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Abstract

Gap junctions, composed of proteins from the connexin family, allow for intercellular communication between cells in tissues and are
important in development, tissue/cellular homeostasis, and carcinogenesis. Genome databases indicate that there are at least 20 connexins in
the mouse and human. Connexin phosphorylation has been implicated in connexin assembly into gap junctions, gap junction turnover, and
cell signaling events that occur in response to tumor promoters and oncogenes. Connexin43 (Cx43), the most widely expressed and abundant
gap junction protein, can be phosphorylated at several different serine and tyrosine residues. Here, we focus on the dynamic regulation of
Cx43 phosphorylation in tissue and how these regulatory events are affected during development, wound healing, and carcinogenesis. The
activation of several kinases, including protein kinase A, protein kinase C, p34°““*/cyclin B kinase, casein kinase 1, mitogen-activated protein
kinase, and pp60° kinase, can lead to the phosphorylation of different residues in the C-terminal region of Cx43. The use of antibodies
specific for phosphorylation at defined residues has allowed the examination of specific phosphorylation events both in tissue culture and in
vivo. These new antibody tools and those under development will allow us to correlate specific phosphorylation events with changes in
connexin function.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Gap junctions are tightly packed clusters of intercellular
channels that directly connect the cytoplasms of adjacent
cells. They coordinate cell-to-cell communication within
tissues and allow for the transfer of molecules less than
1000 Da between cells such as ions, simple sugars, amino
acids, nucleotides, and second messengers (e.g., Ca’",
cAMP, cGMP, and IP3) [1-3]. In vertebrates, gap junctions
are composed of proteins from the connexin family, which is
comprised of 21 members in humans [1-3]. Connexins are
commonly designated with numerical suffixes referring to
the molecular weight, in kilodaltons, of the deduced
sequence (e.g., connexin43 or Cx43). Connexin proteins
possess four hydrophobic membrane-spanning domains.
Two conserved extracellular domains are involved in paired
hemichannel docking with counterparts from the adjacent
membrane, leaving three cytoplasmic domains correspond-
ing to the amino-terminal region, a loop between trans-
membrane domains 2 and 3, and the carboxy-terminal tail
region. Connexins are differentially expressed in tissues,
with some being significantly expressed in only a few
tissues and some, like Cx43, being more widespread [2,3].
Gap junctions play significant regulatory roles in embryonic
development, electrical coupling, metabolic transport, apop-
tosis, differentiation, tissue homeostasis, and carcinogenesis
[1,2,4].

Important insights into these roles have been obtained in
recent years from disease-related deficiencies in humans and
targeted disruption experiments in mice [2,3,5,6]. Genetic
linkage analysis has implicated Cx26 mutations as the major
cause of non-syndromic hereditary deafness in humans [7].
Mutations in Cx50 have been implicated in the development
of certain hereditary cataracts in humans [8,9]. Mutations
within the Cx32 gene are associated with the X-linked
peripheral nerve disorder Charcot-Marie Tooth Syndrome
[10,11], and Cx32-deficient mice are several-fold more
susceptible to the induction of liver [12—14] and lung [15]
cancer. Cx43 mutations cause the pleiotropic phenotype of
oculodentodigital dysplasia [16]. Female Cx37-deficient
mice fail to ovulate and are infertile [17]. Cx26- and
Cx45-deficient mice die in utero and Cx43-deficient mice
die perinatally due to heart malformations [18]. Cx43"/™
and Cx40"~) mice have heart conduction abnormalities
[19,20]. These disparate phenotypes not only show the
diversity of the expression pattern of connexins, but they
also illustrate that gap junctions play different roles in
different tissues. Mouse “knock in” experiments, in which
one connexin isotype is replaced with another, have shown
that individual connexins play distinct roles in specific

cellular processes. For example, ablation of either the lens
fiber cell connexins Cx46 or Cx50 led to cataract formation,
while lens growth was only impaired in the Cx50—/— mice
[21,22]. Interestingly, targeted replacement of Cx50 with
Cx46 corrected defects in differentiation and prevented
cataract formation but did not restore growth control [23]. In
other mouse studies, when Cx43 was replaced by Cx32 or
Cx40, the mice survived past birth, but the developmental
defects were only moderated by replacement with Cx32 and
several additional defects became apparent in both groups of
mice [24]. Replacement of Cx43 with a truncated version
(Cx43K258Stop) lacking the C-terminal, cytoplasmic tail
region yielded mice that died shortly after birth due to an
epidermal barrier defect, not the heart defect that is present
in Cx43-deficient mice [25]. The C-terminal region has been
shown to have multiple sites of phosphorylation and protein
interaction and hence is likely involved in Cx43 regulation.
Connexin phosphorylation has been reviewed several
times recently [26—31]. Connexin phosphorylation has been
correlated with changes in gap junction assembly, stability,
and channel properties [26—31]. Connexins of the 3 major
evolutionary groups (o, 3, and ) can be phosphorylated,
and, given that tissues can express multiple connexins, it
seems likely that a single cell could express multiple
phosphorylated connexins. However, no “consensus” con-
nexin phosphorylation sequences between the different
family members have been identified. While most of the
research has been performed in mammalian systems, both
chick and fish connexins have been shown to be phos-
phorylated [32,33]. Up until recently, essentially all of this
research was based on cell culture models. This review
concentrates on the presence of Cx43 phosphorylation in
tissues and offers speculation on the role that these events
play in tissue function. These studies are possible because
phosphorylation-state-specific antibodies have become
available for several phosphorylation sites in Cx43.

2. Phosphorylation of Cx43

Several reports have shown that Cx43 has a half-life in
the range of 1-3 h in cultured cells or in tissues [34—38]. A
fast turnover rate could imply a high level of post-transla-
tional regulation. Indeed, the pioneering work of Musil and
Goodenough, the Lau laboratory, and several other inves-
tigators have shown that Cx43 is differentially phosphory-
lated throughout its life cycle in homeostatic cells [34—
36,39-43]. Cx43 demonstrates multiple electrophoretic
isoforms when analyzed by polyacrylamide gel electro-
phoresis (SDS-PAGE), including a faster migrating form



26 T.J. King, P.D. Lampe / Biochimica et Biophysica Acta 1719 (2005) 24—35

that includes non-phosphorylated (PO or NP) Cx43 and at
least two slower migrating forms, commonly termed P1 and
P2. Both P1 and P2 co-migrate with PO following alkaline
phosphatase treatment, suggesting that phosphorylation is
the primary covalent modification detected in SDS-PAGE
analysis [35,42]. However, we and others have found that
phosphorylated species can migrate with the PO band in
SDS-PAGE [44]. Phosphoamino acid analysis indicates that
the majority of the phosphorylation events occur on serines
[42,45—47], although tyrosine phosphorylation has been
observed in the presence of activated pp60° [35,48]. The
C-terminal region of Cx43 appears to be the primary region
that becomes phosphorylated, but Cx56 can be phosphory-
lated within the cytoplasmic loop region, in addition to its
C-terminal domain [49]. Cx43 does not contain serine
residues in its intracellular loop region, and no reports of
phosphorylation of the N-terminal region of connexins have
been presented.

PKC activators [e.g., the phorbol ester TPA (12-O-
tetradeconylphorbol-13-acetate, also known as PMA)] both
increase Cx43 phosphorylation and decrease gap junction
communication in a number of different cell types
[37,39,40,50,51]. TPA treatment has been shown to reduce
the permeability of Cx43 channels via the phosphorylation
of serine 368 (S368) [52] and dramatically decreases gap
junction assembly [37]. PKC has been shown to phosphor-
ylate Cx43 at S368 and S372 [52-54] in vitro. The
phosphorylation of S262 and S368 has been shown to be
increased in response to TPA. The former has been linked to
increased cellular proliferation through an unknown mech-
anism [55], while the latter has been shown to underlie the
TPA-induced reduction in intercellular communication and
alteration of single channel behavior [52]. PKCa and € were
found to associate with Cx43 in cardiomyocytes [56].
Fibroblast growth factor-2, which decreases cardiomyocyte
gap junctional permeability and increases Cx43 phosphor-
ylation, increased the colocalization of PKCe with Cx43
[57].

Casein kinase 1, particularly the 6 isoform, has been
shown to interact with and phosphorylate Cx43 on serine(s)
325, 328, or 330 in vitro [58]. Cx43 may also be a direct
substrate for casein kinase 1 in vivo, as these residues are
major phosphorylation sites of cellular Cx43 [58]. Certainly,
other kinases phosphorylate Cx43. Several residues in the
tandem serine repeat region can be phosphorylated (i.e.,
serines 365, 368, 369, and 373) in response to follicle-
stimulating hormone, probably at least partially through a
PKA-mediated mechanism [59]. There is experimental
evidence that Cx43 can be phosphorylated on at least 12
of the 21 serines [26] and 2 of the tyrosines (when the src
kinase is active [60]) in the cytoplasmic tail region (amino
acids 250-382). Certainly, it is possible that multiple
kinases may phosphorylate the same residue. For example,
serine 255 can be phosphorylated by both MAPK and cdc2
[47,61]. Thus, considerable evidence indicates that Cx43 is
a highly phosphorylated and a highly regulated protein.

3. Phosphospecific Cx43 antibodies

The advent of phosphorylation-specific antibodies has
revolutionized the study of cell signaling pathways with the
availability of hundreds of antibodies reported to be specific
for a certain phosphorylation event on the protein of interest.
For example, phosphorylation-specific antibodies exist for
HER-2/neu, epidermal growth factor receptor, insulin-like
growth factor receptor, PKC isoforms, STAT family
members, (B-catenin, Smad family members, p53, Rb, and
many others. In cases like the ERK/MAP kinase signaling
pathway, a whole series of phosphospecific antibodies can
be used to follow the up- and downstream phosphorylation
events on c-Raf, MEK1/2, and ERK1/2. These antibodies
are now being used clinically for a variety of purposes that
include Alzheimer’s disease, Parkinsonism, and cancer
detection/diagnosis.

Two commercially available phosphospecific antibodies
for Cx43 have been shown to be specific, one at S368
(pS368) [44] and another at S262 (pS262) [55]. S368 is the
primary Cx43 substrate for PKC following activation by
TPA treatment [52], and the pS368 antibody binding
increases ~8-fold upon TPA treatment of HeLa cells
expressing exogenous Cx43. A comparison of wild-type
and S368A mutant Cx43 transfected into fibroblasts
obtained from Cx43-deficient mice showed that phosphor-
ylation at S368 results in a reduction in unitary channel
conductance of the gap junctions (50-pS channels are
favored over 100-pS channels). The pS368 antibody was
also used to show that phosphorylation on S368 increased in
the S and G,/M phases of the cell cycle [44]. Mitogenic
stimulation of cardiomyocytes has also been associated with
decreased GJC and PKC-mediated phosphorylation on S262
[55]. The over-expression of exogenous Cx43 or a S262A
mutant led to a decrease in the number of cells entering the
S phase. However, a S262D mutant, which mimics the
phosphorylated charge, did not affect the number of cells
entering the S phase, indicating that phosphorylation on this
site may play a role in a G/S checkpoint. A commercial
monoclonal antibody (Zymed/Invitrogen 13-8300) prepared
to the C-terminal region has been shown to bind to an
epitope near the C-terminus only when it is not phosphory-
lated [62], although others have shown that this antibody
can bind to Cx43 phosphorylated after TPA treatment,
presumably at different sites [63]. A few other commercial
phosphorylation site-specific antibodies are available, but
their specificity remains to be demonstrated. Individual
investigators have also prepared antibodies for Cx43
specific for phosphorylation at S279/282 [64] and S325/
328/330 (discussed below). The pS279/282 antibody was
used to show that epidermal growth factor dramatically
increased the phosphorylation of these residues both at
apparent gap junctions and in cytoplasmic membranes [64].
Thus, a panel of Cx43 phosphospecific antibodies that will
help elucidate mechanisms of gap junction regulation is
developing.



T.J. King, P.D. Lampe / Biochimica et Biophysica Acta 1719 (2005) 24—35 27

4. Cx43 phosphorylation in tissues

As indicated above, the mobility of Cx43 in SDS-PAGE
can shift upon phosphorylation although the residues
responsible for the shift are unknown and the phosphoryla-
tion of some residues does not appear to affect the shift.
Nonetheless, several studies described below have shown
apparent changes in the phosphorylation of Cx43 in tissue
based on immunoblot analysis. Probing the tissue with
phosphospecific antibodies has many advantages. The
reagents are specific for a single phosphorylation event and
hence relate the phosphorylation status, whether or not the
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SDS-PAGE mobility shifts. They can be used in immuno-
histochemical assays to localize changes in tissues to indicate
the importance of these regulatory events in vivo. Finally,
given the likelihood that more than a dozen phosphorylation
sites exist in Cx43, the use of combinations of these
antibodies and the knowledge of the kinase systems
responsible for phosphorylation at these sites could likely
give a snapshot of the signaling pathways affecting gap
junction regulation at a particular time point. As an example,
we have utilized the pS368 antibody to examine phosphor-
ylation at this residue in whole mounts of embryonic day 14.5
mice and compared that with adult mice (12 months). We
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Fig. 1. Immunohistochemical detection of paraffin-embedded adult (12 months) and embryonic (E14.5) mouse skin and heart tissue using antibodies to total
Cx43 (left column) and Cx43 phosphorylated on ser368 (pS368-Cx43, right column). Center panels: IHC detection of total Cx43 (left) and pS368-Cx43 (right)
in paraffin-embedded whole neonatal mouse. E=epidermis, D=dermis, SG=sweat gland, C=comnified stratus. Bar=25 pm.
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Table 1

pS368-Cx43 expression

Tissue Embryonic Adult
Heart +/— e+
Skin ++ +/—
Cornea ++ —
Lens — -

observed significant tissue-specific changes in the level of
pS368 during development. pS368 levels changed from high
to low in the skin and cornea and, conversely, from low to
high in the heart (Fig. 1 and Table 1).

4.1. Heart

Several connexins are expressed in heart tissue, including
Cx40, Cx45, and Cx43 [2,3]. Gap junction communication
allows for synchronized signal transmission during myo-
cardial contraction [65]. Recently, several studies have
investigated the possibility of dysfunctional gap junction
communication and Cx43 mutation in human cardiac
syndromes. One study linked Cx43 mutations with viscer-
oatrial heterotaxy in children [66]; however, other groups
were unable to recapitulate these findings [67,68]. Yet,
another study identified substitution mutations within Cx43
that correlated with hypoplastic left heart syndrome,
suggestive of possible Cx43 pseudogene recombination
involvement [69].

In rodents, several groups have demonstrated the impor-
tance of connexins in cardiac function using genetically
engineered mouse models. Cx40-deficient mice exhibit
arrhythmias [70,71]. However, the consequences can be
mouse strain sensitive, suggesting modifier gene influence
[72]. Cx43-deficient embryos (E15.5) demonstrate altered
conduction velocity [73]. To avoid neonate lethality due to
left ventricular outflow tract occlusion [18], cardiomyocyte-
specific, Cx43-deficient mice were created by several
laboratories using CRE-lox technology. In one study, these
animals exhibited arrhythmias and survived for months [74].
In contrast, a second group demonstrated early neonate
lethality associated with a variety of cardiac abnormalities
[75]. While strain background may play a role in the
differing severity of effects, both studies underline the
importance of Cx43 in normal mouse heart function.

Studies investigating Cx43 phosphorylation during
ischemia have yielded interesting correlations between
phospho-Cx43 status and the activity of several kinases.
In rodent models, ischemia results in decreased Cx43
phosphorylation, as determined by the increased migration
(i.e., decreased phosphorylation at unspecified phosphor-
ylation sites) of Cx43 in SDS-PAGE analysis [76,77]. This
decrease in phosphorylation is presumably due to altered
kinase or phosphatase activity [78]. Preconditioning of the
hearts prior to ischemic insult leads to decreased damage,
preserves Cx43 migration [76,77,79], and results in the co-
localization of Cx43 with several kinases, including PKC

and p38MAPK [79]. These results clearly demonstrate that
Cx43 is important in normal cardiac function and that the
highly dynamic phosphorylation of Cx43 plays an integral
regulatory role in cardiac function.

Few studies have evaluated the role of Cx43 phosphor-
ylation during cardiac development [80]. We analyzed
embryonic and adult mouse heart tissue for total Cx43 as
well as Cx43 phosphorylated on S368 (Fig. 1). Clearly, even
at this embryonic stage (E14.5), Cx43 is highly expressed in
the heart and continues to be expressed in adult heart tissue.
Strikingly, pS368 reactivity is nearly nonexistent in embry-
onic heart but is dramatically present at high levels in adult
tissue. Developmental regulation of specific kinase activities
that directly or indirectly lead to Cx43 phosphorylation may
explain these results [80]. It is interesting to contrast this
change from low pS368 levels in embryonic heart to high
levels in adult heart to the distinct pattern seen in a different
tissue type such as skin or cornea, where there is a higher
level of pS368 in embryonic tissue that is subsequently
decreased in adults (Table 1 and below).

Similarly, we analyzed embryonic and adult mouse heart
tissue using immunohistochemical techniques with a phos-
phospecific antibody reactive against 3 serines (5325, S328,
and S330) on Cx43. These serines were previously shown to
be potential substrates for casein kinase 1 and to be involved
in gap junction assembly [58]. Here, similar to pS368
signal, we detected minimal reactivity in embryonic tissue
in contrast to adult tissue, where high levels of phosphor-
ylation were evident (Fig. 2). Although the phosphorylation
of these sites appears to be involved in normal Cx43
processing and gap junction assembly, clearly, at this stage
of development, where total Cx43 is not completely
organized at the intercalated disk, the majority of Cx43 is
not phosphorylated at these sites.

4.2. Eye

4.2.1. Phosphorylation of Cx43 on Serine 368 in embryonic
and adult mouse eye

The eye is comprised of several distinct tissue types,
including the retina (neural and pigmented), cornea, and

pS328-Cx43
Ebronc oy

dult
7y Z’ LI
L Npot A "‘

Heart

=~ % ~

= ¢ e b . %
D Topny i ey

o . e ‘\
e, ey,

Fig. 2. Immunohistochemical detection of paraffin-embedded adult (12
months) and embryonic (E14.5) heart tissue using antibodies to total Cx43

(left column) and Cx43 phosphorylated on ser328 (pS328-Cx43, right
column). Bar=25 um.
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Fig. 3. Immunohistochemical detection of paraffin-embedded adult (12 months) and embryonic (E14.5) mouse lens and corneal tissue using antibodies to total
Cx43 (left column) and Cx43 phosphorylated on ser368 (pS368-Cx43, right column). LF=lens fiber, LE=lens epithelia, C=precursor cornea, S=stroma,

B=basal epithelia. Bar=25 pm.

lens. Several connexin types are expressed in both human
and mouse ocular tissue, including Cx46, Cx50, and Cx43
[2,3,23]. In the lens fiber cell, Cx46 and Cx50 are highly
expressed, presumably due to their role in nutrient supply
and waste removal throughout this avascular tissue. Both
Cx46 and Cx50 are phosphoproteins, and PKC and other
kinase systems have been implicated in cultured lens cells
[32,49,81], but no data is available for intact tissue. Cx43
is also expressed in the cornea, lens, and retina; but again,
there have been no reports investigating Cx43 phosphor-
ylation patterns in any portion of the eye. In support of
previous studies, Cx43 expression can be detected in
formalin-fixed, paraffin-embedded adult (12 month) and
embryonic (E14.5) lens and cornea (Fig. 3). Interestingly,
the level of phosphorylation at S368-Cx43 appears to be
developmentally regulated with distinct differences in
embryonic and adult cornea. In the lens, both embryonic
and adult tissue exhibit high levels of Cx43 protein with
an absence of detectable pS368-Cx43 signal (Fig. 3).
Clearly, the distribution of Cx43 seen in the embryonic
lens changes as the lens fibers elongate and differentiate
into adult tissue. Therefore, embryonic and adult tissue
both exhibit high levels of Cx43 with an absence of
significant pS368 modification. The embryonic tissue that
will differentiate into adult cornea demonstrates high
levels of Cx43 and significant pS368 (Fig. 3). However,
in contrast to embryonic tissue, the adult cornea maintains
a high level of total Cx43 but contains very little
detectable pS368 phosphoform (Fig. 3). One could
hypothesize that pS368 phosphorylation may allow the
precursor corneal tissue to respond/prevent signals that

aid/inhibit the differentiation of this tissue type into adult
cornea.

4.3. Skin

Mutations in several connexin genes have recently been
associated with erythrokeratodermia variabilis, an inherited
human skin disorder [82,83]. Numerous studies have
demonstrated that human and rodent skins express multiple
connexins. In particular, Cx43 and Cx26 protein levels are
high in human and rodent skin and display very specific
localization. In mouse epidermis, Cx43 protein is localized
in the less differentiated, basal keratinocyte cell layer, with
the Cx26 protein localized in more differentiated, upper
spinous, and granular layers [84—86]. In contrast, human
epidermis exhibits a different connexin localization with
Cx43 protein primarily in the upper, differentiated spinous
and granulosa layers, whereas Cx26 is expressed at much
lower levels in keratinocytes but is abundantly expressed in
hair and eccrine sweat glands [87—89]. This species-specific
variation in Cx26 and Cx43 localization in the epidermis
remains unexplained.

Few studies have described altered phosphorylation
during normal development or differentiation in skin.
Antibodies reactive against total Cx43 and specific for
pS368-Cx43 were used to investigate expression/local-
ization in adult mouse skin and to compare embryonic to
adult Cx43 total expression and phosphorylation patterns.
As shown in Fig. 1, Cx43 expression was similar to that
previously observed in adult mouse skin [84—86], with the
majority of Cx43 in basal and spinous layers and minimal
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reactivity in granulosa layers. Likewise, pS368 levels are
moderate in adult skin and display patterns similar to that
seen for total Cx43 (Fig. 1). In contrast, the evaluation of
embryonic mouse skin (E14.5, Fig. 1) revealed much
higher levels of pS368, demonstrating developmental
control of this Cx43 post-translational modification. This
regulation may or may not be completely linked to
differentiation status as the skin begins to stratify into
the multi-layered adult tissue. The total level of Cx43 in
embryonic skin was also high and demonstrated patterns
of expression similar to adult skin. It is interesting to
contrast this pattern of diminishing pS368 seen in
maturing skin with the dramatic increase in pS368
observed when embryonic and adult heart tissue are
compared (Table 1).

5. Dynamic changes in Cx43 phosphorylation in tissues
5.1. Human skin wounds

The expression of connexin genes is tissue-specific, and
although several connexins can be found in the skin, Cx43
is the predominant connexin in human epidermis and in
cultures of human keratinocytes [89,90]. Keratinocyte
proliferation occurs in the basal layer of the epidermis,
with keratinocytes undergoing terminal differentiation as
they migrate through the suprabasal, spinous, and granular
layers to the skin surface. Connexin proteins are differ-
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Fig. 4. Immunohistochemical detection of normal and wounded human skin
for total Cx43 and pS368. Serial sections of unwounded human skin and
24-h wounded tissue were labeled with antibodies to either Cx43 or pS368,
as indicated. Dead cornified cells (marked as C in uppermost layers) or
dermal cells (marked as D) lack Cx43 staining. Tissue regions are indicated
as follows: epidermis=E; dermis=D; cornified layer=C; basement
membrane, arrow; wound edge, arrowhead. Bar=50 pm.

entially expressed in the skin, with lower expression in the
proliferative regions and increased expression upon differ-
entiation (Fig. 4) [90—94].

Wounding of the epidermis activates cell migration
across the wound bed, increases proliferation, and pro-
motes changes in cell communication [94—99]. It has been
suggested that gap junctional intercellular communication
may regulate certain aspects of the wound-healing process,
including the initiation/synchronization of cellular migra-
tion [93,94,98]. Following wounding, connexin expression
is decreased at the wound edge, but expression is
enhanced at unwounded adjacent areas and upon wound
closure, when the cells differentiate [93,98,100]. The
application of Cx43 antisense to wounds accelerated
keratinocyte migration and the rate of wound repair,
resulting in less scaring [101]. Closure of wounds was 1
day faster in Cx43-deficient mice [94]. These results
indicate that Cx43 regulation plays an important role in
wound repair. Other connexins may play similar roles in
wound healing in disparate tissues. For example, Cx32
expression levels decrease post-hepatectomy in mice with
restoration to normal levels following completion of
regeneration [102].

Examination of pS368 levels in normal human skin
tissue using the phosphosite-specific antibody showed
relatively even distribution throughout the epidermal layers
([103] and Fig. 4). However, 24 h after wounding (and not
at 6 or 72 h), pS368 levels were dramatically increased in
basal keratinocytes and essentially lost from suprabasal
layers adjacent to the wound (i.e., within 200 um) (Fig. 4).
Scratch wounding of primary human keratinocytes caused a
PKC-dependent increase in pS368 in cells adjacent to the
scratch, with a time course similar to tissue wounding.
Keratinocytes at the edge of the scratch also transferred dye
much less efficiently at 24 h in a manner dependent on PKC
[103]. However, keratinocyte migration to fill the scratch
required early (<6 h) gap junctional communication. Thus,
the available evidence indicates that PKC-dependent phos-
phorylation of Cx43 at S368 creates dynamic communica-
tion compartments that can temporally and spatially regulate
wound healing.

5.2. Mouse skin carcinogenesis

Several studies employing multi-stage mouse skin
tumorigenesis protocols using 7,12-dimethylbenzanthracene
(DMBA) or N-methyl-N -nitro-guanidine as initiators and
TPA as a tumor promoter have demonstrated alterations in
Cx43 and Cx26 mRNA and protein levels as well as
aberrant localization [84—86]. Early in the skin carcino-
genesis process, hyperplastic skin shows little change in
Cx43 and Cx26 protein levels. However, two studies
reported increased Cx43 and Cx26 protein levels in
papillomas [84,86] associated with the abnormal co-local-
ization of Cx26 and Cx43. In contrast, both Cx43 and Cx26
message (via in situ hybridization [84]) and/or protein levels
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(via immunohistochemistry and Western [84—86]) are
dramatically decreased in squamous cell carcinomas. One
of these studies also demonstrated decreased Cx43 protein
levels in lymph node-associated tumor metastases [85].
These studies suggest that although, initially, Cx43 levels
can be increased in papillomas, the protein is often
mislocalized and skin tumor progression to squamous cell
carcinoma and metastasis involves further loss of functional
Cx43 through reduced Cx43 expression and mislocalization.
In a further linkage of function to expression levels,
decreased gap junctional communication was observed in
cell lines representing progressively more advanced skin
tumor types [104].

Many of these studies clearly implicate Cx43 as a tumor
suppressor in rodent skin. However, analysis of genetically
engineered mice heterozygous for Cx43 revealed no
increase in skin tumor incidence or multiplicity when
exposed to DMBA and TPA (multi-stage carcinogenesis
protocol) [105]. Analysis of resulting skin tumors in this
study revealed that one Cx43 wild-type allele remained,

Hyperplastic Normal

Papilloma

Total Cx43 (low) Total Cx43 (hlgh)

suggesting that complete loss of Cx43 is not necessary for
skin tumor formation. It remains to be seen if epidermal-
specific ablation of Cx43 in a targeted genetically engi-
neered mouse model will confer increased susceptibility to
skin carcinogenesis. As mentioned, previous studies have
also demonstrated altered Cx26 levels/function, suggesting
that loss of Cx43 may not be sufficient to induce skin
carcinogenesis and/or that there is a redundant function of
Cx43 and Cx26 in skin tumor suppression. While there have
been no reports linking connexin mutations in human skin
with neoplasia, Tada et al. reported detection of poorly
developed gap junctions and increased cytoplasmic Cx43 in
human basal cell carcinomas and squamous cell carcinomas
via ultrastructural localization techniques, suggesting the
possibility of reduced gap junctional function possibly
resulting from the abnormal processing, gating, or stability
of the channels [106].

The association among differentiation, proliferation, and
connexin expression is supported by many interesting
studies. One study that compared connexin levels in primary

pS368 (hlgh)

Fig. 5. Immunohistochemical detection of paraffin-embedded, DMBA/TPA-treated adult mouse skin using antibodies to total Cx43 (Ist column: low
magnification; 2nd column: high magnification) and Cx43 phosphorylated on ser368 (pS368-Cx43, 3rd column: high magnification). Normal skin (1st row),
hyperplastic skin (2nd row), papilloma (3rd row), and squamous cell carcinoma (SCC, 4th row) are shown. Bar=250 pum for low and 25 pm for high magnification.
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human keratinocyte strains and a human squamous cell
carcinoma cell line found that higher Cx43 and Cx26 levels
correlated with higher proliferative status in contrast to
lower Cx43/Cx26 and higher Cx31/Cx31.1 protein levels in
post-confluent cells [107]. These results clearly contrast
with observations using intact human skin, where Cx43
expression is limited to differentiated keratinocyte cell
layers [90]. This study suggests that connexin-type expres-
sion is tightly associated with the proliferative and/or
differentiation status in keratinocytes. This is further
supported by a report utilizing keratinocyte cultures, where
decreased Cx43/Cx26 levels and increased Cx30 and
Cx31.1 levels were associated with calcium-induced differ-
entiation [108].

To date, few published studies have addressed alterations
in Cx43 phosphorylation during skin carcinogenesis.
Immunohistochemical investigation of mouse skin neoplasia
for total Cx43 and Cx43 phosphorylated at S368 in DMBA/
TPA-induced mouse skin showed dramatic changes during
progression (Fig. 5). An increase in total Cx43 reactivity
was observed in hyperplastic skin compared to normal skin,
with subsequent decreased levels and nonfunctional, cyto-
plasmic localization in more aggressive tumors (papilloma
vs. squamous cell carcinoma), consistent with previously
reported studies [84—86]. An increase in pS368 immunor-
eactivity in hyperplastic skin and papillomas was observed
compared to adjacent normal tissue. Furthermore, a reversal
of this trend was observed with invasive tumors (squamous
cell carcinoma—SCC), which demonstrated dramatically
decreased pS368 levels compared to papillomas. These
results suggest that even though Cx43 protein is not
decreased at early stages of the skin carcinogenesis process,
gap junctional communication may be down-regulated via
increased PKC-mediated phosphorylation of S368. As
tumors become invasive, Cx43 levels are reduced, the
protein is not localized to junctions, and pS368 levels
decrease.

While previous studies have correlated TPA treatment
alone with altered Cx43 and Cx26 levels in vivo [109,110],
this clearly is not the direct cause for the increased pS368
staining in hyperplastic skin and papillomas observed here,
as we noted no increased phospho-staining in adjacent
normal skin. However, PKC activity has been shown to be
responsible for pS368 levels [52] and may be linked to
signaling pathway activation (in hyperplastic skin) as well
as oncogenic alterations in papillomas and tumors. Given
that pS368 is primarily localized to junctions and the
increased phosphorylation of this serine causes changes in
Cx43 communication [52], its effects on tumor progression
would likely be related to channel gating. However, altered
assembly or degradation of Cx43 may also be involved. In
summary, the level of total Cx43, as well as regulation via
phosphorylation of Cx43 on S368, is clearly altered during
mouse skin tumorigenesis and indicates that Cx43 could
serve a regulatory tumor suppressor function in this tissue

type.

6. Concluding remarks

Many studies performed in tissue culture systems have
clearly shown that gap junctional communication can be
modified by connexin phosphorylation. Often, these studies
involved treatment with kinase activators or growth factors
that dramatically affect cell biology. Until recently, little was
known about whether these phosphorylation events actually
occur in vivo. The advent of phosphorylation status-specific
antibodies has revolutionized the field of cell biology, and
we believe that it will also open up many new linkages
between connexin function and specific biological pro-
cesses, including, development, cell fate determination,
growth control, and tumor progression. We believe that
these regulatory events not only affect gap junctional
communication but also affect the proteins that interact
with connexins. While Cx43 is phosphorylated at over a
dozen sites, only a few commercially available phospho-
specific antibodies for Cx43 have been shown to be useful
for immunostaining. Even though current available anti-
bodies allow for incomplete coverage of the total Cx43
phosphorylation events possible, the results that have been
obtained are very intriguing. As we gain a better under-
standing of the consequences of phosphorylation, develop
more phosphorylation state specific antibodies, and appre-
ciate the consequences of connexin interactions with other
proteins, we believe that the list of biological processes
affected by connexins in vivo will dramatically grow.
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