of the Cx43 protein, as previously
described (Kalcheva et al., 2007). However, the characterization of the skin in the
Cx43"T* mouse model has been limited even though Cx43 is prominently involved in
epidermal maintenance and function (Dbouk et al., 2009; Scott et al., 2012). Previous
studies have shown that while the expression of Cx43"*"3%Tis embryonic lethal, murine
Cx43"3°T* heterozygotes possess aberrant Cx43 phosphorylation and trafficking, with a
resultant decrease in GJ functional conductance (Kalcheva et al., 2007; Stewart et al., 2013;
(Seki et al., 2004). Therefore, this mutant mouse is useful to examine how decreased Cx43
associated GJIC affects skin homeostasis, including its susceptibility to skin tumor
initiation and progression. Furthermore, this mutant mouse mimics the mutated Cx43
protein that is also found to cause human oculodentodigitial dysplasia (ODDD) (Kalcheva
et al., 2007; Laird, 2008). As such, it can also provide insight on Cx43 function in skin

cancer that can be extrapolated to the human ODDD population.

In addition, we generated a novel Cx26 mutant mouse to define the role of Cx26 in the

regulation of keratinocytes. Cx26°%!*S17"

mice express the autosomal dominant S17F
mutant, located within the amino terminus of the Cx26 protein, specifically in keratinocytes
where keratinl4 (K14) is expressed (Figure 1.2). A constitutive Cx26%'"* transgenic
mouse had previously been created and analyzed as a model mimicking the Cx26 S17F
mutation observed in human patients suffering from keratitis—ichthyosis—deafness (KID)
syndrome (Schiitz et al., 2011). While this study found that the global expression of

Cx26°"S17F \was embryonic lethal, surviving murine heterozygotes displayed many
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similar symptoms to that of human KID patients, including skin hyperplasia and hearing
impairments (Schiitz et al., 2011). In addition, the Cx26 S17F protein has been shown to
traffic normally to the plasma membrane and can successfully form gap junction plaques
(Richard et al., 2002). However, in comparison to WT protein function, dye-coupling
studies showed a significant reduction in gap junctional conductance (Richard et al., 2002),
in addition to a complete loss in biochemical coupling and hemichannel activity (Lee et al.,
2009). Furthermore, the Cx26 S17F mutant has also been shown to exhibit aberrant
interactions, including a strong transdominant-negative effect on WT Cx43 when co-
expressed in HeLa cells, in addition to increased hemichannel currents when co-expressed
with WT Cx26 (Garcia et al., 2016). As such, we anticipate that Cx26°"**'""" mice possess
a major reduction in gap junction conductance in keratinocytes. Moreover, we can examine
how a reduction in Cx26 associated GJIC affects the regulation of the skin, and it’s possible

role in tumor onset and progression.

1.1.11 Hypothesis

We hypothesize that Cx43 and/or Cx26 play protective roles against UV induced damage
to maintain the health of the epidermis. Therefore, impairments in Cx43 or Cx26 GJIC will
result in impaired skin health and homeostasis, including increased susceptibility to UV

radiation and skin cancer development.

To address this hypothesis, we examined the physiological response of two mutant mouse
lines with greatly reduced connexin function when unchallenged and when challenged with
UV radiation. Furthermore, using primary murine keratinocytes and melanocytes we
assessed connexin expression and coupling status to better elucidate the roles of Cx43 in
epidermal homeostasis. Finally, we addressed the proposed tumor suppressor role of Cx43

by examining its expression throughout all stages of human melanoma disease progression.

1.1.12 Objectives

My specific aims are as follows:
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Aim 1: Determine the significance of Cx43 and Cx26 in epidermal homeostasis using two
mouse models (Cx43"*"" and Cx26"'*5'7"*} in unchallenged and UV challenged dorsal

skin.

Aim 2: Determine the expression levels of Cx43 in melanocytes and assess if mice with

compromised Cx43 function are more susceptible to skin tumors upon UV insult.

Aim 3: Determine the expression and localization of Cx43 in primary and metastasized

human melanomas.
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