
Biochimica et Biophysica Acta 1828 (2013) 94–108

Contents lists available at SciVerse ScienceDirect

Biochimica et Biophysica Acta

j ourna l homepage: www.e lsev ie r .com/ locate /bbamem
Review

Gap junction proteins on the move: Connexins, the cytoskeleton and migration☆

Linda Matsuuchi a, Christian C. Naus b,⁎
a Department of Zoology, CELL and I3 Research Groups, Life Sciences Institute, University of British Columbia, Vancouver, Canada BC V6T 1Z3
b Department of Cellular and Physiological Sciences, CELL Research Group, Life Sciences Institute, University of British Columbia, Vancouver, Canada BC V6T 1Z3
☆ This article is part of a Special Issue entitled: The C
and dysfunctions.
⁎ Corresponding author at: Department of Cellular an

Research Group, Life Sciences Institute, University of B
Sciences Mall, Vancouver, Canada BC V6T 1Z3. Tel.: +
822 2316.

E-mail addresses: matsuchi@zoology.ubc.ca (L. Mats
cnaus@exchange.ubc.ca (C.C. Naus).

URL: http://lsi.ubc.ca (C.C. Naus).

0005-2736/$ – see front matter. Crown Copyright © 20
doi:10.1016/j.bbamem.2012.05.014
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 8 February 2012
Received in revised form 25 April 2012
Accepted 4 May 2012
Available online 18 May 2012

Keywords:
Connexin43
Cytoskeleton
Polarity
Adhesion
Migration
Connexin43 (Cx43) has roles in cell–cell communication as well as channel independent roles in regulating mo-
tility andmigration. Loss of function approaches to decrease Cx43 protein levels in neural cells result in reduced
migration of neurons during cortical development in mice and impaired glioma tumor cell migration. In other
cell types, correlations between Cx43 expression and cell morphology, adhesion, motility and migration have
been noted. In this reviewwewill discuss the common themes that have been revealed by a detailed comparison
of the published results of neuronal cells with that of other cell types. In brief, these comparisons clearly show
differences in the stability and directionality of protrusions, polarity of movement, and migration, depending
on whether a) residual Cx43 levels remain after siRNA or shRNA knockdown, b) Cx43 protein levels are not de-
tectable as in cells from Cx43−/− knockout mice or in cells that normally have no endogenous Cx43 expression,
c) gain-of-function approaches are used to express Cx43 in cells that have no endogenous Cx43 and, d) Cx43 is
over-expressed in cells that already have low endogenous Cx43 protein levels. What is clear from our compari-
sons is that Cx43 expression influences the adhesiveness of cells and the directionality of cellular processes.
These observations are discussed in light of the ability of cells to rearrange their cytoskeleton andmove in an or-
ganized manner. This article is part of a Special Issue entitled: The Communicating junctions, roles and
dysfunctions.

Crown Copyright © 2012 Published by Elsevier B.V. All rights reserved.
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
2. Overview of gap junctions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
3. Gap junction structure and function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
4. Gap junctions in migration in specific systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

4.1. Wound healing breast epithelial cells as a non-biased model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
4.2. Cardiac neural crest cell migration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
4.3. The role of gap junctions in migration in the developing nervous system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
4.4. The importance of Cx43 in astrocytes and glioma cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
4.5. Immune system development and lymphocyte responses mediated by Cx43 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

5. Gap junctions and migration: involvement and implications in development and disease . . . . . . . . . . . . . . . . . . . . . . . . . 105
6. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
ommunicating junctions, roles

d Physiological Sciences, CELL
ritish Columbia, 2350 Health
1 604 822 2498; fax: +1 604

uuchi),

12 Published by Elsevier B.V. All rig
1. Introduction

Gap junctions (GJs) have longbeen considered important for their role
as membrane channels, but it is now clear that the proteins which form
these channels, the connexins (Cxs), are multi-modal in their structure
and function. Thus along with their function in cell–cell communication,
Cxs also have channel independent roles in regulating cell morphology,
establishing polarity, and rearrangement of the cytoskeleton, thereby
influencing cell movement. The most prominent examples come from
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studies using neural cells. For example, glioma and neuronal cell
motility and migration are affected by Cx43 expression [1–4]. Ge-
netic knockout [5], aswell as knockdown of conenxin43 (Cx43) protein
levels using shRNA constructs [3,4] or by using neuronal progenitor spe-
cific conditional knockout mice [2,6], results in reduced migration of
neurons in the developing cortex. There is an abundance of evidence
in the literature that describes effects of Cxs and GJs on cell adhesion,
motility and migration. In this review we will discuss the common
themes that are revealed by a detailed comparison of the results using
neural cells with that of other cell types. For the purpose of this review,
we have focused on Cx43 since this connexin, one of the first to be iden-
tified, is most widely and abundantly expressed, and the unique long
carboxyl‐terminal tail with multiple protein interaction sites provides
interesting opportunities for its participation in intracellular interac-
tions and signaling, and thus potential impact on cytoskeletal events as-
sociated with changes in cell shape, cell polarization and migration.
However it should be noted that other connexins, some of which are
co-expressed with Cx43, could impact cell migration, depending on
the cell or tissue system.

What becomes clear from these comparisons is that Cx43 expres-
sion can influence the effectiveness of forward cell movement, due to
the directionality of cellular protrusions. Cells initiate movement
through their ability to breakdown and reform the actin cytoskeleton
network, and to stabilize it, as cell protrusions develop into leading
edges that support forward movement. We will address these issues
as they relate to Cx43 expression and discuss the approaches used.
The directionality of protrusions, polarity of movement, and effective-
ness of migration, depends on whether a) residual Cx43 levels remain
after siRNA or shRNA knockdown, b) Cx43 protein levels are not
detectable as in cells from Cx43−/− knockout mice or in cells that
normally have no endogenous Cx43 expression (i.e. plasmacytoma/
myeloma tumor cells), c) gain-of-function approaches are used to
express Cx43 in cells that have no endogenous Cx43 and, d) Cx43 is
over-expressed in cells that already have low endogenous Cx43 pro-
tein levels. Table 1 summarizes a number of studies using different
cell systems that fall into each of these categories. What is clear
from these comparisons is that Cx43 expression influences the adhe-
siveness of cells and the directionality of cellular process extensions.
These two characteristics profoundly influence the ability of cells to
rearrange their cytoskeleton and move in an organized manner, in a
productive forward direction.

2. Overview of gap junctions

The gap junction (GJ) protein Cx43 is expressed in many cell types
including fibroblasts, epithelial cells, hematopoietic cells, neurons,
and cardiac neuronal crest cells [7–9]. Cx43 monomers combine to
form hexameric hemichannels called connexons that can associate
with connexons on adjacent cells to form GJs, allowing for the inter-
cellular passage of ions and small molecules (generally less than
1 kDa) such as Ca++, ATP and cAMP (reviewed in [7]). Highly orga-
nized GJ plaques appear to be restricted between adjacent adherent
cells in organized cell layers. However, recent evidence has also
shown that connexons can function as hemichannels for specific pur-
poses in some cell types [10]. Other GJ family members, namely the
pannexins, have been proposed to underlie hemichannel functions
[11], and to foster interesting cellular events involving antigen pre-
sentation and immune responses [12,13], as well as having tumor
suppressive effects [14,15].

3. Gap junction structure and function

Intercellular communication is an important process that contributes
to developmental events, tissue homeostasis and the establishment and
maintenance of niches for different cell types. The passage of cytosolic
molecules through channels between cells, or of extracellularmolecules
from the environment into cells, ismediated by the GJ family of proteins
[16]. GJ proteins are members of the tetraspanin integral membrane
protein family thatwhen assembled intomultimers form channels span-
ning the plasma membrane. There are three families of GJ-forming pro-
teins: Innexins, which are the invertebrate equivalents of GJ proteins;
Connexins, which are chordate GJ proteins; and themore recently iden-
tified chordate Pannexins, the vertebrate analog of the Innexins [17,18].
Although these three GJ protein families do not necessarily share se-
quence homologywith each other, they share similarity in their protein
structure and membrane topology. Both have cytoplasmic N- and
C-terminal domains and the protein spans the membrane four times,
with two extracellular loops containing cysteine residues required for
proper connexon docking. It is believed that all three groups of proteins
assemble into multimers that can also form functional hemichannels as
well as classical GJ channels between two adjacent cells, although there
is still discussion about the functionality of hemichannels in some cell
types. However pannexins preferentially form channels that do not
associate into GJ between cells (reviewed in [19]).

There are 20–21 different connexins expressed in vertebrates,
depending on the species. One of the main differences among Cx
members is in the lengths of the cytosolic loop and C-terminal do-
main. Fig. 1 summarizes the structural and functional aspects attrib-
uted to various regions of Cx43. Cxs are required for electrical
coupling of cells, for example, in the co-ordination of contraction of
cardiac cells and insulin release from pancreatic beta cells [20,21]. Cxs
can also form hemichannels, although this is a controversial topic. The
main concern focuses on the presence of pannexin channels which
could account for the observed hemichannel effects. This has been ex-
tensively covered in other contributions to this review series [22–24].
There are reports that hemichannels can transport ATP and that they
can assist in calcium signaling [18,25,26] (and reviewed in [27]). Inter-
estingly, a new role for Cxs in neuronal development andmigration that
does not involve channel activity has been identified [2–4]. These find-
ings have led to the re-examination of published results using other cell
types and this non-channel role for Cxs will be discussed in great detail
in this review.

The GJ protein Cx43 is the most well studied of the Cxs due to its
widespread expression in tissues [28] and it is the most predominant
Cx expressed in most tissue culture cell lines including lymphocytes
[7,29]. Genetic knockout of Cx43 results in mice that die shortly after
birth due to heartmalformation,making study inmousemodels depen-
dent on conditional knockouts or in-utero electroporation techniques
[2,3,30].

The regulation of the Cx43 channel is partially achieved by phos-
phorylation and de-phosphorylation of the C-terminal domain by
protein kinase C (PKC), Map kinases (MAPK) and the Src family tyro-
sine kinases [21,31–36]. PKC has been shown to phosphorylate Cx43
on serines 262 and 368, which can lead to a reduction in channel con-
ductivity [21,33]. MAPK can phosphorylate Cx43 on serines 255, 279
and 282 resulting in the downregulation of channel conductivity
due to a reduction in the frequency in which the channel is open
[34,35]. The phosphorylation of tyrosines 268 and 247 by the Src pro-
tein tyrosine kinase is also important for channel regulation. The Src
kinases are proposed to be recruited to the proline-rich domain of
the C-terminal tail of Cx43 and to bind via its SH3 domain, so that it
can then phosphorylate tyrosine 268. This phosphorylation provides
a potential SH2 binding site which recruits tyrosine kinases to phos-
phorylate tyrosine 247, resulting in channel closure [36]. Cx43 also
recruits adaptor proteins which link to the cytoskeleton [31]. The
tight junctional protein Zonula occludens (ZO)-1 is reported as inter-
acting with the very C-terminus of Cx43 [37] where it is proposed to
stabilize and regulate GJ plaque size [38]. ZO-1 also regulates the
transition of undocked connexons into GJ aggregates (plaques),
thereby regulating the number of hemichannels compared with the
number of classical GJ channels at the plasma membrane [39]. The
C-terminal domain of Cx43 also interacts with the adaptor protein



Table 1
Summary of the effects of Cx43 on cell adhesion, process extension and motility reported in various studies.

Cx type Experimental approach Adhesion Process extension Motility References

Overexpression or expression
C6 glioma Cx43 Overexpression ND Multiple extensions

and more flattened
Enhances in
wound healing
assays and in
transwell
migration assays;
less of an effect
with Cx43ΔCT

[1]; Naus et al.,
unpublished

C6 glioma Cx43 Overexpression Increased cell:cell
adhesion

ND ND [67,138]

HeLa Cx43 Normally non-expressing;
stable transfection

ND ND Enhances [139]

GL15, 8-MG,
human biopsies, C6 glioma

Cx43 Endogenous expression;
stable transfection

ND ND Enhances [140]

C6 glioma Cx43 Overexpression;
stable transfection

ND ND Enhances [141]

J558 μm3 myeloma none Normally
non-expressing

Normally non-adherent
plasma cells (lymphoid)

Small protrusions in response
to BCR signaling; No spreading
in any direction

ND [96]

J558 μm3 myeloma Cx43 Transient transfection of
cell populations; sorting
expressors by FACS

Increased adhesion
to endothelial cells

BCR signaling-induced radial
spreading; increased Rap1
GTPase activation

ND [96]

WEHI 231 B-lymphoma Cx43 Transient overexpression
by transfection of cell
populations; sorting high
expressors by FACS

ND Enhanced BCR
signaling-mediated spreading

ND [96]

5TGM1 myeloma none Normally non-expressing Normally non-adherent
plasma cells (lymphoid)

ND ND [96]

5TGM1 myeloma Cx43 Transient transfection of
populations

Increased adhesion to
endothelial cells

[96]

Knockdown
NIH3T3 fibroblasts Cx43 Cx43siRNA ND ND Reduces [44]
MDA-MB-231, Hs578T Cx43 Cx43siRNA ND ND Reduces [142]
C6 glioma Cx43 Cx43shRNA ND ND Reduces [1]
Developing rat brain Cx43,

Cx26
Cx43shRNA ND ND Reduces [3]

Developing mouse brain Cx43 Cx43antisense ND ND Reduces [2]
Skin/epidermis Cx43 Cx43siRNA ND ND Reduces [143]
MCF-10A breast epithelial
cancer cells

Cx43 siRNA knockdown screen
of ‘Migration & Adhesion
Related (MAR)’ genes,
kinases and phosphatases

Disrupted, lose
integrity of monolayer;
N-cadherin levels down

Lack of polarity of process
extension, disorganized,
multidirectional orientation

Disorganized
migration, erratic
movement in
different
directions;
enhanced,
accelerated
movement

[43]

WEHI 231 B-lymphoma Cx43 Cx43shRNA ND Inhibits BCR mediated radial
spreading; decreases Rap1
GTPase activation

Reduces integrin
and chemokine
mediated motility
and migration;
decreases Rap1
GTPase activation

[96] [97]

A20 B-lymphoma Cx43 Cx43shRNA ND Inhibits; spreading is not radial,
multidirectional processes

ND Machtaler, Matsuuchi,
et al., unpublished

Skin lesions Cx43 Cx43antisense ND ND Enhances wound
closure

[143]

Knockout (KO)
Developing brain Cx43 Cx43 KO ND ND Reduces radial

migration
[5] [2]

Developing brain Cx43 Mouse Nestin-Cre;
Cx43fl/fl

ND ND Reduces radial
migration

[2]

Neural tube explant Cx43 Mouse Cx43 KO ND ND Reduces migration [52]
Cx43 Mouse CMV43 ND ND Increases

migration
[52]

Neurospheres Cx43 Culture assay from
Cx43 KO mice

ND ND Reduces;
migration restored
by P2Y1 receptor
expression

[82]

Mouse embryonic fibroblasts Cx43 From Cx43 KO mice ND More protrusions in different
directions; lack of cell polarity;
lack of MTOC to orient properly

Wound closure
impaired

[50]
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Table 1 (continued)

Cx type Experimental approach Adhesion Process extension Motility References

Cardiac neural crest
cells (CNC)

Cx43 From Cx43 knockout mice Some focal adhesions
absent or miss-localized

Protrusions/processes
extending and retracting in
multiple directions; actin
stress fibers disorganized,
polygonal and not parallel

Impaired forward
movement; lack of
polarity; process
extension is
multidirectional

[49]
[45]

Cardiac neural crest
cells explant of spheroid

N‐cadherin From N-cadherin KO
mice compared to
Cx43 KO mice

ND ND Speed of CNC cells
was elevated in N-
cadherin deficient
CNCs, accompa-
nied by a lack of
uniform
directionality

[45]

Expression of mutants
Developing rat brain Cx43

Cx26
Cx shRNA+wild type Cx ND ND Rescue of radial

migration
[3]

Cx shRNA+Cx channel
dead

ND ND Rescue of radial
migration

[3]

Cx shRNA+Cx Cys
mutant

ND ND No migration
rescue

[3]

Cx shRNA+Cx43
cytoplasmic tail deletion
( CT)

ND ND Rescue of radial
migration

[3]

Cx43
Cx26

Brain slice; Cx shRNA+
wild type Cx

ND ND No effect on
tangential
migration, but
rescue of switch
from tangential to
radial migration

[4]

Developing mouse brain Cx43 Cx43 cytoplasmic tail
deletion (ΔCT)

ND ND No rescue of radial
migration

[2]

Developing mouse brain Cx43 Expression of Cx43
cytoplasmic tail deletion
mutant in nestin-Cre;
Cx43fl/fl mice

ND ND No rescue of
migration

[2]

J558μm3 myeloma Cx43 Cx43 cytoplasmic tail
deletion (ΔCT)

ND BCR-mediated spreading
attenuated; dynamic unstable
protrusions seen extending
and retracting; Rap1 GTPase
activation is impaired

ND [96]

Mouse embryo fibroblasts Cx43 From KO mice and mice
reconstituted with a Cx43
cytoplasmic tail deletion
mutant

ND Cells showed multiple
protrusions that were not
polarized

Migration
impaired

[50]

Other
Spontaneous canine
astrocytoma

Cx43 EGF stimulation ND ND Attenuates [144]

Skin/epidermis Cx43 localization using
antibody staining

ND ND Attenuates [145]

Proepicardial explants Mouse models; Cx43 KO
mice

ND ND Attenuates [146]

3T3 A31 fibroblasts Cx43-
256 M

Stable transfection ND ND Mutation
attenuates

[147]

97L. Matsuuchi, C.C. Naus / Biochimica et Biophysica Acta 1828 (2013) 94–108
drebrin and co-localizes with cortactin [40,41]. Drebrin is a brain-
restricted actin binding protein that belongs to the drebrin/actin bind-
ing protein (abp) family [42]. Drebrin was shown, using a combination
of co-immunoprecipitation and FRET-based analysis, to interact with
the C-terminal domain of Cx43 where it is thought to stabilize the for-
mation of GJs by linking them to the F-actin cytoskeleton [40]. Cortactin,
another actin-binding protein, was also shown to interact with Cx43
using a combination of co-immunoprecipitation and immunofluores-
cence co-localization studies, though its function is not known [41].
4. Gap junctions in migration in specific systems

Along with its role in cell–cell communication, there are emerging
functions for Cx43 as a regulator of cell morphology, polarity, process
extension, adhesiveness, motility and directed migration toward a
chemoattractant [1–4]. All of these cellular processes rely on progres-
sive rearrangements of the cytoskeletal network. While it is attractive
to propose that these additional functions are due solely to Cx43's
channel function, mounting evidence suggests alternative roles of
Cx43 as a signaling scaffold or as an adaptor protein to promote the nu-
cleation of cytoskeleton-associated proteins that regulate the disassem-
bly, re-assembly and branching of the actin cytoskeleton or influence
the behavior of microtubules. In this part of the review we will discuss
the proposed non-channel functions of Cx43 in specific cellular re-
sponses in different cell types.
4.1. Wound healing breast epithelial cells as a non-biased model

The Cx43 gene (GJA1) was identified by Brugge and colleagues,
using a high-throughput siRNA knockdown screen of breast MCF-
10A epithelial cells, as having a pivotal role in cell migration [43].
This screen was not specifically designed to examine GJ proteins but
insteadwas focused on identifying kinases and phosphatases important
for cell migration. The authors used three specialized gene libraries that



Fig. 1. Schematic diagram of Cx43 indicating its membrane topology. The cysteines (red dots) in the extracellular loops are involved in adhesion and in the binding to other con-
nexins on adjacent cells to form gap junctions. Residues in the transmembrane domains of the connexins that are assembled into hexameric connexons, line the hydrophilic channel
and facilitate the passage of small molecules through the gap junction pore. The cytoplasmic tail of Cx43 contains multiple protein interaction sites (proteins shown as yellow and
green shapes), as well as serine, threonine and tyrosine residues (blue dots) that can be phosphorylated. These interactions and modifications regulate Cx43 function.
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contained a) kinases (576 genes for protein or lipid kinase genes),
b) phosphatases (192 genes) and as a control, c) the Migration
and Adhesion Related (MAR) collection of 313 genes from Dr. Benny
Geiger (Weitzmann Institute, Israel). A significant knockdown of pro-
tein (in the range of 70% of wild type levels) was achieved by introduc-
ing into cells the vast majority of the siRNAs used in this screen. The
effect on cell migration was assayed using time-lapse imaging of a
wound-healing assay with MCF-10A breast epithelial cells. Individual
cell pathways were tracked over a 12-hour period revealing previously
unseen diversions in each cell's direction. Confirmation of these effects
on migration of the most pronounced genes was obtained using a sec-
ond cell line and the results, including videos of the time-lapse images,
are available at a fully interactive database hosted by the Cell Migration
Consortium (www.cellmigration.org/pubs/wound_rnai.htm).

Please see information page for the GJA1 gene (www.cellmigration.
org/resource/discovery/brugge/simpson2008_rnai.cgi?my_table=
table&lookup_text=sy_descr&symbol=GJA1&submit=Search&cat_
count=1&lookup_cat=none&cat_values=0&lookup_cat1=none&cat_
values1=0&sort=sy&limit=20&order=0&begin=0&end=20).

The Cx43 gene (GJA1)was classified as one of 13 ‘acceleratedmigra-
tion’ Class C genes and was discussed in the main body of the paper.
When GJA1 was knocked down the cells filled in the wound faster,
but it was noted that migration of the cells was aberrant, less directed,
erratic, with cells showing poorly defined or non-existent front and
rear end polarity. The time-lapse images captured every 6 min over
20 h of 8 individual cells tracked the dynamic nature of the wound
edge. While wild-type cells traveled uniformly in the same direction
from the wound edge, with little deviation, the GJA1 knockdown cells'
pathways were erratic, going in different directions, reversing direction
and were not uniform. They described the knockdown cells as showing
significant alterations in cell–cell adhesion, impaired adhesion to the
substrate, multiple changes in directionality of movement, alterations
in cell polarity, and changes in leading edgemorphology and dynamics.
Cell protrusions were not uniform, nor unidirectional.

The videos of the wounded area being filled in that are accessible on
the CellMigration Gateway interactivewebsite are particularly illuminat-
ing (see videos at www.cellmigration.org/resource/discovery/brugge/
simpson2008_rnai_time.cgi?uid=376). Wild type cells after wounding
remained highly organized and tightly associated in a monolayer even
when cells within the monolayer underwent mitosis. The vacant,
wounded area was re-covered by the remaining cell monolayer moving
slowly into the available space left by the wound, in an organized and
unidirectional manner, with the cells maintaining close associations
with each other and clear ruffled leading edges abutted to the open
space. In contrast, the Cx43 knockdown cell monolayers showed
disrupted adhesion, migration and polarity as noted above. Even at
time zero, as the time-lapse imaging begins, the size and shape of the
GJA1 knockdown cells are clearly different in that they appeared larger,
more spread-out and irregularly shaped. While at wounding the cells
start out as an adherent organized monolayer, and mitotic cells are ob-
served within the monolayer, the region of the monolayer close to the
wound dissociates into single cells which migrate rapidly from the
wound edge and change direction frequently. These migrating cells
show defects in the formation and the retraction of leading edges and
large tails, and display multiple, large, broad protrusions per cell, that
are oriented in different directions. While there are many ruffling lead-
ing edges, the cells move off quickly and the direction the individual
cell moves changes, as if they have lost defined and stable polarity.
Cells that are changing direction leave parts of themselves at their origi-
nal location, adhered to the surface, and the cells/cell membranes stretch
between the tail of the cell and the rest of the cell body as it moves off
rapidly. Cells that move erratically in different directions come into the
field of view from other regions distant to the wound area that is being
imaged by microscopy, as opposed to the uniform left to right move-
ment, in military precision, of wild type cells. Therefore it is clear that
Cx43 had significant influences on cell adhesion, polarity and directed
migration. Immunoblotting data in the supplementary figures show
that the levels of the adhesion proteins N- and P-cadherin's are
decreased in the GJA1 knockdown cells, while E-cadherin levels are
raised. The lower amounts of two of these adhesive proteins could ex-
plain the lack of integrity of the cell monolayer and the inability of the
cells to remain in a contiguous sheet as seen for the wild type cells.
These findings are consistent with the findings of others that showed
that N-cadherin and Cx43 are associated in a protein complex [44], and

http://www.cellmigration.org/pubs/wound_rnai.htm
http://www.cellmigration.org/resource/discovery/brugge/simpson2008_rnai.cgi?my_table=table&lookup_text=sy_descr&symbol=GJA1&submit=Search&cat_count=1&lookup_cat=none&cat_values=0&lookup_cat1=none&cat_values1=0&sort=sy&limit=20&order=0&begin=0&end=20
http://www.cellmigration.org/resource/discovery/brugge/simpson2008_rnai.cgi?my_table=table&lookup_text=sy_descr&symbol=GJA1&submit=Search&cat_count=1&lookup_cat=none&cat_values=0&lookup_cat1=none&cat_values1=0&sort=sy&limit=20&order=0&begin=0&end=20
http://www.cellmigration.org/resource/discovery/brugge/simpson2008_rnai.cgi?my_table=table&lookup_text=sy_descr&symbol=GJA1&submit=Search&cat_count=1&lookup_cat=none&cat_values=0&lookup_cat1=none&cat_values1=0&sort=sy&limit=20&order=0&begin=0&end=20
http://www.cellmigration.org/resource/discovery/brugge/simpson2008_rnai.cgi?my_table=table&lookup_text=sy_descr&symbol=GJA1&submit=Search&cat_count=1&lookup_cat=none&cat_values=0&lookup_cat1=none&cat_values1=0&sort=sy&limit=20&order=0&begin=0&end=20
http://www.cellmigration.org/resource/discovery/brugge/simpson2008_rnai.cgi?my_table=table&lookup_text=sy_descr&symbol=GJA1&submit=Search&cat_count=1&lookup_cat=none&cat_values=0&lookup_cat1=none&cat_values1=0&sort=sy&limit=20&order=0&begin=0&end=20
http://www.cellmigration.org/resource/discovery/brugge/simpson2008_rnai_time.cgi?uid=376
http://www.cellmigration.org/resource/discovery/brugge/simpson2008_rnai_time.cgi?uid=376
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that both are required for effective GJ formation between fibroblasts,
and important (as will be discussed below) for cardiac neural crest
cell motility [45]. These results are summarized in Fig. 2.

Numerous studies in epidermal wound healing have reported simi-
lar effects to those noted above for breast epithelial cells, meaning the
enhanced motility of the cells that results in more rapid filling in of
the wounded gap by migrating cells. Of particular interest are the re-
ports of increased in vivo skin wound healing mediated through Cx43
antisense, siRNA or inhibitory peptides [46–48].

4.2. Cardiac neural crest cell migration

The results of Simpson et al. [43] agreewith and support the findings
from Cecilia Lo's lab where the migration of cardiac neural crest cells
(CNC) and fibroblasts from Cx43 knockout and heterozygous mice
was examined [45,49,50], in particular, the effect of Cx43 knockdown
on the polarity of cell protrusions. Comparisons of these papers reveal
interesting common themes.

Normal development of the heart involves complex migration of
cardiac neural crest (CNC) cells in a defined, prototypical manner and
this is disrupted in a variety of Cx43 knockout mouse models. A Cx43
null mutation results in perinatal lethality due to a disruption in cardiac
development which resulted in a blockage of the right ventricular out-
flow track [30,51] which was later resolved to be due to a CNC cell mi-
gration defect [52]. GJs maymediate the cell-to-cell transport of second
messengers and other cell-signaling molecules involved in regulating
cell locomotion and in this manner help coordinate the deployment of
CNC cells to the developing heart [51,52]. In addition the finding that
N-cadherin-based adherens junctions are important for modulating GJ
communication, often being found in close proximity to Cx43 GJs, indi-
cates their potential role in the regulation of migration of mouse CNC
cells [45]. In Xu et al. [49], CNC cells were obtained from wild type,
Cx43 heterozygous (Cx43+/−), Cx43 knockout (Cx43−/−) and Cx43
re-expressing transgenic mice using a CMV promoter to drive re-
expression (CMV-Cx43). Neural tubes were explanted from embryos
and the CNC cells cultured. The CNC cells were assayed for a) motility
on different concentrations of fibronectin, b) their directionality of
movement, c) the number, extent and direction of protrusions, d) the
effect on β1-integrin, e) the location of focal adhesions and actin stress
fibers, f) the effect of Semaphorin 3a (Sema3a), and g) the
Fig. 2. Effect of Cx43 expression on adherent cells. Panel A. Cx43 expressing adherent cells (
tumor cells) stick to and spread to surfaces and cell layers, extending processes, establishin
arrows). These cellular events involve rearrangements in cellular structure, for example the
(N). Panel B. Cx43 knockdown or knockout results in changes in cell morphology and the ge
clear leading edges and have multi-directional processes that appear to impede directed fo
immunofluorescence patterns of proteins associated with focal adhe-
sions and the cytoskeleton (e.g. vinculin, ezrin and drebrin). Compared
withwild type CNC cells, Cx43−/− CNC cells movedwith less direction-
ality and more slowly as the concentration of fibronectin increased
(1 μg/ml to 50 μg/ml). Images were captured every 10 min over a
20 hour interval to assess directionality of movement and process ex-
tension. Large differences in protrusive activity were observed. Wild
type Cx43+/+ CNC cells show unidirectional process/protrusion for-
mation that progresses forward in the same direction. In contrast
Cx43−/− CNC cells have multi-directional protrusions, many of them
reported by the authors to extend and retract. These processes are not
in the samedirection and thus they impede forwardmovement. Restor-
ing Cx43 expression in the CMV-Cx43 CNC cells resulted in cells that
appeared to be like wild type cells, with more unidirectional protru-
sions. In addition the authors described that CNC cells in the absence
of Cx43 were less ‘round’, meaning that the cells appeared ‘spikey’.
The lack of unidirectional processes that facilitate forward movement
of the cells is reminiscent of the findings in Simpson et al. [43] dis-
cussed above,where the knockdown of theGJA1 gene results in poor di-
rectionality and lack of clear leading (forward) and lagging (rear) edges
of cells as Cx43 levels decrease. It is important to note, however, that the
cells in Simpson's study [43] still express Cx43 while those in Xu et al.
[49] were complete Cx43 knockout cells.

The cytoskeleton in Cx43−/− CNC cells is disrupted in these studies.
β1-integrin and vinculin, important components of focal adhesions,
were visualized by immunofluorescencemicroscopy and the peripheral
localization of both is seen in a focal adhesion type pattern in the wild
type CNC cells as well as the restored CMV-Cx43 CNC cells. However in
the Cx43−/− CNC cells, there is less peripheral β1-integrin and
corresponding vinculin staining and the focal adhesions are disorga-
nized or absent. Consistent with this, actin stress fibers are severely
disrupted in Cx43−/− cells, with some lacking focal adhesions at the
end of the fibers and the fibers themselves in a polygonal shape instead
of being in normal parallel arrangement. Sema3a is supposed to antago-
nize integrin activation on fibronectin and it mediates growth cone col-
lapse in neurons. Treatment with Sema3a causes wild type CNC cells to
have a decrease in protrusions and overall increase in cellular round-
ness, while in contrast, the Cx43−/− cells show little change, since
they are already more rounded. Quick scans for actin-associated pro-
teins like drebrin, to assess the co-localization with Cx43, identified
i.e. cardiac neural crest cells, breast endothelial cells, mouse embryo fibroblasts, glioma
g polarity (leading and lagging edges of cells) that results in forward movement (red
breakdown and reformation of the actin cytoskeleton. Gray circle indicates the nucleus
neration of dynamic processes that are often seen to extend and retract. The cells lack
rward movement.
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some interesting localization patterns and pointed to candidates to ex-
amine in the future. These candidates would later be confirmed by the
uncovering of a cytoskeletal platform of proteins as a result of a
proteomic screen of Cx43 associated proteins in astrocytes [53], as
well as in other reports of associated proteins identified by co-
immunoprecipitation studies (reviewed in [54]).

The effect of Cx43 expression on cell polarity and directionality of
movement and protrusions was further examined by comparing wild
type mouse embryonic fibroblasts (MEF) with that from Cx43−/−

mice [50]. Cx43 deficiency causes cell polarity defects as characterized
by a failure of the Golgi apparatus and the microtubule-organizing
center (MTOC) to reorient with the direction of wound closure. MEFs
from knockout mice do not close the wound as fast as wild type cells
and the protrusions are more numerous, more pronounced and mul-
tidirectional, a reflection of a loss of polarity. Not only are there more
protrusions, but these are less stable, retracting more frequently and
the MTOC is not oriented in the direction of cell movement. Gain-of-
function expression of Cx43with a deletion of its tubulin-binding domain
(the C-terminal domain; Cx43ΔT) in both wild type and Cx43−/− MEFs
or CNC cell explants recapitulates the cell migration defects seen in
Cx43 knockout cells. Thus the cytoplasmic tail of Cx43 is important for
the cytoskeletal rearrangements essential for cellmovement andmigra-
tion. Interestingly, expression of Cx43 with a point mutation causing GJ
channel closure (mutant Cx43Y17S-GFP) has no effect on cell motility.

4.3. The role of gap junctions in migration in the developing nervous
system

GJs were first identified as electrical synapses in the nervous system
[55] and thus the initial focus on the role they playedwas limited to that
of an ion channel (reviewed in [56]). This seemed logical given the elec-
trical nature of this tissue, and the characterization of many other ion
channels important for the functioning of the nervous system. But it
soon became apparent that many “non-electrical” tissues also had
their cells connected via GJ channels and thus a more homeostatic
role for this type of intercellular communication was proposed. With
the identification of over 20 distinct GJ proteins or connexinswith inter-
esting tissue distributions and expression patterns that vary during cell
differentiation and with differential localization in cellular membranes
[57], it is clear that GJs are much more than channels.

In the central nervous system, up to 11 different Cx proteins have
been shown to have not only specific spatial (cellular) distribution but
also distinct temporal (developmental) profiles [58,59]. Given the
changing expression of many of these Cxs associated with distinct pro-
cesses during neural development, a number of approaches have been
used to clarify the role these various Cxs might play. GJ channels and
Cxs have been implicated in many aspects of neural development, in-
cluding cell proliferation,migration, intra‐ and intercellular calcium sig-
naling, electrical synapses and establishment of developmental
gradients [60,61]. In this section of the review, wewill focus specifically
on the role of Cxs in neural cell migration.

The most abundant Cx expressed in the body, including the brain,
is Cx43. Fortuitously this was the first Cx to be pursued in a targeted de-
letion strategy of GJ genes [30]. This revealed for the first time, a role for
Cx43 in cellularmigration, from two perspectives. First, the knockout of
Cx43 resulted in a perinatal lethal phenotype due to a cardiac anomaly.
Specifically, as discussed above, this was identified as a blockage of the
right ventricular outflow track [30] whichwas later identified to be due
to a CNC cell migration defect [51]. Second, the extensive levels of Cx43
in the developing brain suggested it could play a significant role in neu-
ral development [62–65]. In fact, it was shown that embryonic mice
without Cx43 exhibited a delay in neuronal migration in the developing
cerebral cortex, demonstrated by following the distance of migration of
bromo-deoxyuridine pulse-labeled embryonic neuroblasts [5]. This
latter phenotype in the developing brain was specifically followed up
using two different genetic targeting strategies. The first involved
knockdown of Cx expression in the rat embryonic brain [3], where it
was shown that in-utero electroporation into the brain of shRNA plas-
mids targeting Cx43 or Cx26 resulted in a 50% knockdown of these pro-
teins, and this was sufficient to cause a delay in neuronal migration in
the developing cerebral cortex. The second approach involved a more
direct genetic strategy, with conditional deletion of Cx43 using either
nestin-cre [2] or GFAP-cre [6] transgenic mice crossed with Cx43-
floxed mice. In nestin-cre:Cx43-floxed mice, where there was a 100%
deletion of Cx43 in neural progenitor cells including radial glia, a signif-
icant delay in migration was observed [2]. These results were also con-
firmed in mice using Cx43 shRNA in-utero electroporation, as well as in
the original parental line of Cx43 knockout mice [2]. In the study using
GFAP-cre and Cx43-floxed mice, disruption of cerebral, hippocampal
and cerebellar development consistent with migration defects was
also reported, but this phenotype was strain-dependent [6]. These find-
ings clearly establish that Cx43 is important for normal neuronal migra-
tion in the developing rodent cerebral cortex. These differences in
neuronal cell orientation and migration are summarized in Fig. 3.

To further examine themechanism bywhich Cx43 impacted neuro-
nal migration, additional experiments were performed [3]. In the study
by Elias et al. [3] various Cx43 and Cx26 expression-constructs were
used to rescue the defect in migration due to the knockdown of these
Cxs. First, it was demonstrated that the co-expression of plasmids
encoding either Cx43 or Cx26 mRNAs with the respective shRNA con-
structs, mutated to be resistant to the shRNA-induced knockdown,
was sufficient to rescue migration, demonstrating the importance and
the specificity of these Cxs in the knockdown phenotype. It was found
that the migration defect could also be rescued by expression of
dominant-negative Cx43 and Cx26 channel mutants that, when assem-
bled into complete connexon hexamers, resulted in inactive, closed
channels [66]. Thesemutated Cxswere still able to traffic to the cell sur-
face normally and make GJs. Expression of Cx43 with mutations in the
cysteines in the extracellular domains [67] failed to rescue the migra-
tion defect, implying that the extracellular domains are important for
the adhesive properties of GJs that are necessary for migration. Howev-
er, these experiments were complicated by the fact that Cx43 cysteine
mutants have deficiencies trafficking through the secretory pathway
to the cell surface and thus have sparse plasma membrane localization
[67]. Thus it is difficult to determine if the interpretation of these results
is valid. Finally, to assess the role of the C-terminal domain inmigration,
Cx43 C-terminal truncation mutants (Cx43ΔCT) were expressed and
found to be sufficient to rescue the migration defect, suggesting that
any potential signaling or protein recruitment mediated by the cyto-
plasmic C-terminal domain does not have a significant role during radial
migration. However, it should be noted that Cx43ΔCT mutants have
been expressed in many different cell systems and there are no reports
of trafficking deficiencies. Thus it is possible that the increased amount
of Cx43 in the cell, including both mutant and wild type combined,
resulted in the assembly of mixed mutant:wild type Cx43 heteromers
that increased the overall levels of Cx43 on the cell surface. Over-
expression of Cx43 at the plasmamembrane can have significant effects
and that could have been responsible for the rescue of the defect in neu-
ronal migration. It is of interest to note that a subsequent report by the
same authors claimed that the C‐terminal domain of Cx43 is important
for the tangential migration of developing interneurons, particularly
when they switch direction from tangential to radial migration once
they reach the area of the developing cortex [4]; see discussion below.
ShRNA expressing neurons were also transplanted into the developing
cortex of wild type recipient embryos and the same migration defect
was shown, indicating that the neurons need to express these Cxs tomi-
grate, and expression was not just limited to the radial glial cells. It was
also shown that both Cx43 and Cx26 frequently co-localized with actin,
positioning them in an ideal place to interact with the actin cytoskele-
ton, or to serve as a cytoskeletal protein recruitment platform, and im-
pact migration. Overall, these experiments showed that Cx43 and
Cx26 did not mediate neuronal migration through their channel
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Fig. 3. Effect of Cx43 on the migration of neurons during cortical development. Panel A. In wild type mice, neurons (blue cells with yellow nuclei) migrate in a defined, uniform
direction, along radial glial cells, from the ventricular zone (VZ), through the intermediate zone (IZ), reaching the cortical plate (CP). Panel B. In Cx43 knockdown or knockout
mice, this process is disrupted. Instead, the well-defined, uniformmigration of neurons to the cortical plate is inhibited, cellular organization is in disarray, and many never progress
out of the intermediate zone by late gestation. In addition, the neurons are randomly oriented and they extend several, multi-directional processes.
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properties. Instead it suggested that Cx43 could be a dynamic inter-
acting component that influences the cytoskeleton to enable the stabi-
lization of leading-edge processes along radial glial fibers, as well as
the subsequent translocation of the nucleus via Cx26, the latter event
an important part of neuronal migration. It was concluded by these au-
thors that—“gap junction adhesions play a part in stabilizing the leading
process along a radial glial fibre. Indeed, Cx43-shRNA- and Cx26-shRNA-
expressing neurons are unable to stabilize their processes and continue to
extend multiple branches…. This phenotype is reminiscent of neural crest
cells from Cx43KO mice that show increased protrusive activity but de-
creased directional migration.” It is worth noting the common observa-
tion of both Elias et al. [4] and Cecilia Lo's group [49] in the change in
the directionality of the protrusions/processes, depending on the levels
of Cx43 expression. In fact, in themovies associatedwith Elias et al. [3] a
clear difference is the complexity and the directionality of the growth
and extension of processes was captured after Cx43 knockdown, with
multi-directional processes that were dynamic dominating in the case
of knockdown neurons, similar to the multi-directional protrusions
seen in the CNC cells from Cx43−/− mice in Xu et al. [49].

In the study byCina et al. [2],most of thefindings are consistentwith
those of Elias et al. [3], however this study used a genetic approachwith
Cx43 knockout mice and thus provides additional insight. Using a con-
ditional deletion of Cx43 from neural progenitor cells, specifically by
crossing nestin-cre mice with Cx43-floxed mice, it was demonstrated
that Cx43 deletion resulted in disrupted radial migration of neurons in
the developing mouse cerebral cortex (diagrammed in Fig. 3). The mi-
gration defect could be rescued by re-expressing wild type Cx43 in
the cortex. However, in contrast to the report by Elias et al. [3], migra-
tion could not be rescued by expression of a C-terminal domain trunca-
tion (Cx43ΔCT) mutant. Since all the targeted neuronal cells in these
animals only express the Cx43ΔCT mutated form of Cx43 and no wild
type form, there is no possibility of increasing the total amount of
wild type Cx43 on the plasma membrane (as possible in Elias et al.
[3], noted above), since there is no wild type protein present to form
mixed heteromeric connexons that could traffic to the cell surface.
This genetic approach, using specific knockout mice to test the
importance of the cytoplasmic tail of Cx43, leads to a more direct inter-
pretation of the significance of this region in cellmigration. In support of
thisfinding, Cina et al. [65] also demonstrated thatmice expressing only
the Cx43ΔCT form of Cx43, and nowild type form in all tissues [68], also
showed impaired neuronal migration.

There are several possible reasons for these differences related to
the need for the Cx43 C-terminal domain for neuronal migration. The
two studies discussed above used different species—rat versus mouse,
and very different molecular approaches. Elias et al. [3] used shRNA
rather than direct gene knockout, thereby only obtaining 50% partial
knockdown. Therefore when they see migration rescue with Cx43ΔCT,
there is still a substantial pool of wild type Cx43 present. They did not
address how the persistent presence of wild type Cx43 would impact
the rescue experiments, where various Cx43 and Cx26 mutant con-
structs are co-expressed.

One concern regarding all these studies is why a large number of
neurons still make it to the right layers of the cortex. Cina et al. [2]
showed that although the cortex looks rather “normal” by 2 weeks
after birth, there is a persistent thinner layering consistent with a per-
manent effect of the migration defect and fewer cells being able to mi-
grate to the correct location. Overall, the cortex of the adult mice
appears normal, but there are a few neurological impairments reported,
including increases in exploratory behavior, impairment of motor capa-
bilities, and changes in brain acetylcholine levels [69], aswell as acceler-
ation of hippocampal spreading depression [70]. There may be a
subpopulation of neurons that is independent of Cx43 for theirmigration;
this has already been reported to be the case for interneurons whose tan-
gential migration from the ganglionic eminence during development is
not dependent on Cx43 until they make the switch to a radial trajectory
when they reach the developing cortex [4]. Using a very similar shRNA
approach to that of their earlier study [3] combined with similar types
of rescue experiments, but done in cultured brain slices, it was shown
that Cx43 and Cx26 are not needed for tangential neuronal migration.
However Cx43 is needed for the switch from tangential to
radial migration. Again, the evidence indicated that a functional GJ chan-
nel is not needed, but the presence of intact extracellular domains implied

image of Fig.�3
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that adhesion is necessary. Furthermore, in this case, Cx43ΔCTwas unable
to rescue the switch from tangential to radial orientation, suggesting a
role for the C-terminal domain in this aspect of neuronal migration.

While most of the work has focused on Cx43, Cx26 has been shown
to be involved in neuronalmigration aswell. Elias et al. [3] demonstrated
that Cx26 knockdown impedes migration, but a different mechanism
that regulates adhesionwas suggested.While Cx43 is localized to leading
edge areas of neuronal processes and areas where they contact radial
glia, Cx26 is localized within the soma (cell body), is suggested to inter-
act with the centrosome and to be involved in nuclearmigration within
the cell. This process is referred to as interkinetic nuclear migration
(INM) and is closely associated with the organization of cell division.
INM is a common feature of developing neuroepithelia, including the
ventricular zone of the cortex, and consists of the periodic movement
of the cell nucleus in phase with cell-cycle progression [71]. The neur-
oepithelial cells of the cortex undergo a finely orchestrated program
of symmetrical (proliferative) or asymmetrical (neurogenic) division
that is aligned with INM [72]. Therefore one might expect that disrup-
tion of INM disrupts overall cortical neurogenesis, perhaps influencing
cell polarity, and thus also impacting neuronal migration. However
the story is complicated by the fact that Cx43 has also been shown to
play a role in this INM process [73] so thus both of these Cxs must be
working in synergy in the INM process, a clear mechanism associated
with the polarization of these cells including the polarization of the cel-
lular cytoskeleton.

To help clarify the role of Cx26 in neuronal migration, a more recent
study has focused on the role of focal adhesion kinase (FAK) in assem-
bling Cx26 contact points in migrating neurons [74]. Since FAK has
been shown to regulate the formation and disassembly of adhesions
during the migration of multiple cell types [75,76], Valiente and col-
leagues assessed FAK in the distinct radial versus tangential neuronal
migratory pathways in the developing cerebral cortex. They showed
that FAK is required for radial migration of pyramidal cells where
there are neuron–glial interactions, but not for tangential migration of
inter-neurons which do not interact with radial glia. They investigated
loss of FAK using a number of approaches (siRNA against FAK or condi-
tional deletion, aswell as specific deletion in interneurons) and showed
that this disrupts radial migration but not tangential migration. In addi-
tion, when FAK was deleted, neurons in the radial migration pathway
aremore dispersed, withmore processes per cell. Cx26 seems to prefer-
entially mediate the interaction of the cell body and proximal leading
process with radial glial cells, while Cx43 is enriched along the entire
leading process. It has been suggested that FAK and Cx26 interact,
since co-immunoprecipitation of Cx26 and FAK has previously been
shown in prostate cells [77]. The authors suggest that Cx26 is a direct
substrate for FAK, or that it has some role in protein complex formation
to cause stability of cell contacts, possibly through interactionswith ZO-
1 which has been shown to be stabilized by FAK [78]. The authors sug-
gest that FAK could act as scaffold protein, a function also suggested for
Cx43 [31,79,80]. Valiente et al. [74] provide a helpful summary of our
current understanding of the role of Cx26 as well as Cx43 in neuronal
migration, stating: “Considering the dynamic behavior of migrating
neurons, it is expected that the assembly and disassembly of connexin-
mediated adhesions would be a very dynamic process, but the mechanisms
underlying this process have not been explored yet.” Consistent with the
findings that Cx43 deletion disrupts neuronal migration, Santiago et
al. [81] reported that the absence of Cx43 results in premature neuronal
maturation. In vivo, they observed an increase in β‐III-tubulin immuno-
reactivity in the ventricular zone of developing Cx43−/−mouse embry-
os, suggesting that the slowly migrating neuroblasts differentiate
prematurely when Cx43 is absent; a similar effect was also seen in dif-
ferentiating neurospheres. This effect could be reversed by restoration
of Cx43 expression or expression of only the C-terminal domain.
These authors go on to summarize how Cx43 may impact migration
in a number of ways: a) “a ripple effect of GJA1 gene ablation on other
genes” which affects migration, b) adhesion mediated by extracellular
domains of Cx43, and c) C‐terminal domain interactions with cytoskel-
etal scaffolding proteins and signaling cascades.
4.4. The importance of Cx43 in astrocytes and glioma cells

While the importance of Cx43 in migration is best understood in
the context of intact tissue systems or during developmental process-
es, Cx43 has been studied in a number of neural cell model cell sys-
tems. This has involved studies with normal glial cells, such as
astrocytes, as well as with glioma cell lines. An early study on how
Cx43 might mediate neural migration was carried out by Scemes et
al. [82], using a migration assay applied to neurospheres produced
from Cx43 wild type or Cx43 knockout mice. Once the neurospheres
adhered to a substrate, the cells making up the sphere were given a
chance to migrate away from the cell aggregate. Neurospheres com-
posed of Cx43 knockout cells exhibited significantly reduced migra-
tion away from the aggregate compared to the migration from
neurospheres composed of Cx43 wild type cells. These results are
consistent with the in vivo reports of neuronal migration discussed
above. Previous characterization of the Cx43 knockout cells revealed
that they also had reduced expression of P2Y1 receptors, important
proteins involved in the exchange of ATP [83]. The re-expression of
additional P2Y1 receptors restored the ability of the Cx43 knockout
cells to migrate. Consistent with this finding, the loss-of-function ap-
proach, by blocking P2Y1 receptors in wild type cells, reduced migra-
tion to levels similar to Cx43 knockout cells. Coincident with these
changes in P2Y1 receptor expression and activation were changes in
calcium signaling, an important second messenger involved in cell
migration (reviewed in [84]). While in this system the P2Y1 receptor
appears to be a key player in migration, the role of Cx43 cannot be
discounted since it has been shown to play a role in ATP release
from cells, which could then act on these receptors in a paracrine or
autocrine manner. Interestingly, a similar role in neuronal migration
has been shown for P2Y1 receptors in the developing mouse brain
in vivo [85]. However P2Y1 receptors have not been characterized in
the Cx43 conditional knockout mouse brain [2] or the siRNA knock-
down studies described above [3].

Cx43 is the major GJ protein in the brain, expressed primarily in
astrocytes [64]. Therefore astrocyte culture systems have been exten-
sively used to examine the role of Cx43 in glial cell function. With re-
gard to the role of Cx43 in astrocytes, Olk et al. [53,54] have pursued a
proteomic approach to assess how Cx43 might impact astrocyte cell
functions, including shape changes and migration. They compared
normal primary mouse astrocyte cultures with those treated with
siRNA to down-regulate the expression of Cx43. Using gel electropho-
resis in conjunction with MALDI-TOF mass spectrometry, they found
15 significantly regulated proteins (1.2 to 1.6-fold), of which 6 are
known to belong to a group of cytoskeletal proteins involved in corti-
cal platform formation. Using quantitative immunocytochemistry and
Western blotting, they confirmed that astrocytes treated with Cx43
siRNA showed an increased expression of the cytoskeletal proteins
actin, tubulin, tropomyosin, microtubule-associated protein RP/EB1,
transgelin, and GFAP, and a decreased expression of cofilin-1 (Ser-3-
phosphorylated cofilin). Cx43 silencing led to changes in cell mor-
phology, migration, and adhesion. The observed shape change after
Cx43 siRNA was consistent with the findings in Xu et al. [49] and
Simpson et al. [43] discussed above, with lower expressing Cx43
cells having less directionality in terms of leading edges and multiple
protrusions that go out in all directions and are more extended. Cx43
siRNA cells showed an increase in migration in transwell assays. With
regard to adhesion, they found that Cx43 siRNA cells exhibited a 1.33
fold lower cell-to-cell adhesion capacity compared with control cells.
This is consistent with the lack of adhesion among cells in other
papers where Cx43 levels were lower [67], as well as pointing to
the decrease in N-cadherin observed in previous studies [49].
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Reviewing their work in the context of other literature dealing
with Cxs, cytoskeleton and cell migration, Olk et al. [54,53] provide
an overview of the main cytoskeletal proteins interacting with Cx43.
Much of the proteomic work implies that many of the protein interac-
tions impacting the cytoskeleton occur through domains on in C-
terminal regions of Cx43 [45,46,80] as opposed to the intracellular
loop or cytoplasmic amino terminal domain. The importance of the
C-terminal domain in regulating cytoskeletal events has been
supported by evidence showing that expression of only the C-terminal
domain in L18 human glioma cells [86] has a dominant negative effect
on cell function. The caution here however is that the C-terminal
domain was not specifically targeted to the plasma membrane, nor to
any intracellular membrane, and thus is not localized as the wild type
Cx43 would be.

One tumor cell model used extensively in Cx43 studies is the rat
C6 glioma tumor. These tumor cells normally express relatively low
levels of Cx43, and thus were the first neural cells used to examine
gain-of-function effects of Cx43 over-expression [87]. While the main
focus of this initial paper was on the effects on cell proliferation, it
was also clear that over-expression of Cx43 resulted in a morphological
change in the cells, specifically the flattening and spreading out of nor-
mally spindle-shaped C6 cells and the enhancement of, or the increase
in numbers of cell protrusions and processes [88,89]. Subsequent studies
with C6 cells, that will be discussed next, clarified a number of aspects of
how Cx43 expression levels could alter cell morphology, cell adhesion,
cell migration and glioma tumor invasion [1,58,79,85].

Bates et al. [1] isolated C6 glioma subclones that expressed varying
levels of Cx43. Higher levels of expression correlated with increased
motility in wound healing and Transwell migration assays. Using
shRNA to decrease Cx43 in the high expressing clones resulted in de-
creased motility using these two assays, while blocking the Cx43 chan-
nels had no effect on migration. It was also shown that transfection of
the very low-expressing C6 glioma subclone with Cx43 to over-
express the protein enhanced its ability to migrate in a wound healing
assay, and to move through gelatin-coated transwell filters over a
24 hour period. Transwell migration was dependent on the C-terminal
domain since expressing Cx43ΔCT in very low-expressing C6 glioma
cells did not enhance cell movement in the migration assays like the
effects achieved by over-expressing the wild type form of Cx43.

There have been several studies demonstrating an adhesive function
for Cxs which support the close association of adhesion events with the
Cxs, as noted above for Cx43 in neuronal migration [3]. Earlier work by
Meyer et al. [90] demonstrated that GJ and adherens junction assembly
can be inhibited by antibodies directed against Cx43 and A‐CAM. Cx43
can associate with N-cadherin in the same protein complex in NIH3T3
cells, and blocking the effect of one will interfere with the propermem-
brane localization of the other one [44]. Lin et al. [67] examined the ad-
hesive role of Cx43 in C6 glioma cells, specifically in the overall context
of how this might impact glioma interaction with host astrocytes and
invasion in the brain. In a short-term aggregation assay, Cx43 expres-
sion resulted in a 7-fold increase in the ability of C6 glioma cells to ag-
gregate; this could be decreased in a dose-dependent manner using
antibodies directed against the extracellular domain of Cx43. Therefore
a clear role of extracellular domains for Cx43 in intercellular adhesion
was demonstrated that was independent of channel function. These au-
thors further examined the role of Cx43 in vivo, showing that implanted
Cx43-expressing glioma cells established functional GJswith host astro-
cytes and dispersed through a substantially greater volume of brain pa-
renchyma than mock- and mutant Cx43-transfected cells. This clearly
supported a role for Cx43 in interactions between tumor cells and
their surroundings, suggesting that both Cx proteins and their derived
GJs were critical determinants of the invasiveness (and presumably
the migration) of brain gliomas. Cx43 enabled glioma cells to establish
GJs with host astrocytes and dramatically altered their pattern of inva-
sion. C6 gliomas expressing Cx43 disseminated throughout the brain
parenchyma, while control C6 cells migrated principally along the
adluminal surfaces of the capillaries and blood vessels, presumably by
making contact with these cells. The adhesive actions of Cx proteins
did not require the formation of functional channels and thereby were
distinct from their role in the assembly and maintenance of GJ inter-
cellular communication. However, there is a need for functional GJs be-
tween glioma cells and the host astrocytes since a channel deadmutant,
which still forms adhesive contacts, did not increase invasion. The
authors suggested that an intercellular exchange of signals through
GJs may be required for enhancing invasion.

It is clear that the strong non-covalent links established between
docked connexons by the interactions of their extracellular domains
are able to afford adhesive properties and thus also influence cell adhe-
sion and migration. This adhesive function of extracellular domains
could complement the functions of other domains of the Cx protein, in-
cluding intracellular domainswhich interact with cytoskeletal and scaf-
folding proteins, as well as cytoplasmic domains that may influence
motility-associated signaling pathways, as well as channel functions
per se. Therefore when considering processes of tumor cell migration,
invasion and metastasis, Cxs must be added to the factors that may
play significant roles.

4.5. Immune system development and lymphocyte responses mediated
by Cx43

Cx43 is expressed in B-lymphocytes [91], but its function at the
time of this original publication was not clearly understood. Cx43−/−

mice die perinatally from hypoxia due to malformation of the heart
[92], making assessment of the adult immune systemdifficult. However,
heterozygote Cx43+/−mice did exhibit defects in T and B lymphocyte
development [93,94]. It was not clear however if the defectwas intrinsic
to the B cells or due to defects in other cell types with which they inter-
act. Lymphocytes and stromal cells do interact and are capable of esta-
blishing GJs but this was only true for a small portion of the cells
examined in the study and there is still no evidence that GJ intercellular
communication is an absolute requirement for establishment of the im-
mune response [8,91–94]. However GJs are involved in the functioning
of immune cells (see review [12]) and reported to contribute to the en-
vironment that hematopoietic stem cells require tofind their specialized
niches [95].

Given the role of Cx43 in cell adhesion, polarity and migration in
fibroblasts, epithelial cells, CNC cells, C6 glioma and other neural cells,
the expression patterns and the importance of Cx43 in lymphocytes
have been examined [96,97]. It is important to note that lymphocytes
are not monolayers of cells with adhesive junctions between cells, but
instead exist as individual cells that can interact with other cells during
development and the immune response. B and T lymphocytes move
through the blood, lymph and tissues. Lymphocytes migrate across
cell layers during development in the bone marrow, lymph nodes and
spleen, they adhere to blood vessel walls and they extravasate through
endothelial cell layers that line the vessel walls during development
and during the immune response. Transendothelial migration is neces-
sary to gain access to the various sites of inflammation and infection. In
these studies byMachtaler et al. [96], two ‘loss-of-function’ approaches
were used, one using shRNA-mediated knock-down of Cx43 in lympho-
cyte cell lines (WEHI 231 and A20), and the second using primary
splenic B cells fromheterozygous Cx43+/−mice. Examinationof knock-
down lymphocyte cell lines and splenic B lymphocytes from Cx43+/−

mice showed that Cx43 was necessary for B cell antigen receptor
(BCR)-induced membrane spreading on immobilized anti-BCR coated
surfaces (which stimulate BCR signaling). The spreading of cell mem-
branes in response to BCR signaling is thought to be a mechanism by
which B cells can gather more antigens when interacting with
antigen-presenting cells and the ultimate formation of the immune syn-
apse [98–100]. The spreading response requires the breakdown of the
actin cytoskeleton followed by its reformation as the cell membrane
spreads outward. Similarly the retraction of the membrane that
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normally occurs during this event also requires cytoskeletal alterations
[101–104]. This cytoskeletal rearrangement by the B-lymphocyte is
similar in principle to the formation of leading edges in adherent cells
or the extension (and retractions) of large protrusions [101].

Cx43 expression was also required for lymphocyte adhesion to
Bend3 brain endothelial cell monolayers, as well as motility,
chemokine-mediated migration and extravasation through both
Bend3 and SVEC4-10 endothelial cell monolayers [96,97]. Reduced
expression of Cx43 correlated with impaired BCR-, chemokine
(CXCL12)- and integrin (LFA-1)-activation of the Rap1 GTPase, a reg-
ulator of adhesion and migration in B‐lymphocytes and other cell types
[103,105,106]. To determine the role of Cx43 in these processes, wild
type or mutated Cx43 was expressed in the myeloma (plasmacytoma)
cell line J558μm3 that does not express endogenous Cx43. This exoge-
nous expression was sufficient to enhance the normally low BCR-
mediated Rap1 activation and lack of spreading responses by these
cells, as well as the increased adhesion to endothelial cells. These ef-
fects were diminished when the cytoplasmic tail of Cx43 was truncated
(using the same Cx43ΔCT mutant construct as in Bates et al. [1]),
suggesting that this region of the protein was important [96], as previ-
ously highlighted by Bates et al. [1] and Francis et al. [50], discussed
above. The expression of the C-terminal domain truncated Cx43 does
not completely ablate the ability of the cell to extend processes. Process
extension can occur but these are dynamic and lack stability, by repeat-
edly extending and retracting, the results of Machtaler et al. [96] are
similar to the observations of Xu et al. [49] and Simpson et al. [43].
These results are summarized in Fig. 4 (please compare with Fig. 2).
These data show that Cx43 plays an important andpreviously unreported
role in regulating cytoskeletal organization and cytoskeleton-
dependent processes in B-lymphocytes.
Fig. 4. Role of Cx43 on B-lymphocyte spreading and migration. Unless signals are receive
adherent and do not stick to tissue culture plates and coverslips. Panel A. Cx43 negative, B
to spread on anti-BCR coated surfaces, conditions which stimulate BCR signaling. However
protrusions that do not necessarily contact that surface that the cells are resting on. Pan
plasmacytoma cell lines transfected with Cx43) will adhere and spread their membranes r
the actin cytoskeleton. In addition, B-lymphoma cells are able to rearrange their cytoskeleto
pression in normally Cx43 positive lymphoid cells is knocked down by either shRNA or gen
here and spread, however the spreading is either reduced, or the cell makes short dyna
movement as detected by a variety of motility assays. The same effects are seen with Cx43ΔC
and retract. These results are similar to the effects of Cx43 knockdown in adherent cells sh
In lymphocytes a hint of the underlying molecular mechanism
involved in the regulation of Cx43-dependent cytoskeletal re-
arrangements lies in studies with the actin adaptor protein HS1, the
lymphocyte cortactin homolog. This is significant because cortactin
is reported to be associated with Cx43 and proposed to be an impor-
tant cytosolic effector mediating Cx43 effects [41]. HS1 deficient T
lymphocytes fail to accumulate F-actin at the immune synapse and
after T cell receptor signaling, which initiates signals similar to that
of the BCR, the knockdown cells form actin-rich structures that are
disordered, asymmetric, and unstable [107]. The disordered, multi-
directional process formation of these T lymphocytes is reminiscent
of the phenotype of process extension in the Cx43 knockdown cardiac
neural crest cells, breast endothelial cells, fibroblasts and glioma cells
discussed above [43,49]. In addition in natural killer cells, a type of T
lymphocyte, phosphorylation of the tyrosine residue at position 397
(Tyr397) of HS1 was required for adhesion to the integrin ligand
ICAM-1 and for cytolysis, whereas phosphorylation of Tyr378 was re-
quired for chemotaxis. Phosphorylation of Tyr397 was also required
for integrin signaling and recruitment of integrins, adaptors and
actin to the lytic synapse. Thus, HS1 is essential for signaling and
actin assembly in natural killer cells, and the functions of the two
phosphorylated tyrosine residues are distinct and separable [108].
Related to our discussion of process extension, in this study the mor-
phology of the cells was also distinct depending on whether they
were plated on I-CAM (integrin ligand of one type) or fibronectin.
What is striking is the radial/lamellar spreading on ICAM versus the
multi-directional processes that extend on fibronectin [108]. Similar-
ly the multi-directional processes are reminiscent of the morphology
of cells after Cx43 knockdown in various cell types [43,49] which
points to possible targets for future examination to help explain the
d by cells, B-lymphocytes, especially antibody secreting plasmacytoma cells, are non-
cell antigen receptor (BCR)-expressing, plasmacytoma cells will adhere and attempt

, without Cx43 expression, plasmacytoma cells are only able to produce small, stubby
el B. Cx43 positive, BCR-expressing lymphoid cells (either B-lymphoma cell lines or
adially in response to BCR or integrin signaling, changes that require reorganization of
n, polarize and migrate in response chemokine receptor signaling. Panel C. If Cx43 ex-
etically reduced by using spleen cells from Cx43 heterozygous mice, the B cells will ad-
mic processes that extend and retract. The overall result is an inhibition of forward
T as with knockdown of Cx43 in WEHI 231; there are dynamic protrusions that extend
own in Fig. 2.
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molecular mechanisms of the morphological differences in process
extension.

5. Gap junctions and migration: involvement and implications in
development and disease

In recent years several diseases have been attributed to GJ genemu-
tations (reviewed in [109–112]). While the disrupted cellular functions
for some of these mutations are known (e.g. defects in channel gating,
trafficking and turnover, membrane stability), there are many aspects
of Cx function in the context of human diseases that remain to be
explored, including the potential role of Cxs in abnormalities in cell
movement and migration (reviewed here and in [113]).

Cell migration plays a major role in development, and thus it is not
surprising, as discussed, that the first GJ gene (GJA1) deletion caused
neonatal lethality [30]. In addition, the lack of Cx43 expression by the
developing central nervous system results in impaired migration of
neurons [2,3,5,114]. Human diseases associated with Cx43 mutations
have been reported, including visceroatrial heterotaxia [114] and
Oculodentodigital Dysplasia (ODDD) [115], reviewed in [116]. The
heterotaxia findings have not been consistent in a larger cohort study
[117]. It remains to be determined if the phenotype associated with
the ODDD mutations involves cell migration defects. Interestingly in
vitro wound healing studies show that fibroblasts from patients with
ODDDhave reducedmigration [118]. Inmany other situations, it should
be noted that the lack of developmental defects associated with Cxmu-
tations and deletions could be due, at least in part, to the functional
compensation by other Cx isoforms (reviewed in [119]). And thus,
due to the multiple Cxs expressed in different cell types, the effect of
Cx levels of expression on cell migration needs to be more carefully
examined.

Much of the early literature about the clinical relevance of GJs fo-
cused on cancer (reviewed in [7,109,120]). While the initial focus was
on their role in cell proliferation, one of the hallmarks of cancer pro-
gression involves cells breaking away from the tumor, moving
through tissues, vasculature (transcellular migration) and the extra-
cellular matrix and nucleating a new tumor at a different location
[121]. Given the critical role of cytoskeletal rearrangements in cell mi-
gration, the reported interactions of Cx43 with many proteins in-
volved in regulating the cytoskeleton [54,80,110] and the various
effects of Cx43 knockdown or knockout on cell morphology, adhe-
sion, polarity and movement that we have discussed here, Cx43 is
placed as a key player in both developmental events and in the processes
of tumor cell invasion and metastasis.

6. Summary

In this reviewwehave discussed the commonobservations reported
in various cell systems of the importance of Cx43 and other Cxs in pro-
cesses that involve cytoskeletal changes. These processes include alter-
ations in cell morphology, changes in cell adhesion, the determination
of cell polarity, extension of protrusions and cell projections, cell move-
ment, directed cell migration to a chemoattractant, and transcellular
migration. The underlying common mechanisms that are involved in
these processes are the initial breakdown of the existing actin cytoskel-
etal network matrix in order to change cell shape, extend a process or
change the polarity in which the cell is oriented. This breakdown may
be regulated in terms of location in the cell, thus generating polarized
phenotypes aswell asmultiple regionswhere process extension occurs.
After the initial breakdown of the actin cytoskeleton, the actin network
is rebuilt. It may be linear or branched, but it must be differentially
rearranged such that it can support a variety of different morphologies
(i.e. thin processes, onesmore flattened,more spread-out and adherent,
multiple process extensions that dynamically extend and retract, or
larger fan-shaped lamellapodia), a change in cell polarity (i.e.
development of leading versus lagging edges of cells), and the complex
sequence of events as cellsmigrate across surfaces, over other cell layers
or through cell layers and tissues, sometimes changing direction during
this process. Movement requires repeated breakdown and reformation
of the cytoskeletal network in different locations in the cells, in a coor-
dinated, sequential series of steps. These actin changes are mediated by
a host of actin modifying enzymes and associated proteins that include
cofilin, slingshot, LIM kinase, GTPases, WASP, ARP 2/3 complexes,
among many others (reviewed in [122–126]).

What is observed regarding Cx43 expressing cells is that Cx43
knockdown or knockout has a profound effect on the ability to extend
organized cell protrusions/projections/processes and to orient them in
a direction that supports forward cell movement. The overall effect of
the loss of function of Cx43 with regard to migration is reflected first
in the lack of cell polarity, in the absence of organized movement and
second, the inability to effectively migrate toward their target, despite
the presence of chemoattractants. Consistent with this, gain of function
studies have shown that cells that do not normally express Cx43, for
example plasmacytoma cells, are less able to rearrange their actin cyto-
skeleton in an efficient and organizedmanner, compared with lympho-
ma cell lines that do express Cx43. Moreover, if Cx43 is expressed in
Cx43-negative plasmacytoma cells, they can now respond to signals
and rearrange their cytoskeleton, undergoing changes that result in ad-
hesion and membrane spreading radially on solid surfaces [96,97].
What emerges from these and other studies is the idea that Cx proteins
could also serve as a dynamic protein scaffold or “nexus” [127] for the
association of proteins [53,54] that are involved in these types of cyto-
skeletal changes.

How could Cx43 act as a protein dynamic scaffold? It is clear from
many studies that signaling receptors like the BCR and proteins like
Cx43 inhabit unique domains in the plasma membrane. For example
the BCR can be enriched in lipid raft domains [128,129] and the Cx pro-
teins aggregate in regions to form plaques that contain many Cx
hexamers (or connexons) that turn over rapidly ([130] also reviewed
by Laird [7]). In some instances, superimposed on this membrane com-
partmentalization is the effect of the underlying actin cytoskeleton act-
ing as a physical barrier, for example as a series of “picket fences”, that
keep various proteins corralled in their appropriate membrane micro-
domains [102,131,132]. One possible way that Cx43 could contribute
to the overall process of cytoskeletal rearrangement is to serve as a scaf-
fold that binds to proteins that can sever actin or help rebuild it or form
new branches and larger networks. There are several ways to think
about this. First, Cx43 proteins or hexameric hemichannels containmo-
tifs in their C-terminal domains that aremodified in response to cell sig-
naling [29,133,134] and have been correlatedwith the direct binding, or
the association in a complex with, cytoskeletal interacting proteins
(reviewed by [53,54]). In this way their C‐terminal domains could con-
tribute to the cohort of other scaffolds that exist in cells and that recruit
cytoskeletal effectors. This could augment cytoskeletal rearrangements
and/or regulate them. An alternate way to consider this is if membrane
compartmentalization in microdomains normally restricts Cx43 pro-
teins in regions devoid of potential modifying enzymes, then if Cx43
proteins are released after the first actin network breakdown Cx43 pro-
teins are now allowed to change location and interact with modifying
proteins, cellular responses could be initiated. This is similar to what
is proposed for the BCR by [102]. If the Cx proteins are now able to freely
move into different membrane microdomains and come in close prox-
imity to other Cx43s where they associate with each other, or come in
contact with enzymes (i.e. kinases) that modify the motifs on the
Cx43 C-terminal domains, thesemodified Cxs could then act asmore ef-
ficient scaffold proteins and bind proteins that can interact and modify
the cytoskeleton. This would also enhance the process of cytoskeletal
rearrangements. An additional interesting idea is the possibility that
the intrinsic rapid turnover rate of Cx proteins in GJ plaques could con-
tribute to the turnover of the actin network. In particular with Cx43, as
these GJs are internalized and turned over, they are taken-up into the
connexosome, removed from being in close proximity to the plasma
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membrane and thusmay no longer function effectively as a cytoskeletal
protein scaffold. Finally, it is also intriguing to propose that there are
two populations of Cx43 proteins at the cell surface; those that are
involved in classical GJ intercellular communication plaques, passing
small molecules in and out of cells, as well as a separate population
whose C-terminal domains serve as dynamic scaffolds for the various
associated proteins that regulate the cytoskeleton. This second popula-
tion may be localized away from GJ plaques, have a longer life cycle in
the cell and serve as effective dynamic scaffolds. In support of this
concept, there is evidence for specialized domains of Cx43 both in
the context of “formation plaques” [135,136] and the “perinexus” of
cardiomyocyte GJs [38,39,137]. Thus in these various ways the actions
of Cx43 proteins could be contributing not only to adhesion, spreading,
cell shape determination and process extension, but also to the ability of
cells to migrate during normal developmental and biological processes,
as well as behaving abnormally in various disease processes.
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