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Abstract: The Connexin43 transmembrane protein (Cx43), encoded by the GJAI gene,
is a member of a multigenic family of proteins that oligomerize to form hemichannels
and intercellular channels, allowing gap junctional intercellular communication between
adjacent cells or communication between the intracellular and extracellular compartments.
Cx43 has long been shown to play a significant but complex role in cancer development,
acting as a tumor suppressor and/or tumor promoter. The effects of Cx43 are associated
with both channel-dependent and -independent functionalities and differ depending on
the expression level, subcellular location and the considered stage of cancer progression.
Recently, six isoforms of Cx43 have been described and one of them, called GJA1-20k, has
also been found to be expressed in cancer cells. This isoform is generated by alternative
translation and corresponds to the end part of the fourth transmembrane domain and
the entire carboxyl-terminal (CT) domain. Initial studies in the cardiac model implicated
GJA1-20k in the trafficking of full-length Cx43 to the plasma membrane, in cytoskeletal
dynamics and in mitochondrial fission and subcellular distribution. As these processes are
associated with cancer progression, a potential link between Cx43 functions, mitochondrial
activity and GJA1-20k expression can be postulated in this context. This review synthetizes
the current knowledge on GJA1-20k and its potential involvement in processes related
to epithelial-to-mesenchymal transition (EMT) and the proliferation, dissemination and
quiescence of cancer cells. Particular emphasis is placed on the putative roles of GJA1-20k in
full-length Cx43 exportation to the plasma membrane, mitochondrial activity and functions
originally attributed to the CT domain.

Keywords: GJA1-20k; Cx43; trafficking; mitochondria; cancer progression; alternative
translation

1. Connexin43 (Cx43)
1.1. Generalities

Connexin43 (Cx43) belongs to a family of proteins composed of 21 members within the
human genome. Among them, Cx43 is the most abundant and ubiquitously expressed [1].
All connexins share a common protein structure with four transmembrane domains and
two extracellular and one intracellular loop, with the N- and C-terminal parts on the
intracellular side [2] (Figure 1). The N-terminal part is the most conserved among the
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GJA1-43k

connexins, while the C-terminal part is the most variable. A connexin is a gap junction
protein that forms cell-cell channels, allowing the passage of ions and other small signaling
molecules between coupled cells [3]. Six connexin monomers oligomerize to form a trans-
membrane channel named a connexon or hemichannel. Two connexons of adjacent cells
dock together to create an intercellular channel, and clusters of these channels constitute
a GAP junction [4]. Surprisingly for a multimeric transmembrane protein, the half-life of
Cx43 is relatively short, between 1 and 3 h [5]. Connexin-forming channels are permeable
to a wide variety of molecules with a molecular weight up to 1.2 kDa [6], allowing the
bidirectional passage of ions (Na*, C1~, K*), metabolites (glucose), secondary messen-
gers and signaling molecules (IP3, calcium, AMPc, ATP and glutamate) [7-10] and also
miRNA, including in a heterocellular context [11,12]. Opened hemichannels are involved
in exchanges with the extracellular medium, whereas junctional channels permit direct
exchanges between the cytoplasm of contiguous cells. Alterations in connexin levels or
mutations can lead to various diseases, such as cancers [13,14], cardiac pathologies [15,16]
and diseases linked to development, i.e., oculodentodigital dysplasia, hearing loss and
X-Linked Charcot-Marie-Tooth Disease (CMTX) [17-19]. In addition to canonical functions
in cell-to-cell communication and hemichannel activity, Cx43 may have intracellular and
extracellular actions by channel-independent mechanisms [20] linked to the presence of
Cx43 in mitochondrial membranes [21] or in extracellular vesicles [22].

Extracellular

Intracellular

M281
M1¥47 x% M320
GJA1-32k GJA1-29k GJA1-26k GJA1-20k GJA1-11k GJA1-7k

Figure 1. Topology of Connexin43 and of its multiple endogenous isoforms.

Connexin genes share a common structure, with at least two exons separated by one
or more introns of different sizes [23]. As is the case with the majority of connexins, the
Cx43 gene (GJA1) is constituted of two exons. The first exon encodes the 5" untranslated
region (UTR), while the second exon encodes 16 base pairs of the 5’ UTR, the entire coding
sequence and the 3’ UTR. The 5 UTR contains an internal ribosome entry site (IRES), which
has the potential to facilitate cap-independent translation [24]. This regulatory mechanism
has also been found to control the expression of Cx26 and Cx32 [25,26].

GJA1 mRNA may undergo an alternative translation initiation at in-frame AUG
codons to generate six shorter isoforms of Cx43 [27] (Figure 1). These N-terminal truncated
proteins are named based on their molecular weight: GJA1-32k, GJA1-29k, GJA1-26k,
GJA1-20k, GJA1-11k and GJA1-7k. GJA1-20k, the focus of this review, is synthesized from
a methionine at position 213 (M213) and is usually the most abundant isoform found in
cells and tissues and consequently the most studied. To date, only one study has examined
the function of the other isoforms. When individually transfected into HEK293FT cells, the
results showed that GJA1-11k translocated to the nucleus, blocked cell cycle progression and
consequently inhibited cell growth [28], while the other isoforms had no significant effects.

Above is a schematic representation of the protein structures of full-length Cx43 (GJA1-
43k) and its six different endogenous alternatively translated isoforms (GJA1-32k, GJA1-29Kk,
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GJA1-26k, GJA1-20k, GJA1-11k and GJA1-7k). Stars mark the Methionine locations for
the alternative translations corresponding to AUG start sites of the different N-terminal
truncated Cx43 isoforms, EL1 and EL2, the extracellular loops, IL, the intracellular loop and
C-ter, the carboxyl-terminus.

1.2. Cx43 Carboxyl-Terminal Domain Functions

The Cx43 carboxyl-terminal domain (Cx43 CT), which accounts for approximately
40% of the protein from residues 232 to 382, presents a large complexity in terms of inter-
action and regulation capacities (for review, [29]). Thus, this domain includes multiple
phosphorylation sites (serine, threonine and tyrosine) and can regulate Cx43 cellular traffic,
gap junction assembly, degradation and channel gating [30-32]. Additionally, acetylation,
nitrosylation and SUMOylation processes are described to expand the control opportunities
of Cx43 turnover, distribution or activity. Cx43 also presents a vast interactome with the
CT, displaying numerous protein binding sites that interact with various partners (tubu-
lin, Src, ZO-1 and CCN3/NOV) [29,33]. These protein—protein complexes enable direct
interactions with microtubules or indirect interactions with the actin-based cytoskeleton,
as well as modulation of a wide range of transduction pathways and channel functionali-
ties [29,34-39]. Therefore, through both channel-dependent and -independent mechanisms,
Cx43 impacts cellular processes related to tumor progression, such as cell growth, apoptosis
and migration. This aspect will be further explored in Section 3.2.3.

2. GJA1-20k Isoform
2.1. Expression and Regulation of GJA1-20k

GJA1-20k, spanning from amino acid 213 to the final amino acid 382, comprises part
of the fourth transmembrane domain and the entire carboxyl-terminal domain of Cx43,
so it cannot form a hemichannel but retains all the characteristics of the Cx43 CT domain.
As a result, GJA1-20k can be unexpectedly observed when Cx43 expression is studied by
Western blotting with antibodies directed against the Cx43 CT domain. The first description
of a specific band at 20 kDa was reported in zebrafish heart [40]. In 2007, it was shown
that this fragment is not a degradation product of the full-length Cx43 but rather a natural
by-product of Cx43 [41]. Finally, in 2013, Smyth and Shaw demonstrated that internal
translation of GJA1 mRNA is responsible for the production of the different Cx43 isoforms,
including GJA1-20k [27].

In vitro, GJA1-20k is expressed in several primary cells (endothelial, fibroblasts, ker-
atinocytes, cardiomyocytes, neurons, astrocytes, etc.) as well as in cancer cell lines derived
from different types of tumors (breast, lung, brain and prostate). In vivo, GJA1-20k has
been identified in multiple tissues, including the heart and the brain, where the majority
of studies have been conducted to elucidate its functions. Mice specifically deficient in
GJA1-20k, generated by mutating the methionine 213 corresponding to the initiation codon
to a leucine, exhibited sudden cardiac death shortly after birth [42]. An exhaustive list of
the expression profile and associated functions of GJA1-20k, as described, is summarized
in Table 1.

Table 1. Expression profile and related functions of GJA1-20k.

Tissue Type Model Expression and/or Functions Ref.
Rat kidney NRK cell line First biochemical identification of a 20 kDa natural

by-product resulting from Cx43 processing. This short
Murine oral epithelium AT84 cell line protein is absent in cells after Cx43-specific RNAi treatment [41]

Brain endothelium

or those derived from Cx43-deficient mice and not
bEnd3 cell line prevented by the use of proteases inhibitors.
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Tissue Type Model Expression and/or Functions Ref.
GJA1-20k, the predominant form in the heart, acts as a

Human heart Cardiomyocytes trafficking chaperone for full-length Cx43 and its expression  [27]
is under mTOR inhibition control.

GJA1-20k stabilizes actin filaments, guides microtubule
machinery, increases Cx43 hemichannel transfer to cardiac

Mouse heart C57BL/6 mice intercalated discs and permits the maintenance of [43]
Cx43-dependent gap junctional coupling after
acute ischemia.

GJA1-20k is an endogenous stress response protein
upregulated by ischemic or ischemia/
. reperfusion conditions.

Mouse heart 57BL/6 mice GJA1-20k is present in the outer mitochondrial membrane [441
and promotes mitochondrial biogenesis and metabolic
quiescence, leading to cardioprotection.

Mouse heart Transgenic C57BL/6 mice GJA1-20k protects Cx43 from degradation and maintains [42]

(GJAM213L) normal electrophysiological function in the heart.
Level of GJA1-20k regulates gap junction formation and

Rat heart SHR and Wistar-Kyoto rats ~ mitochondrial function to attenuate Ang II-induced [45]
pathological cardiac hypertrophy.

GJA1-20k induces focal constriction of mitochondria by

Mouse heart C57BL/6 mice actin polymerization, leading to protective [46]
mitochondrial fission.

Human cervix HelLa cell line

Human skin HaCaT cell line GJA1-20k presents a microtubule-binding domain, mediates

Human kidney HEK?293T cell line mitochondprial transport and maintains mitochondrial [47]

. Primary fibroblastic and network integrity during cellular stress.
Mouse brain .
glial cells
Smad3- and ERK-dependent pathways reduce GJA1-20k
expression and gap junction formation.

Murine mammary gland NMuMG cell line GJA1-20k overexpression is not sufficient to halt [48]
epithelio-mesenchymal transition of immortalized cells.
GJA1-20k regulates Cx43 oligomerization.

. Neurons and Overexpression of GJA1-20K in astrocytes promotes
Rat brain . . e S [49]
primary astrocytes viability and recovery of neurons after brain injury.
. Primary fetal neurons GJA1-20k uptake, via astrocytic exosomes by damaged

Rat brain 4 .. . [50]

and astrocytes neurons, attenuates traumatic brain injury in a rat model.
GJA1-20Kk, through interaction with ZO-1, contributes to

~ CCM3+/— mouse brain and increased permeablhty of the blood.—bram barrier in Cerebr.al
Mouse brain . cavernous malformation by promoting structural changesin  [51]

endothelial cells . . . . . .
endothelial cell junctions that favor gap junction formation
over tight junction stability.

. In Cx43-overexpressing LNCaP metastatic cells, GJA1-20k

Cancer (cell lines) .. "

LNCaP cells expression increases upon bone-conditioned [52]

Human prostate . . .
medium stimulation.

Human lung A549 and HOP-62 cells

Human breast MDA-MB-231 and GJA1-20k is detected in various cancer cell lines. Its [53]

BT-549 cells Lo
Human expression is regulated by Mnk1/2 pathway.
. . C33A /Ishikawa cells

cervical/endometrial

Mot.lse embryonic NE-1

carcinoma

Although GJA1-20k has been implicated in several diseases (see Section 2.2) and found

expressed in several cell lines, little is known about the molecular signaling pathways

controlling its expression. The generation of GJA1-20k results from alternative translation

of GJAI mRNA [27,53,54], but the mechanisms regulating this process remain a topic
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of ongoing discussion. Ul-Hussain et al. first identified a cap-independent process due
to the presence of putative IRES activity in the coding region of GJA1 [54]. Conversely,
Salat-Canela et al. demonstrated that the 5 UTR sequence is necessary for the translation
and the generation of GJA1-20k, which occurs via cap-dependent ribosomal scanning
or active upstream translation [53]. Lately, Zeitz et al. reported the presence of three
different GJA1 5'UTR isoforms in human cells due to alternative promoter usage arising
from unique transcription start sites (TSSs) [55]. Interestingly, they found that the shorter
GJA1 5'UTRs promote full-length Cx43 translation over alternative translation of GJA1-20k.
These observations collectively indicate the necessity for further investigations aimed at
a more comprehensive understanding of the underlying mechanisms involved in GJA1
translation and GJA1-20k synthesis. Such investigations should include an evaluation
of other modes of translation initiation, such as cap-independent translation enhancers
(CITEs), which require a free nRNA 5’ end to function.

Concerning the signaling pathways regulating GJA1-20k expression, few studies have
been reported. In vitro stimulation of normal mouse mammary epithelial cells with TGF-f3
results in an epithelial-mesenchymal transition (EMT), characterized by a Smad3- and
ERK1/2-dependent decrease in GJA1 20k expression [48,55]. In aging mouse hearts, an
increased level of active p38, one of the downstream effectors of the TGF-f non-Smad
signaling pathway, has been correlated with a decrease in GJA1-20k expression due to the
synthesis of GJA1 5'UTR variants [55]. In neonatal mouse cardiomyocytes, the inhibition
of the Phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT)/mammalian target
of rapamycin (mTOR) pathway increased the expression of GJA1-20k [27]. The same
result was observed by treating Cx43-overexpressing HeLa with rapamycin, a well-known
inhibitor of mTOR [53]. In the same study, chemical inhibition or genetic deletion of MAP
kinase-interacting serin/threonine-protein kinase % (Mnk1/2), as well as inhibition of the
EGFR pathway, also led to increased endogenous GJA1-20k expression in both primary
and cancer cells.

2.2. GJA1-20k and Physiopathologies

Based on data from numerous in vitro and in vivo studies, GJA1-20k appears to clearly
play important roles in various cardiac diseases. Loss of GJA1-20k expression in cardiomy-
ocytes [27,42,43,56,57] disrupted the delivery of Cx43 to the intercalated discs (ICDs),
specialized structures that connect adjacent cardiac muscle cells and allow the transmission
of cardiac action potentials through gap junctions. Reintroduction of GJA1-20k, or mTOR
pathway inhibition known to increase GJA1-20k expression, restored Cx43 localization
to the basal membrane [27]. Thus, GJA1-20k is responsible for the forward trafficking of
cardiac Cx43 to the ICDs, enabling the transmission of cardiac action potentials. Further,
transgenic mice specifically lacking GJA1-20k exhibited abnormal electrocardiograms and
died at 2 to 4 weeks of age from sudden cardiac death. These abnormalities were correlated
with impaired delivery of Cx43 to the ICDs [42].

GJA1-20k has also been characterized as a stress protein, with increased expression
levels during ischemia/reperfusion (I/R) injury in both animal models and human patients
suffering from ischemic cardiomyopathy [44]. Studies have revealed a close association be-
tween GJA1-20k and mitochondria, which correlated with reduced mitochondrial activities
such as respiratory capacity and reactive oxygen species (ROS) production.

In cardiac hypertrophy (CH), whether observed in a spontaneously hypertensive
rat model or induced in vitro by angiotensin II (Ang II) on cardiomyocytes, there is a
downregulation of GJA1-20k expression mediated by Jak2 signaling, associated with re-
duced gap junction presence at the ICDs [45]. Moreover, overexpression of GJA1-20k in
cardiomyocytes alleviated Ang II-induced hypertrophy by restoring Cx43 trafficking back
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to the cell—cell border. In addition, cardiac hypertrophy is also associated with diminished
mitochondrial biogenesis and reduced maximal respiratory capacity. When overexpressed
in cardiomyocytes, GJA1-20k restored the mitochondrial membrane potential and reduced
ROS production, exerting its cardioprotective effect in CH. In both patients and a mouse
model with arrhythmogenic cardiomyopathy, levels of GJA1-20k are reduced in the heart,
leading to a decrease in Cx43 expression at the ICDs and contributing to ventricular ar-
rhythmias. Through AAV-based gene therapy, GJA1-20k expression improved gap junction
formation and reduced premature ventricular contraction [57]. In the brain, following trau-
matic brain injury, elevated expression of GJA1-20k in astrocytes facilitated the recovery and
survival of neurons, with its beneficial effects attributed to the regulation of mitochondrial
function [49]. Moreover, increased expression of GJA1-20k in astrocyte-derived exosomes
led to the inhibition of cell apoptosis and the stimulation of mitochondrial autophagy in
lesioned tissues through an unidentified mechanism [58].

2.3. Cellular and Molecular Mechanisms Involved

The previous results highlight the fact that GJA1-20k acts as a stress protein in certain
pathological situations, offering protection against heart and brain injuries. This protec-
tive role is currently attributed to its involvement in (i) rearranging and stabilizing the
cytoskeleton, (ii) Cx43 trafficking to the cell membrane and (iii) regulating mitochondrial
distribution and function.

2.3.1. Cytoskeleton Dynamics and Cx43 Trafficking

Earlier analyses of the full-length Cx43 sequence have shown that the Cx43 CT do-
main contains a microtubule-binding domain (MTBD), which allow interactions with
alpha- and beta-tubulin, with residues 24RV27> and 2#”YHAT?® being critical for this
interaction [59,60]. It is likely that GJA1-20k is also capable of interacting with these two
subunits and may control the growth and shortening behavior of microtubules. Indeed,
GJA1-20k was shown to colocalize in the cytoplasm and to immunoprecipitate with alpha-
tubulin [43,47]. Interestingly, Cx43 is associated with EB1, a marker for rapidly growing
microtubule plus ends, which is implicated in gap junction formation through its interaction
with dynein/dynactin [61].

GJA1-20k also possesses in its sequence one RPEL motif (RPxxxEL), involved in actin
binding, corresponding to the last nine amino acids of the protein, where an Isoleucine
substitutes for the final leucine (**#RPRPDDLEI®®?). Modeling and biochemical experi-
ments provided evidence that this RPEL-like domain can theoretically interact with actin.
Complexes with GJA1-20k and actin have indeed been found by immunoprecipitation [43].
However, despite the deletion of the RPEL motif, truncated GJA1-20k still colocalizes with
actin, suggesting the existence of another interaction domain that is yet to be determined.
When overexpressed, GJA1-20k does not affect the overall quantity of actin protein but
leads to an increase in both the number and length of thickened F-actin filaments within
cells and contributes to the stabilization of the actin network [43,62]. Moreover, high
levels of endogenous or exogenous GJA1-20k induce the formation of actin puncta in
the cytoplasm. Collectively, these results identify GJA1-20k as an actin capping protein
capable of sequestering G-actin in pools and stabilizing filamentous F-actin fibers [62]. This
stabilization contributes to orient microtubules to the cellular junctions, which is a crucial
step for proper microtubule-based Cx43 delivery to the membrane. Indeed, as observed
during heart and brain injuries, GJA1-20k contributes to Cx43 delivery to cell-cell borders
in vitro and in vivo [27,42,43,57] to protect cells and tissues. Mutating the internal AUG to
specifically inhibit GJA1-20k expression in vivo resulted in impaired trafficking of Cx43 to
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the plasma membrane and increased the degradation of poorly trafficked Cx43, leading to
sudden death in transgenic mice [42].

More generally, it will be of interest to address whether GJA1-20k also interacts
(i) with other cytoskeleton-related proteins like Cx43 through its CT domain, (ii) with
known microtubule-associated motor/adaptor proteins that regulate trafficking and de-
livery within the cells and (iii) with proteins known to mediate coupling between the
actin and microtubule cytoskeletons, which is particularly important for the regulation of
fundamental biological processes such as cell shape and polarity, division and migration.

2.3.2. Mitochondrial Dynamics, Biogenesis and Metabolic Regulation

Analysis of the subcellular localization in different cell types reveals that GJA1-20k is
present within the ER/Golgi apparatus and at the outer mitochondrial membrane [44,45,47],
differing from the localization of the full-length Cx43 found in the inner membrane [21].
Mitochondrial morphology and distribution are critical features in various biological pro-
cesses, such as maintenance of cell shape and polarity, regulation of the cell cycle, tissues
morphogenesis and embryogenesis (for review, [63]). During cancer migration, mito-
chondria redistribute to the leading edge of the cells, providing the energy necessary for
cytoskeleton rearrangement and consequently cell invasion [64]. In this context of mito-
chondrial dynamics, GJA1-20k acts as an organelle chaperone, facilitating the distribution
of mitochondria to the cell periphery through a microtubule-dependent mechanism. On
the other hand, GJA1-20k may associate with mitochondrial membrane proteins, similar
to full-length Cx43, which has been found to interact with several mitochondrial partners
such as Tom?20 [21].

GJA1-20k plays a protective role in various stress conditions across different cell types
and organs. In HeLa cells overexpressing GJA1-20k, H,O;-induced oxidative stress was
mitigated by maintaining the mitochondrial network distribution and preventing its frag-
mentation [47]. In mouse hearts, AAV9-mediated delivery of GJA1-20k, while promoting
mitochondrial biogenesis, reduced the mitochondrial membrane potential, respiration
and ROS production in order to preserve cardiac function after ischemic injury [44]. Ina
rat model of cardiac hypertrophy, in vitro overexpression of GJA1-20k in cardiomyocytes
enhanced energy metabolism by increasing the mitochondrial membrane potential and
respiration and decreasing ROS generation. The reasons for these contrasting effects in
different heart injury models remain to be elucidated. Similarly, in a rat model of brain
injury GJA1-20k overexpression in astrocytes protected neurons from apoptosis in part by
promoting the biogenesis of mitochondria [49].

GJA1-20k overexpression in HEK293 cells led to significant changes in mitochondrial
dynamics and structure. It induced the formation of smaller mitochondria due to actin
recruitment and the formation of actin filament rings around the mitochondria, which
ultimately induced mitochondrial fission, independently of the canonical DRP1-dependent
pathway [46]. As a result, there was a decrease in ROS production generated by oxidative
stress. During this process of fission, GJA1-20k may act directly as a nucleation factor, since
GJA1-20k has been identified as a direct actin-binding protein capable of recruiting and
stabilizing actin filaments [62].

GJA1-20k has also been identified as a key mediator of mitochondrial transfer through
tunneling nanotubes (TNTs) from astrocytes to neurons [49] and from mesenchymal stromal
cells to chondrocytes [65], offering protective effects after traumatic brain injury and
osteoarthritis, respectively. GJA1-20k may act on this transfer by regulating the extension of
microtubules and actin into TNTs, binding mitochondria with microtubules and bringing
Cx43 to the membrane. This is consistent with previous findings indicating that Cx43 plays
arole in TNT formation [66].
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2.3.3. Other Role(s)

Despite the absence of a nuclear localization signal (NLS), GJA1-20k has surprisingly
been found in the nucleus of neural crest cells. In this unexpected location, GJA1-20k
formed a complex with the transcription factor BTF3 and RNA polymerase II, which then
regulated the transcriptional activity of N-cadherin, a protein known to promote neural
crest migration [67]. Interestingly, when Cx43 CT was expressed in cardiomyocytes and
cancer cells, it localized to the nucleus and induced a decrease in proliferation. This nuclear
signal may be attributed to the presence of GJA1-20k or other Cx43 isoforms, potentially
generated by alternative translation of the mRNA produced by the transfected cDNA
encoding the Cx43 CT domain [68]. Mennecier et al. identified a 20 kDa immunoreactive
protein in the nucleus, detected by Cx43-specific antibodies, which correlated with reduced
growth rates in glioma cells [69].

3. GJA1-20k and Progression of Cancer
3.1. Demonstrated Roles of Alternative Translations During Epithelial-to-Mesenchymal Transition

Unlike in prokaryotes, the process of non-canonical translation in eukaryotes is rel-
atively rare and restricted to specific genes [70]. Among these identified polycistronic
genes, several are implicated in cancer progression, apoptosis and metastatic initiation
processes. Thus, the p73 gene, a member of the p53 tumor suppressor family, can produce
N-terminally truncated isoforms named DNp?73 able to support an EMT-like phenotype
switch, with an increased cell motility linked to decreased E-cadherin expression [71]. In
melanoma cells, DNp73 interferes with p73, enhancing aggressiveness without affecting
cell growth. In addition, two melanoma antigens (MELOE-1 and MELOE-2) derived from a
polycistronic RNA were overexpressed in the melanocytic lineage, suggesting a differential
translation in normal versus tumor cells [72]. The tissue-specific epigenetic control leading
to the specific expression of MELOE-1 and MELOE-2 in melanoma cells suggests that these
antigens could be relevant candidates for immunotherapy.

The PI3K/AKT/mTOR signaling pathway directly related to the cell growth, prolifer-
ation and apoptosis of prostate cancer cells could also be modulated by cap-independent
translation of the mTOR transcript [73]. This regulatory mechanism steers to negative
influences during the development and progression of solid tumors. The mTOR signal-
ing pathway not only affects EMT, but also regulates the alternative translation of GJA1
mRNA, suggesting a transcriptional control of EMT progression. The link between reduced
GJA1-20k expression levels relative to Cx43 and the EMT process was demonstrated by
James et al. (2018) in a mouse mammary gland epithelial cell line (NmuMG cells) during
TGFp1-induced EMT [48]. GJA1-20k expression was altered by TGF31 exposure together
with a reduction in junctional Cx43, despite an increase in Cx43 protein stabilization. The
effect on Cx43 trafficking, previously observed in cardiac cells [27,43], appears to occur
in epithelial cells during the initial stages of induced oncogenic transformation. In the
EMT context, the specific effect of TGFf1 on GJA1-20k was associated with smad3-ERK1/2
activities. Surprisingly, ectopic expression of GJA1-20k in NmuMG cells did not prevent
EMT, even when Cx43 trafficking to the membrane and gap junction formation increased.
These data suggest that membranous Cx43 does not impact the mesenchymal transition of
mammary epithelial cells under TGF 31 stimulation.

3.2. Potential GJA1-20k Impacts on Human Cancer Cells

In the 1960s, cancer was the first pathological consequence associated with gap junc-
tional deficiency [74]. Much evidence for a role of connexins has since been provided,
demonstrating that connexins can modulate all stages of tumorigenesis through both
channel-dependent and -independent mechanisms, from cancer cell growth and dynamics



Cells 2025, 14, 180

9 of 21

to metastatic dissemination and response to therapies [75-78]. The roles of connexins in the
development of cancer are complex, acting as tumor suppressors or promoters according
to their isotype, abundance and localization and to cancer stage. In primary cancer sites,
reduced connexin expression or a cytoplasmic misdistribution is frequently observed, even
if differences exist according to the connexin and cancer types considered. Notably, most of
studies revealed that Cx43 mainly acts as a tumor suppressor in breast, lung, melanoma
and prostate cancer [75,79-81]. However, Cx43 can also exert a prometastatic role during
cancer progression, especially in prostate and breast cancers and glioblastoma [82-85].
Given the ambiguous role of Cx43 in the cancer phenotype, the level of GJA1-20k, which
modifies the proportion of membranous Cx43, must be considered for its impact on the
intrinsic properties of cancer cells. This includes potential effects on metabolic and dynamic
capacities, as well as on heterocellular interactions during dissemination or within the
niches of secondary sites. Along the same lines, given the role played by Cx43 CT in cancer
cell abilities and the shared sequence with GJA1-20k, a putative role of the short isoform
must be addressed [86,87].

3.2.1. Control of Cx43 Exportation to Plasma Membrane

The increased presence of full-length Cx43 in cancer cells at the plasma membrane may
impact their aggressive phenotype at the unicellular level or increase their homocellular or
heterocellular gap junctional intercellular communication (GJIC).

Glioblastoma (GBM), one of the most aggressive and lethal brain cancers, is character-
ized by its ability to diffusely invade surrounding normal brain tissue. As with other cancer
types, Cx43 exhibits complex roles in the establishment, progression and persistence of
malignant glioma, demonstrating both tumor-promoting and tumor-suppressing functions.
This duality can be attributed to the cellular heterogeneity observed in GBM, suggesting
that Cx43 may have different roles depending on the cellular population and the state
under consideration [88]. The in vitro and ex vivo invasion ability of individual GBM
cells was correlated with Cx43 expression level, as demonstrated in the human cell line
U251 [89]. In these cells, using an shRNA approach, Cx43 was implicated in the formation
and function of invadopodia, mainly by modulating the kinetics of invadopodia formation.
This dynamic effect appeared to depend on Cx43 hemichannel activity [90]. Recent find-
ings also demonstrate that connexins play an important role in the microenvironment of
malignant glioma. Cx43 intercellular channels can form gap junctions at the edge between
GBM cells and astrocytes, facilitating tumor invasion [86,91,92]. Thus, elimination of Cx43
in astrocytes reduced glioma invasion in a murine model, confirming a role in driving
tumor invasion [86]. Cx43 expression also enables glioma cells to interact not only with
astrocytes but also with other cell types in the brain parenchyma, especially endothelial
cells (ECs) [93]. Cx43 expressed in both ECs and GBM cells facilitates direct cell-to-cell
communication, which appeared crucial for tube formation [93] and may significantly
influence glioma invasion [94]. Functional GJIC between these cells was demonstrated to
allow the transfer of a pro-invasive miR (miR-5096) from GBM cells to microvascular ECs.
This direct transfer of miR induced Cx43 expression in ECs and promoted EC tubuloge-
nesis [12]. Physical contact and GJIC between astrocytes and GBM cells may also confer
chemotherapeutic resistance on GBM cells to temozolomide (TMZ) [95,96]. As endogenous
GJA1-20k is expressed in primary astrocytes, ECs and some cancer cell lines (see Table 1), a
potentially decisive role of this short isoform can be considered during GBM progression.

Although disagreements persist regarding the prometastatic role of Cx43 during breast
cancer progression, a subtype-dependent role for this connexin during propagation and
late states was clearly described (for review, [75,97]). As mentioned for GBM, controversies
have mainly arisen due to the cellular heterogeneity observed at different stages of dissemi-
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nation. The essential role for Cx43 appears to occur during dissemination to secondary sites
and mainly corresponds to the establishment of heterocellular GJIC, particularly with ECs
during the intra- and extravasation processes and with host cells at secondary sites. Thus,
Cx43 allowed the formation of functional gap junctions with endothelial cells, enhancing
cancer cells transendothelial migration in vitro [98]. Cx43 overexpression increased breast
tumor cells diapedesis, whereas blockade of GJIC by carbenoxolone altered the passage
throughout the endothelial monolayer. In breast-derived brain metastases, Cx43 expression
was upregulated in lesion regions compared to adjacent normal tissue. RNAi depletion of
Cx43 or pharmacological blocking of GJIC with carbenoxolone inhibited brain coloniza-
tion by blocking tumor cell extravasation and blood vessel co-option. The breast cancer
metastatic gene Twist induced an increase in Cx43 expression and GJIC, leading to ampli-
fied extravasation and brain microtumor formation [99]. In vivo, a role for membranous
Cx43 was also demonstrated in the vascular adhesion and survival of dormant breast
cancer cells in brain metastases [99]. Accordingly, the upregulation of Cx43 in breast cancer
micrometastases appears to facilitate their attachment to pulmonary endothelium in a nude
mouse model [100].

As reviewed elsewhere [83,84,101], previous works have also linked the metastatic dis-
semination of prostate cancer (PCa) cells to Cx43 expression levels. In vivo, Cx43 presents
modified expression patterns according to PCa progression. In early stages (grade 2),
Cx43 expression is strongly decreased within the primary tumor, while re-expression is
observed in more advanced stages in the prostate (grade 3) and in bone metastases [52,81].
At the transcript level, dataset analyses revealed that Cx43 exhibits a specific signature
in bone secondary tumors, not observed for the two other GJ genes expressed in nor-
mal prostatic tissue (corresponding to Cx32 and Cx26) and for the other secondary sites.
In vitro and preclinical experiments clearly demonstrated pro-aggressive effects of Cx43
during dissemination steps [52,82,84,102]. Thus, Cx43 overexpression in a low-metastatic
model (LNCaP) revealed that Cx43 expression level was related to the aggressiveness of
PCa cells, with potentiation of migration ability and increased sensitivity to osteoblastic-
conditioned medium (ObCM), used to mimic the metastatic bone niche. In addition to
the modulation of Cx43 expression level, altered trafficking to the plasma membrane was
also demonstrated in androgen-insensitive PCa cells, especially in cells extracted from
bone metastases such as PC3 and C4-2b human cells [103]. In these trafficking-deficient
models, ObCM stimulation remained ineffective even in Cx43-overexpressing PCa cells
indicating that the presence of Cx43 at the plasma membrane level is required for bone
microenvironment sensitivity [52]. It is noteworthy that GJA1-20k is endogenously ex-
pressed in LNCaP cells, a PCa cell line characterized by the presence of Cx43 mainly at
the plasma membrane. Furthermore, endogenous GJA1-20k expression levels increased
in the presence of ObCM [52] or rapamycin in the LNCaP cell model [104]. These results,
obtained in a human model without Cx43 exportation defect to the plasma membrane,
suggest a potential role of this N-truncated Cx43 isoform in the aggressiveness of PCa
cells in the bone context. Preliminary data from our laboratory indicate that GJA1-20k
overexpression significantly enhances the exportation of Cx43 to the plasma membrane in
a PCa cell model exhibiting a deficiency in full-length Cx43 exportation. Taken together,
as initially demonstrated in the cardiac model, these findings unveil a chaperone effect of
GJA1-20k that should be considered, given the promigratory role of membranous Cx43
observed during the progression of cancer. Thus, as already demonstrated [82,105], the
adhesion capacity of PCa cells to osteoblasts increases in the presence of membranous
Cx43 and this effect could be enhanced by GJA1-20k overexpression, particularly in PCa
cells subjected to stress conditions. When the full-length Cx43 is exported to the plasma
membrane, the Cx43-mediated cell-cell communication may also potentiate the Ca?* flow
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from osteogenic cells to cancer cells, thereby increasing metastatic ability [87]. Considering
the link between mTOR and the regulation of GJA1-20k expression, it is noteworthy that
the same group demonstrated that both cell types can form heterotypic adherens junctions
(N-cadherin/E-cadherin), leading to mTOR signaling activation and the promotion of bone
metastasis progression [106]. Regarding the well-known Cx43 positive effect on cellular
adhesion [82,107], GJA1-20k could also impact heterocellular adhesion between tumor
and bone cells, leading to optimized bone homing of disseminated cells. Moreover, it was
recently demonstrated that circulating tumor cell clusters exhibited heightened metastatic
potential compared to isolated cells [108]. These data suggest that increased GJA1-20k may
also be involved in protecting these aggregated cancer cells from the shear stress of the
bloodstream or from the unfavorable environment found at secondary sites.

3.2.2. Role of Carboxyl-Terminal Domain in Cancer and Analogies for GJA1-20k

GJA1-20k is characterized by the presence of the complete carboxyl-terminal domain
of Cx43 in its sequence, which harbors multiple interaction sites with signaling proteins and
the cytoskeleton. This structural similarity raises important questions about the functional
parallels between GJA1-20k and the biological roles attributed to Cx43 CT (for review, [29]).
We can therefore postulate that findings from studies focusing on the role of Cx43 CT in
cancer progression might also be relevant to GJA1-20k, particularly in cellular processes
such as proliferation, apoptosis or migration.

For instance, Cx43 CT expression in neuroblastoma cells suppressed cell growth by
potentially delaying exit from the G1/GO0 phase of the cell cycle [109] and, in glioblastoma
cells, Cx43 CT reduced anchorage-independent growth [110]. Similarly, in osteosarcoma,
Cx43 CT inhibited cell proliferation by downregulation of S phase kinase-associated pro-
tein 2 (skp2) expression, an important component of the Skp1-Cullin-F-box protein (SCF)
ubiquitin-ligase complex implicated in p27 ubiquitin—proteasome degradation [111]. In
cervical cancer, Dang et al. also observed a significant decrease in cell proliferation corre-
lated with the localization of Cx43 CT to the nucleus, where it may influence the expression
of cell cycle-related genes [68]. Interestingly, Cx43 CT in breast cancer cells resulted in an
increased expression of p53, possibly through the inhibition of miR-125b expression [112].

Overexpression of Cx43 CT in pancreatic cancer cells enhanced apoptosis through
direct interaction with the pro-apoptotic protein Bax, thereby initiating the mitochondrial
apoptotic cascade [113]. Conversely, in human glioma cells, Cx43 CT was implicated
in conferring resistance to the chemotherapeutic agent Temozolomide. Cells expressing
a Cx43 CT exhibited decreased resistance compared to those expressing the full-length
Cx43 protein [114].

Bates and colleagues [115] demonstrated that expression of CT-truncated Cx43 in
rat glioma cells led to a reduced migratory capacity, while the overexpression of Cx43
CT in human glioblastoma cells led to enhanced migration through actin cytoskeleton
reorganization [110]. In cervical cancer, cells exhibited also enhanced migration, via p38
activation, when expressing Cx43 CT [116]. In prostate cancer, we demonstrated that
Cx43 CT was sufficient to induce the migration of cancer cells stimulated by osteoblast-
conditioned medium, correlating with increased active Rac1 [52]. Finally, Cx43 CT has also
been implicated in neuronal migration and in B-lymphocytes spreading via Rap1 activation,
with both of these processes known to be linked to cancer progression [117,118].

Cx43 CT has emerged as a promising target for the development of mimetic peptides
aimed at modulating connexin function in various pathological conditions, particularly can-
cer. The first peptide described in this context was alpha carboxy terminus 1 (alphaCT1), a
25 amino-acid peptide that mimics the last nine amino acids of the Cx43 CT, which contains
the PDZ-binding motif that interacts with zonula occludens-1 (ZO-1) and an antennape-
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dia internalization sequence to facilitate cellular uptake. AlphaCT1 showed anti-cancer
effects on glioblastoma, melanoma and breast cancer cells by enhancing chemosensitization
and inhibiting tumor growth [119-122]. Another noteworthy peptide is TAT-Cx432¢6-283,
mimicking the Src SH3 binding domain, which has also demonstrated an anti-tumor effect
on glioblastoma both in vitro and in vivo by reducing the growth, invasion and progres-
sion of malignant gliomas while enhancing survival in glioma-bearing mice [123,124].
Interestingly, TAT-Cx4346.283 treatment on GSCs was also associated with a reduced mi-
tochondrial metabolism and distribution [125]. A third peptide, named juxtamembrane
2 (JM2), has been shown to inhibit proliferation and induce apoptosis of melanoma and
ovarian cancer cells in vitro by arresting the cell cycle in S phase. In vivo, JM2 has been
demonstrated to effectively inhibit both tumor growth and recurrence [126]. Collectively,
these connexin-mimetic peptides may influence GJA1-20k functions based on their struc-
tural characteristics. It would then be beneficial to re-evaluate their effects, including on
mitochondprial function, cellular stress responses and intercellular communication. This
reassessment could provide new insights into the mechanisms of action of these peptides
and potentially lead to more targeted therapeutic approaches.

3.2.3. Control of Mitochondrial Localization and Activity

A growing body of evidence indicates that tumor development is not solely depen-
dent on the presence of oncogenes or tumor suppressor mutations. Instead, metabolic
adaptations play a crucial role in regulating the growth, survival and metastatic potential
of tumor cells. Although the precise mechanisms are not fully elucidated, the Warburg
effect, described in the 1930s, is a common feature of metabolic reprogramming during
cancer progression. This effect leads to a predominant less efficient process of “aerobic
glycolysis” than oxidative phosphorylation in mitochondria [127]. However, recent studies
have revealed that functional mitochondria are nevertheless essential for tumor cells, even
if most of cancer cells present an altered mitochondrial metabolism with an excessive
lactate production in the presence of abundant oxygen [128]. The dysfunction of mito-
chondrial activities can be attributed to a modified stromal-epithelial metabolic coupling,
also known as the “reverse Warburg effect”, or to various factors, including mutations
in nuclear- or mitochondrial-encoded genes, alterations in the respiratory complexes or
mitochondrial products, such as reactive oxygen species (ROS). These imbalances can affect
tumor cell growth, apoptosis, EMT, aggressiveness and metastatic competence [129-131].
Oxidative phosphorylation, once considered as a “tumor suppressor”, should now be
viewed as a potential contributor to tumor cell adaptation in stressful microenvironments.
Moreover, alterations in mitochondrial dynamics or plasticity, including biogenesis and
mitophagic, fusion or fission processes, are also considerably involved in prostate cancer
progression [132].

Given the significant mitochondrial consequences induced by GJA1-20k in cardiac
and brain models, along with its interaction with the outer mitochondrial membrane and
its role in fission [46], it can be hypothesized that this short isoform also contributes to
the regulation of mitochondrial number, size and subcellular localization, contributing to
the adaptation and plasticity of tumor cells. Indeed, a clear link between mitochondrial
localization and cell migration has been established, demonstrating a redistribution of
mitochondria towards the leading edge of cancer cells during migration and an enrichment
of mitochondrial proteins in invadopodia during invasion [131,133]. Furthermore, the
current consensus suggests that mitochondrial fragmentation ultimately enhances cell
motility, invasion and metastasis [134]. Thus, increased mitochondrial fission induced
by hypoxia in breast cancer cells has been shown to enhance their invasive ability [135].
Similarly, elevated levels of Mitochondrial Fission Factor (MFF) have been observed in
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metastatic PCa cells and correlated with poor patients prognosis [136]. Therefore, it would
be of interest to analyze the expression level of GJA1-20k in tumors in order to determine
whether it rises similarly to other proteins involved in fission such as DRP1, MFF, FIS1
or MiD49. In addition, mTOR, a factor implicated in GJA1-20k expression in cardiac
and cancer cells, was also associated with the trafficking of mitochondria to the cortical
cytoskeleton, thereby supporting lamellipodia dynamics in epithelial cancer cells [137].
Mitochondrial trafficking is also clearly associated with cancer cell plasticity. Given that
GJA1-20k is considered a stress protein during ischemia-reperfusion in myocytes due to
its protective role in mitochondrial fission [46,138], we can speculate that GJA1-20k plays
a role in the processes of the migration, invasion and adaptation of prostate cancer cells
within the metastatic microenvironment.

In the metabolic context, the stromal compartment of carcinomas is of prior impor-
tance and largely determines the initiation and promotion of tumors. Among the key
players within this microenvironment, cancer-associated fibroblasts (CAFs) are capable
of establishing a reciprocal metabolic crosstalk with cancer cells, thereby facilitating the
reprogramming of the cancer cell phenotype. Evidence for direct intercellular mitochon-
drial transfer has already been demonstrated through the formation of open-ended TNTs
between adjacent cells [139,140], including interactions between CAFs and prostate cancer
cells, which leads to modified OXPHOS activity [141]. Additionally, TNT formation in
PCa cells may influence their resistance to therapy [142]. As Cx43 contributes to mito-
chondrial transfer via regulating TNT formation between mesenchymal and epithelial
cells [66,143] and GJA1-20k promotes Cx43 delivery to the plasma membrane, a putative
role of GJA1-20k in the potential control of mitochondrial activity by TNTs could also be
postulated within PCa. Interestingly, in the context of osteoarthritis, a role of GJA1-20k
was recently demonstrated in mitochondrial transfer between mesenchymal stem cells
(MSCs) and chondrocytes. GJA1-20k’s impact on MSC mitochondrial transport requires
direct cell-to-cell contact and is dependent on the expression levels of Cx43 [65]. These
results highlight the interest in investigating the role of GJA1-20k in the potential transfer of
mitochondria between MSCs or osteoprogenitors and cancer cells during bone metastases.

Additionally, the involvement of extracellular vesicles (EVs) and of direct Cx43-GJIC
in the mechanism for mitochondrial transfer were also shown to retore mitochondrial
functional parameters in deficient cells [144]. The upregulation of GJA1-20k in astrocytes
was found to be correlated with an increased presence of this short isoform in exosomes,
which was associated with enhanced mitochondrial activity, a reduced apoptotic rate and
diminished damages to adjacent neurons [50,58,145].

These findings suggest that such an effect could be considered in intercellular com-
munication between cancer cells and other cells within the tumor microenvironment. For
instance, many prostate cancer recurrences following curative treatment are thought to
arise from the reactivation of disseminated tumor cells (DTCs) and the bone marrow is
considered to be an important site for dormant tumor cells, due to the high incidence of
bone metastases. These dormant tumor cells are characterized, among other features, by a
reversible non-proliferative state (G0/G1 arrest), allowing them to remain viable and repre-
sent a potential source for late recurrence and therapy resistance. As previously mentioned,
conditions within the osteogenic niche, mainly hypoxia and/or interaction with the tumor
microenvironment, may favor the preferential expression of the stress protein GJA1-20k.
Consequently, GJA1-20k may exert a metabolic impact during cellular stresses in the bone
context and could modulate both the quiescence and metabolic activity of PCa DTCs.
Indeed, increased mitochondprial fission and/or resistance to ROS production induced by
GJA1-20k are linked with decreased metabolic activity and cellular quiescence [46].
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4. Concluding Remarks and Perspectives

Among the six isoforms of Cx43, GJA1-20k has been identified as a key player in heart
physiology and pathology. As a chaperone protein and regulator of cytoskeleton stability,
GJA1-20k promotes GJIC by controlling full-length Cx43 trafficking to the plasma mem-
brane, particularly during cellular stress. This regulatory effect has also been documented
in other tissues, such as the brain, and in different cell types, suggesting a conserved
mechanism for Cx43 transport. The cellular effects of GJA1-20k observed in the cardiac
and nervous systems, together with the established role of Cx43 in tumorigenesis, sug-
gest that the presence of GJA1-20k in cancer cells may be an important new regulatory
factor during cancer cell migration and invasion. Further investigations are required to
elucidate the specific molecular mechanisms by which GJA1-20k regulates Cx43 traffick-
ing. This includes investigating potential interactions with cytoskeleton-related proteins,
microtubule-associated motor/adaptor proteins and proteins mediating actin-microtubule
coupling that are critical for cell dynamics. In addition, it will be of interest to determine
whether this regulatory mechanism is exclusive to Cx43 or whether it also influences the
trafficking of other membrane proteins.

Moreover, increased expression of GJA1-20k in cancer cells may increase Cx43 local-
ization at cell boundaries and improve GJIC. This could potentially amplify the bystander
effect during targeted chemotherapy, a hypothesis that merits further investigation due
to its implications for cancer treatment strategies. Notably, the delivery of GJA1-20k via
adeno-associated virus has shown promise in improving gap junction formation in cardiac
models, suggesting that similar strategies could be explored within the cancer context.

GJA1-20k has also been shown to modulate mitochondrial activity and dynamics
under stressful conditions, which is essential for cell survival. Although GJA1-20k is ex-
pressed in several cancer cell lines, its specific functions remain largely unknown at this
point. Cancer cells are frequently exposed to exogenous stresses such as hypoxia and
consequently develop adaptive mechanisms, including mitochondrial retrograde signaling
or intercellular mitochondrial transfer through TNTs with stromal cells. Several studies
have demonstrated that increased mitochondrial fission promotes cancer progression,
particularly cell migration and invasion. In this context, mitochondria are preferentially
redistributed to the leading edge of the cancer cells. Additionally, a decrease in mitochon-
drial mass contributes to the survival and dormancy of cancer stem cells. Overall, given
the role of GJA1-20k in inducing mitochondrial fission and redistribution, GJA1-20k may
play an important role in tumor plasticity, cancer cell metastasis, survival and quiescence in
secondary sites such as hypoxic osteogenic bone. In the latter case, quiescent disseminated
tumor cells represent a risk to patients but also offer opportunities for early detection.
However, it should be emphasized that antibodies specific for the detection of GJA1-20k
will also react with full-length Cx43, making it difficult to differentiate between the two in
patient biopsies. This also implies that conclusions drawn about full-length-Cx43 using
antibodies against the C-terminal domain should be re-evaluated. Furthermore, studies
focusing on the proper functions of Cx43 CT should also be reconsidered due to its strict
structural homology with GJA1-20k.

In less than a decade, significant advances in our understanding of the role of GJA1-
20k in cardiac physiology have provided important new insights into Cx43 trafficking and
the regulation of mitochondrial activity. Future studies will aim to determine the potential
involvement of this multifaceted isoform of Cx43 in tumor progression, with the intention
of providing advances in the field of cancer.



Cells 2025, 14, 180 15 of 21

’

Funding: This research was supported by grants from the “Ligue Nationale contre le Cancer”
(comités des Deux-Sévres et de Charente). S. Fournier is the recipient of a doctoral fellowship from
the “Ministére de I'enseignement supérieur et de la recherche”.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Beyer, E.C.; Paul, D.L.; Goodenough, D.A. Connexin43: A Protein from Rat Heart Homologous to a Gap Junction Protein from
Liver. J. Cell Biol. 1987, 105, 2621-2629. [CrossRef]

2. Evans, W.H.; Martin, P.E.M. Gap Junctions: Structure and Function (Review). Mol. Membr. Biol. 2002, 19, 121-136. [CrossRef]
[PubMed]

3. Sohl, G.; Willecke, K. An Update on Connexin Genes and Their Nomenclature in Mouse and Man. Cell Commun. Adhes. 2003, 10,
173-180. [CrossRef]

4. Unwin, PN.; Zampighi, G. Structure of the Junction Between Communicating Cells. Nature 1980, 283, 545-549. [CrossRef]

5. Laird, D.W,; Puranam, K.L.; Revel, ].P. Turnover and Phosphorylation Dynamics of Connexin43 Gap Junction Protein in Cultured
Cardiac Myocytes. Biochem. |. 1991, 273, 67-72. [CrossRef]

6. Giaume, C.; Leybaert, L.; Naus, C.C.; Sdez, ].C. Connexin and Pannexin Hemichannels in Brain Glial Cells: Properties, Pharmacol-
ogy, and Roles. Front. Pharmacol. 2013, 4, 88. [CrossRef]

7. Alexander, D.B.; Goldberg, G.S. Transfer of Biologically Important Molecules Between Cells Through Gap Junction Channels.
Curr. Med. Chem. 2003, 10, 2045-2058. [CrossRef]

8. Séez, J.C.; Connor, J.A.; Spray, D.C.; Bennett, M.V. Hepatocyte Gap Junctions Are Permeable to the Second Messenger, Inositol
1,4,5-Trisphosphate, and to Calcium Ions. Proc. Natl. Acad. Sci. USA 1989, 86, 2708-2712. [CrossRef]

9. Goldberg, G.S.; Valiunas, V.; Brink, PR. Selective Permeability of Gap Junction Channels. Biochim. Biophys. Acta 2004, 1662, 96-101.
[CrossRef]

10. Goldberg, G.S.; Moreno, A.P.; Lampe, P.D. Gap Junctions Between Cells Expressing Connexin 43 or 32 Show Inverse Permselectiv-
ity to Adenosine and ATP. J. Biol. Chem. 2002, 277, 36725-36730. [CrossRef] [PubMed]

11.  Thuringer, D.; Jego, G.; Berthenet, K.; Hammann, A.; Solary, E.; Garrido, C. Gap Junction-Mediated Transfer of miR-145-5p
from Microvascular Endothelial Cells to Colon Cancer Cells Inhibits Angiogenesis. Oncotarget 2016, 7, 28160-28168. [CrossRef]
[PubMed]

12.  Thuringer, D.; Boucher, ].; Jego, G.; Pernet, N.; Cronier, L., Hammann, A.; Solary, E.; Garrido, C. Transfer of Functional microRNAs
Between Glioblastoma and Microvascular Endothelial Cells Through Gap Junctions. Oncotarget 2016, 7, 73925-73934. [CrossRef]

13. Oyamada, M.; Krutovskikh, V.A.; Mesnil, M.; Partensky, C.; Berger, F; Yamasaki, H. Aberrant Expression of Gap Junction Gene
in Primary Human Hepatocellular Carcinomas: Increased Expression of Cardiac-Type Gap Junction Gene Connexin 43. Mol.
Carcinogenes. 1990, 3, 273-278. [CrossRef] [PubMed]

14. Yamasaki, H.; Mesnil, M.; Omori, Y.; Mironov, N.; Krutovskikh, V. Intercellular Communication and Carcinogenesis. Mutat. Res.
1995, 333, 181-188. [CrossRef]

15.  Severs, N.J. Gap Junction Remodeling and Cardiac Arrhythmogenesis: Cause or Coincidence? J. Cell. Mol. Med. 2001, 5, 355-366.
[CrossRef] [PubMed]

16. Saffitz, J.E.; Hames, K.Y.; Kanno, S. Remodeling of Gap Junctions in Ischemic and Nonischemic Forms of Heart Disease. |. Membr.
Biol. 2007, 218, 65-71. [CrossRef] [PubMed]

17. Bergoffen, J.; Scherer, S.S.; Wang, S.; Scott, M.O.; Bone, L.J.; Paul, D.L.; Chen, K.; Lensch, M.W.; Chance, P.F.; Fischbeck, K.H.
Connexin Mutations in X-Linked Charcot-Marie-Tooth Disease. Science 1993, 262, 2039-2042. [CrossRef]

18. Merrifield, P.A.; Laird, D.W. Connexins in Skeletal Muscle Development and Disease. Semin. Cell Dev. Biol. 2016, 50, 67-73.
[CrossRef]

19. Kelsell, D.P,; Dunlop, J.; Stevens, H.P,; Lench, N.J.; Liang, ].N.; Parry, G.; Mueller, R.F,; Leigh, .M. Connexin 26 Mutations in
Hereditary Non-Syndromic Sensorineural Deafness. Nature 1997, 387, 80-83. [CrossRef]

20. Lucaciu, S.A.; Leighton, S.E.; Hauser, A.; Yee, R,; Laird, D.W. Diversity in Connexin Biology. J. Biol. Chem. 2023, 299, 105263.
[CrossRef]

21. Boengler, K.; Leybaert, L.; Ruiz-Meana, M.; Schulz, R. Connexin 43 in Mitochondria: What Do We Really Know About Its
Function? Front. Physiol. 2022, 13, 928934. [CrossRef] [PubMed]

22. Soares, A.R.; Martins-Marques, T.; Ribeiro-Rodrigues, T.; Ferreira, J.V.; Catarino, S.; Pinho, M.].; Zuzarte, M.; Isabel Anjo, S.;

Manadas, B.; Sluijter, ].P.G.; et al. Gap Junctional Protein Cx43 Is Involved in the Communication Between Extracellular Vesicles
and Mammalian Cells. Sci. Rep. 2015, 5, 13243. [CrossRef]


https://doi.org/10.1083/jcb.105.6.2621
https://doi.org/10.1080/09687680210139839
https://www.ncbi.nlm.nih.gov/pubmed/12126230
https://doi.org/10.1080/cac.10.4-6.173.180
https://doi.org/10.1038/283545a0
https://doi.org/10.1042/bj2730067
https://doi.org/10.3389/fphar.2013.00088
https://doi.org/10.2174/0929867033456927
https://doi.org/10.1073/pnas.86.8.2708
https://doi.org/10.1016/j.bbamem.2003.11.022
https://doi.org/10.1074/jbc.M109797200
https://www.ncbi.nlm.nih.gov/pubmed/12119284
https://doi.org/10.18632/oncotarget.8583
https://www.ncbi.nlm.nih.gov/pubmed/27058413
https://doi.org/10.18632/oncotarget.12136
https://doi.org/10.1002/mc.2940030507
https://www.ncbi.nlm.nih.gov/pubmed/2173931
https://doi.org/10.1016/0027-5107(95)00144-1
https://doi.org/10.1111/j.1582-4934.2001.tb00170.x
https://www.ncbi.nlm.nih.gov/pubmed/12067469
https://doi.org/10.1007/s00232-007-9031-2
https://www.ncbi.nlm.nih.gov/pubmed/17585361
https://doi.org/10.1126/science.8266101
https://doi.org/10.1016/j.semcdb.2015.12.001
https://doi.org/10.1038/387080a0
https://doi.org/10.1016/j.jbc.2023.105263
https://doi.org/10.3389/fphys.2022.928934
https://www.ncbi.nlm.nih.gov/pubmed/35860665
https://doi.org/10.1038/srep13243

Cells 2025, 14, 180 16 of 21

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Willecke, K.; Eiberger, J.; Degen, J.; Eckardt, D.; Romualdi, A.; Giildenagel, M.; Deutsch, U.; S6hl, G. Structural and Functional
Diversity of Connexin Genes in the Mouse and Human Genome. Biol. Chem. 2002, 383, 725-737. [CrossRef] [PubMed]

Schiavi, A.; Hudder, A.; Werner, R. Connexin43 mRNA Contains a Functional Internal Ribosome Entry Site. FEBS Lett. 1999, 464,
118-122. [CrossRef]

Lahlou, H.; Fanjul, M.; Pradayrol, L.; Susini, C.; Pyronnet, S. Restoration of Functional Gap Junctions Through Internal Ribosome
Entry Site-Dependent Synthesis of Endogenous Connexins in Density-Inhibited Cancer Cells. Mol. Cell. Biol. 2005, 25, 4034—4045.
[CrossRef] [PubMed]

Hudder, A.; Werner, R. Analysis of a Charcot-Marie-Tooth Disease Mutation Reveals an Essential Internal Ribosome Entry Site
Element in the Connexin-32 Gene. J. Biol. Chem. 2000, 275, 34586-34591. [CrossRef]

Smyth, ].W.; Shaw, R M. Autoregulation of Connexin43 Gap Junction Formation by Internally Translated Isoforms. Cell Rep. 2013,
5, 611-618. [CrossRef] [PubMed]

Epifantseva, I; Xiao, S.; Baum, R.E.; Kléber, A.G.; Hong, T.; Shaw, RM. An Alternatively Translated Connexin 43 Isoform,
GJA1-11k, Localizes to the Nucleus and Can Inhibit Cell Cycle Progression. Biomolecules 2020, 10, 473. [CrossRef] [PubMed]
Leithe, E.; Mesnil, M.; Aasen, T. The Connexin 43 C-Terminus: A Tail of Many Tales. Biochim. Biophys. Acta Biomembr. 2018, 1860,
48-64. [CrossRef]

Johnstone, S.R.; Billaud, M.; Lohman, A.W.; Taddeo, E.P,; Isakson, B.E. Posttranslational Modifications in Connexins and
Pannexins. |. Membr. Biol. 2012, 245, 319-332. [CrossRef] [PubMed]

Laird, D.W. Connexin Phosphorylation as a Regulatory Event Linked to Gap Junction Internalization and Degradation. Biochim.
Biophys. Acta 2005, 1711, 172-182. [CrossRef]

Pogoda, K.; Kameritsch, P; Retamal, M.A.; Vega, ].L. Regulation of Gap Junction Channels and Hemichannels by Phosphorylation
and Redox Changes: A Revision. BMC Cell Biol. 2016, 17, 11. [CrossRef]

Lin, R.; Warn-Cramer, B.J.; Kurata, W.E.; Lau, A.F. V-Src-Mediated Phosphorylation of Connexin43 on Tyrosine Disrupts Gap
Junctional Communication in Mammalian Cells. Cell Commun. Adhes. 2001, 8, 265-269. [CrossRef]

Fanning, A.S.; Anderson, ].M. Zonula Occludens-1 and -2 Are Cytosolic Scaffolds That Regulate the Assembly of Cellular
Junctions. Ann. N. Y. Acad. Sci. 2009, 1165, 113-120. [CrossRef]

Butkevich, E.; Hiilsmann, S.; Wenzel, D.; Shirao, T.; Duden, R.; Majoul, I. Drebrin Is a Novel Connexin-43 Binding Partner That
Links Gap Junctions to the Submembrane Cytoskeleton. Curr. Biol. 2004, 14, 650-658. [CrossRef] [PubMed]

Ambrosi, C.; Ren, C.; Spagnol, G.; Cavin, G.; Cone, A.; Grintsevich, E.E.; Sosinsky, G.E.; Sorgen, P.L. Connexin43 Forms
Supramolecular Complexes Through Non-Overlapping Binding Sites for Drebrin, Tubulin, and ZO-1. PLoS ONE 2016,
11, e0157073. [CrossRef]

Rodriguez-Sinovas, A.; Sdnchez, J.A.; Valls-Lacalle, L.; Consegal, M.; Ferreira-Gonzélez, I. Connexins in the Heart: Regulation,
Function and Involvement in Cardiac Disease. Int. J. Mol. Sci. 2021, 22, 4413. [CrossRef]

Hervé, ].-C.; Derangeon, M.; Sarrouilhe, D.; Giepmans, B.N.G.; Bourmeyster, N. Gap Junctional Channels Are Parts of Multiprotein
Complexes. Biochim. Biophys. Acta BBA—Biomembr. 2012, 1818, 1844-1865. [CrossRef]

Batra, N.; Kar, R; Jiang, J.X. Gap Junctions and Hemichannels in Signal Transmission, Function and Development of Bone.
Biochim. Biophys. Acta 2012, 1818, 1909-1918. [CrossRef]

Chatterjee, B.; Chin, A.J.; Valdimarsson, G.; Finis, C.; Sonntag, ].M.; Choi, B.Y,; Tao, L.; Balasubramanian, K.; Bell, C.; Krufka, A.;
et al. Developmental Regulation and Expression of the Zebrafish Connexin43 Gene. Dev. Dyn. 2005, 233, 890-906. [CrossRef]
Joshi-Mukherjee, R.; Coombs, W.; Burrer, C.; de Mora, I.A.; Delmar, M.; Taffet, S.M. Evidence for the Presence of a Free C-Terminal
Fragment of Cx43 in Cultured Cells. Cell Commun. Adhes. 2007, 14, 75-84. [CrossRef] [PubMed]

Xiao, S.; Shimura, D.; Baum, R.; Hernandez, D.M.; Agvanian, S.; Nagaoka, Y.; Katsumata, M.; Lampe, P.D.; Kleber, A.G.; Hong, T.;
et al. Auxiliary Trafficking Subunit GJA1-20k Protects Connexin-43 from Degradation and Limits Ventricular Arrhythmias. J. Clin.
Investig. 2020, 130, 4858—4870. [CrossRef]

Basheer, W.A ; Xiao, S.; Epifantseva, I; Fu, Y.; Kleber, A.G.; Hong, T.; Shaw, R M. GJA1-20k Arranges Actin to Guide Cx43 Delivery
to Cardiac Intercalated Discs. Circ. Res. 2017, 121, 1069-1080. [CrossRef]

Basheer, WA,; Fu, Y; Shimura, D.; Xiao, S.; Agvanian, S.; Hernandez, D.M.; Hitzeman, T.C.; Hong, T.; Shaw, R.M. Stress Response
Protein GJA1-20k Promotes Mitochondrial Biogenesis, Metabolic Quiescence, and Cardioprotection against Ischemia/Reperfusion
Injury. JCI Insight 2018, 3, €121900. [CrossRef]

Fu, Y.; Tao, L.; Peng, F; Zheng, N.; Lin, Q.; Cai, S.; Wang, Q. GJA1-20k Attenuates Ang II-Induced Pathological Cardiac
Hypertrophy by Regulating Gap Junction Formation and Mitochondrial Function. Acta Pharmacol. Sin. 2021, 42, 536-549.
[CrossRef]

Shimura, D.; Nuebel, E.; Baum, R.; Valdez, S.E.; Xiao, S.; Warren, ].S.; Palatinus, J.A.; Hong, T.; Rutter, ].; Shaw, R.M. Protective
Mitochondrial Fission Induced by Stress-Responsive Protein GJA1-20k. eLife 2021, 10, €69207. [CrossRef]

Fu, Y,; Zhang, S.-S.; Xiao, S.; Basheer, W.A.; Baum, R.; Epifantseva, I.; Hong, T.; Shaw, R.M. Cx43 Isoform GJA1-20k Promotes
Microtubule Dependent Mitochondrial Transport. Front. Physiol. 2017, 8, 905. [CrossRef]


https://doi.org/10.1515/BC.2002.076
https://www.ncbi.nlm.nih.gov/pubmed/12108537
https://doi.org/10.1016/S0014-5793(99)01699-3
https://doi.org/10.1128/MCB.25.10.4034-4045.2005
https://www.ncbi.nlm.nih.gov/pubmed/15870276
https://doi.org/10.1074/jbc.M005199200
https://doi.org/10.1016/j.celrep.2013.10.009
https://www.ncbi.nlm.nih.gov/pubmed/24210816
https://doi.org/10.3390/biom10030473
https://www.ncbi.nlm.nih.gov/pubmed/32244859
https://doi.org/10.1016/j.bbamem.2017.05.008
https://doi.org/10.1007/s00232-012-9453-3
https://www.ncbi.nlm.nih.gov/pubmed/22739962
https://doi.org/10.1016/j.bbamem.2004.09.009
https://doi.org/10.1186/s12860-016-0099-3
https://doi.org/10.3109/15419060109080735
https://doi.org/10.1111/j.1749-6632.2009.04440.x
https://doi.org/10.1016/j.cub.2004.03.063
https://www.ncbi.nlm.nih.gov/pubmed/15084279
https://doi.org/10.1371/journal.pone.0157073
https://doi.org/10.3390/ijms22094413
https://doi.org/10.1016/j.bbamem.2011.12.009
https://doi.org/10.1016/j.bbamem.2011.09.018
https://doi.org/10.1002/dvdy.20426
https://doi.org/10.1080/15419060701402320
https://www.ncbi.nlm.nih.gov/pubmed/17668351
https://doi.org/10.1172/JCI134682
https://doi.org/10.1161/CIRCRESAHA.117.311955
https://doi.org/10.1172/jci.insight.121900
https://doi.org/10.1038/s41401-020-0459-6
https://doi.org/10.7554/eLife.69207
https://doi.org/10.3389/fphys.2017.00905

Cells 2025, 14, 180 17 of 21

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

James, C.C.; Zeitz, M.J.; Calhoun, PJ.; Lamouille, S.; Smyth, ].W. Altered Translation Initiation of Gjal Limits Gap Junction
Formation during Epithelial-Mesenchymal Transition. Mol. Biol. Cell 2018, 29, 797-808. [CrossRef]

Ren, D.; Zheng, P; Feng, J.; Gong, Y.; Wang, Y.; Duan, J.; Zhao, L.; Deng, J.; Chen, H.; Zou, S.; et al. Overexpression of Astrocytes-
Specific GJA1-20k Enhances the Viability and Recovery of the Neurons in a Rat Model of Traumatic Brain Injury. ACS Chem.
Neurosci. 2020, 11, 1643-1650. [CrossRef]

Chen, W.; Zheng, P.; Hong, T.; Wang, Y.; Liu, N.; He, B.; Zou, S.; Ren, D.; Duan, J.; Zhao, L.; et al. Astrocytes-Derived Exosomes
Induce Neuronal Recovery after Traumatic Brain Injury via Delivering Gap Junction Alpha 1-20 k. J. Tissue Eng. Regen. Med. 2020,
14, 412-423. [CrossRef]

Phillips, C.M.; Johnson, A.M.; Stamatovic, S.M.; Keep, R.E; Andjelkovic, A.V. 20 kDa Isoform of Connexin-43 Augments Spatial
Reorganization of the Brain Endothelial Junctional Complex and Lesion Leakage in Cerebral Cavernous Malformation Type-3.
Neurobiol. Dis. 2023, 186, 106277. [CrossRef]

Boucher, J.; Balandre, A.-C.; Debant, M.; Vix, ].; Harnois, T.; Bourmeyster, N.; Péraudeau, E.; Chépied, A.; Clarhaut, J.; Debiais, F.;
et al. Cx43 Present at the Leading Edge Membrane Governs Promigratory Effects of Osteoblast-Conditioned Medium on Human
Prostate Cancer Cells in the Context of Bone Metastasis. Cancers 2020, 12, 3013. [CrossRef]

Salat-Canela, C.; Sesé, M.; Peula, C.; Ramoén y Cajal, S.; Aasen, T. Internal Translation of the Connexin 43 Transcript. Cell Commun.
Signal. CCS 2014, 12, 31. [CrossRef]

Ul-Hussain, M.; Olk, S.; Schoenebeck, B.; Wasielewski, B.; Meier, C.; Prochnow, N.; May, C.; Galozzi, S.; Marcus, K.; Zoidl, G.; et al.
Internal Ribosomal Entry Site (IRES) Activity Generates Endogenous Carboxyl-Terminal Domains of Cx43 and Is Responsive to
Hypoxic Conditions. J. Biol. Chem. 2014, 289, 20979-20990. [CrossRef] [PubMed]

Zeitz, M.].; Calhoun, PJ.; James, C.C.; Taetzsch, T.; George, KK.; Robel, S.; Valdez, G.; Smyth, ].W. Dynamic UTR Usage Regulates
Alternative Translation to Modulate Gap Junction Formation during Stress and Aging. Cell Rep. 2019, 27, 27372747 .€5. [CrossRef]
Basheer, W.; Shaw, R. The “Tail” of Connexin43: An Unexpected Journey from Alternative Translation to Trafficking. Biochim.
Biophys. Acta BBA—Mol. Cell Res. 2016, 1863, 1848-1856. [CrossRef]

Palatinus, J.A.; Valdez, S.; Taylor, L.; Whisenant, C.; Selzman, C.H.; Drakos, S.G.; Ranjan, R.; Hong, T.; Saffitz, ].E.; Shaw, R M.
GJA1-20k Rescues Cx43 Localization and Arrhythmias in Arrhythmogenic Cardiomyopathy. Circ. Res. 2023, 132, 744-746.
[CrossRef]

Feng, J.; Zou, S.; Yang, X.; Wang, Z.; Jiang, B.; Hou, T.; Duan, J.; Hong, T.; Chen, W. Astrocyte-Derived Exosome-Transported
GJA1-20k Attenuates Traumatic Brain Injury in Rats. Chin. Med. ]. 2023, 136, 880-882. [CrossRef] [PubMed]

Giepmans, B.N.G.; Verlaan, I.; Hengeveld, T.; Janssen, H.; Calafat, J.; Falk, M.M.; Moolenaar, W.H. Gap Junction Protein
Connexin-43 Interacts Directly with Microtubules. Curr. Biol. 2001, 11, 1364-1368. [CrossRef] [PubMed]

Saidi Brikci-Nigassa, A.; Clement, M.-J.; Ha-Duong, T.; Adjadj, E.; Ziani, L.; Pastre, D.; Curmi, P.A.; Savarin, P. Phosphorylation
Controls the Interaction of the Connexin43 C-Terminal Domain with Tubulin and Microtubules. Biochemistry 2012, 51, 4331-4342.
[CrossRef] [PubMed]

Shaw, R.M.; Fay, A.J.; Puthenveedu, M.A.; Jan, N.; Jan, L.Y. Microtubule Plus-End-Tracking Proteins Target Gap Junctions Directly
from the Cell Interior to Adherens Junctions. Cell 2007, 128, 547-560. [CrossRef]

Baum, R; Palatinus, J.A.; Waghalter, M.; Shimura, D.; Jin, Q.; Kuzmanovich, L.; Xiao, S.; Kléber, A.G.; Grintsevich, E.E.; Hong, T.;
et al. GJA1-20k, an Internally Translated Isoform of Connexin 43, Is an Actin Capping Protein. bioRxiv 2022.

Madan, S.; Uttekar, B.; Chowdhary, S.; Rikhy, R. Mitochondria Lead the Way: Mitochondrial Dynamics and Function in Cellular
Movements in Development and Disease. Front. Cell Dev. Biol. 2022, 9, 781933. [CrossRef]

Caino, M.C.; Seo, ].H.; Aguinaldo, A.; Wait, E.; Bryant, K.G.; Kossenkov, A.V.; Hayden, ].E.; Vaira, V.; Morotti, A.; Ferrero, S.; et al.
A Neuronal Network of Mitochondrial Dynamics Regulates Metastasis. Nat. Commun. 2016, 7, 13730. [CrossRef]

Irwin, R.M.; Thomas, M.A.; Fahey, M.].; Mayan, M.D.; Smyth, ].W.; Delco, M.L. Connexin 43 Regulates Intercellular Mitochondrial
Transfer from Human Mesenchymal Stromal Cells to Chondrocytes. Stern Cell Res. Ther. 2024, 15, 359. [CrossRef] [PubMed]
Ribeiro-Rodrigues, T.M.; Martins-Marques, T.; Morel, S.; Kwak, B.R.; Girao, H. Role of Connexin 43 in Different Forms of
Intercellular Communication—Gap Junctions, Extracellular Vesicles and Tunnelling Nanotubes. |. Cell Sci. 2017, 130, 3619-3630.
[CrossRef]

Kotini, M.; Barriga, E.H.; Leslie, ].; Gentzel, M.; Rauschenberger, V.; Schambony, A.; Mayor, R. Gap Junction Protein Connexin-43
Is a Direct Transcriptional Regulator of N-Cadherin In Vivo. Nat. Commun. 2018, 9, 3846. [CrossRef] [PubMed]

Dang, X.; Doble, B.W.; Kardami, E. The Carboxy-Tail of Connexin-43 Localizes to the Nucleus and Inhibits Cell Growth. Mol. Cell.
Biochem. 2003, 242, 35-38. [CrossRef]

Mennecier, G.; Derangeon, M.; Coronas, V.; Hervé, J.-C.; Mesnil, M. Aberrant Expression and Localization of Connexin43 and
Connexin30 in a Rat Glioma Cell Line. Mol. Carcinog. 2008, 47, 391-401. [CrossRef] [PubMed]

Karginov, T.A.; Pastor, D.P.H.; Semler, B.L.; Gomez, C.M. Mammalian Polycistronic mRNAs and Disease. Trends Genet. 2017, 33,
129-142. [CrossRef] [PubMed]


https://doi.org/10.1091/mbc.E17-06-0406
https://doi.org/10.1021/acschemneuro.0c00142
https://doi.org/10.1002/term.3002
https://doi.org/10.1016/j.nbd.2023.106277
https://doi.org/10.3390/cancers12103013
https://doi.org/10.1186/1478-811X-12-31
https://doi.org/10.1074/jbc.M113.540187
https://www.ncbi.nlm.nih.gov/pubmed/24872408
https://doi.org/10.1016/j.celrep.2019.04.114
https://doi.org/10.1016/j.bbamcr.2015.10.015
https://doi.org/10.1161/CIRCRESAHA.122.322294
https://doi.org/10.1097/CM9.0000000000002320
https://www.ncbi.nlm.nih.gov/pubmed/36728924
https://doi.org/10.1016/S0960-9822(01)00424-9
https://www.ncbi.nlm.nih.gov/pubmed/11553331
https://doi.org/10.1021/bi201806j
https://www.ncbi.nlm.nih.gov/pubmed/22558917
https://doi.org/10.1016/j.cell.2006.12.037
https://doi.org/10.3389/fcell.2021.781933
https://doi.org/10.1038/ncomms13730
https://doi.org/10.1186/s13287-024-03932-9
https://www.ncbi.nlm.nih.gov/pubmed/39390589
https://doi.org/10.1242/jcs.200667
https://doi.org/10.1038/s41467-018-06368-x
https://www.ncbi.nlm.nih.gov/pubmed/30242148
https://doi.org/10.1023/A:1021152709313
https://doi.org/10.1002/mc.20393
https://www.ncbi.nlm.nih.gov/pubmed/18058800
https://doi.org/10.1016/j.tig.2016.11.007
https://www.ncbi.nlm.nih.gov/pubmed/28012572

Cells 2025, 14, 180 18 of 21

71.

72.

73.

74.

75.

76.

77.

78.
79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Steder, M.; Alla, V.; Meier, C.; Spitschak, A.; Pahnke, ].; Fiirst, K.; Kowtharapu, B.S.; Engelmann, D.; Petigk, ].; Egberts, E,; et al.
DNp73 Exerts Function in Metastasis Initiation by Disconnecting the Inhibitory Role of EPLIN on IGF1R-AKT/STAT3 Signaling.
Cancer Cell 2013, 24, 512-527. [CrossRef] [PubMed]

Carbonnelle, D.; Vignard, V.; Sehedic, D.; Moreau-Aubry, A.; Florenceau, L.; Charpentier, M.; Mikulits, W.; Labarriere, N.; Lang, F.
The Melanoma Antigens MELOE-1 and MELOE-2 Are Translated from a Bona Fide Polycistronic mRNA Containing Functional
IRES Sequences. PLoS ONE 2013, 8, 75233. [CrossRef]

Marques-Ramos, A.; Candeias, M.M.; Menezes, J.; Lacerda, R.; Willcocks, M.; Teixeira, A.; Locker, N.; Romao, L. Cap-Independent
Translation Ensures mTOR Expression and Function upon Protein Synthesis Inhibition. RNA 2017, 23, 1712-1728. [CrossRef]
[PubMed]

Loewenstein, W.R.; Kanno, Y. Intercellular Communication and the Control of Tissue Growth: Lack of Communication Between
Cancer Cells. Nature 1966, 209, 1248-1249. [CrossRef] [PubMed]

Rodriguez-Candela Mateos, M.; Carpintero-Fernandez, P.; Freijanes, P.S.; Mosquera, J.; Nebril, B.A.; Mayén, M.D. Insights into
the Role of Connexins and Specialized Intercellular Communication Pathways in Breast Cancer: Mechanisms and Applications.
Biochim. Biophys. Acta BBA—Rev. Cancer 2024, 1879, 189173. [CrossRef]

Totland, M.Z.; Omori, Y.; Serensen, V.; Kryeziu, K.; Aasen, T.; Brech, A.; Leithe, E. Endocytic Trafficking of Connexins in Cancer
Pathogenesis. Biochim. Biophys. Acta BBA—Mol. Basis Dis. 2023, 1869, 166812. [CrossRef]

Cronier, L.; Crespin, S.; Strale, P.-O.; Defamie, N.; Mesnil, M. Gap Junctions and Cancer: New Functions for an Old Story. Antioxid.
Redox Signal. 2009, 11, 323-338. [CrossRef] [PubMed]

Aasen, T. Connexins: Junctional and Non-Junctional Modulators of Proliferation. Cell Tissue Res. 2015, 360, 685-699. [CrossRef]
Ableser, M.].; Penuela, S.; Lee, J.; Shao, Q.; Laird, D.W. Connexin43 Reduces Melanoma Growth within a Keratinocyte Microenvi-
ronment and during Tumorigenesis In Vivo. |. Biol. Chem. 2014, 289, 1592-1603. [CrossRef]

Avanzo, ].L. Increased Susceptibility to Urethane-Induced Lung Tumors in Mice with Decreased Expression of Connexin43.
Carcinogenesis 2004, 25, 1973-1982. [CrossRef] [PubMed]

Benko, G.; Spaji¢, B.; Demirovi¢, A,; Stimac, G.; Kruslin, B.; Tomas, D. Prognostic Value of Connexin43 Expression in Patients with
Clinically Localized Prostate Cancer. Prostate Cancer Prostatic Dis. 2011, 14, 90-95. [CrossRef]

Lamiche, C.; Clarhaut, J.; Strale, P-O.; Crespin, S.; Pedretti, N.; Bernard, FE-X.; Naus, C.C.; Chen, V.C.; Foster, L.]J.; Defamie, N.;
et al. The Gap Junction Protein Cx43 Is Involved in the Bone-Targeted Metastatic Behaviour of Human Prostate Cancer Cells.
Clin. Exp. Metastasis 2012, 29, 111-122. [CrossRef] [PubMed]

Czyz, J.; Szpak, K.; Madeja, Z. The Role of Connexins in Prostate Cancer Promotion and Progression. Nat. Rev. Urol. 2012, 9,
274-282. [CrossRef]

Boucher, J.; Monvoisin, A.; Vix, J.; Mesnil, M.; Thuringer, D.; Debiais, F.; Cronier, L. Connexins, Important Players in the
Dissemination of Prostate Cancer Cells. Biochim. Biophys. Acta Biomembr. 2018, 1860, 202-215. [CrossRef]

Naus, C.C.; Laird, D.W. Implications and Challenges of Connexin Connections to Cancer. Nat. Rev. Cancer 2010, 10, 435-441.
[CrossRef] [PubMed]

Sin, W.C.; Aftab, Q.; Bechberger, J.F.; Leung, ].H.; Chen, H.; Naus, C.C. Astrocytes Promote Glioma Invasion via the Gap Junction
Protein Connexin43. Oncogene 2016, 35, 1504-1516. [CrossRef] [PubMed]

Wang, H.; Tian, L.; Liu, J.; Goldstein, A.; Bado, I.; Zhang, W.; Arenkiel, B.R.; Li, Z; Yang, M.; Du, S.; et al. The Osteogenic Niche Is
a Calcium Reservoir of Bone Micrometastases and Confers Unexpected Therapeutic Vulnerability. Cancer Cell 2018, 34, 823-839.e7.
[CrossRef]

Neftel, C.; Laffy, J.; Filbin, M.G.; Hara, T.; Shore, M.E.; Rahme, G.J.; Richman, A.R.; Silverbush, D.; Shaw, M.L.; Hebert, C.M.; et al.
An Integrative Model of Cellular States, Plasticity, and Genetics for Glioblastoma. Cell 2019, 178, 835-849.e21. [CrossRef]

Strale, P-O.; Clarhaut, J.; Lamiche, C.; Cronier, L.; Mesnil, M.; Defamie, N. Down-Regulation of Connexin43 Expression Reveals
the Involvement of Caveolin-1 Containing Lipid Rafts in Human U251 Glioblastoma Cell Invasion. Mol. Carcinog. 2012, 51,
845-860. [CrossRef]

Chepied, A.; Daoud-Omar, Z.; Meunier-Balandre, A.-C.; Laird, D.W.; Mesnil, M.; Defamie, N. Involvement of the Gap Junction
Protein, Connexin43, in the Formation and Function of Invadopodia in the Human U251 Glioblastoma Cell Line. Cells 2020, 9,
117. [CrossRef]

McCutcheon, S.; Spray, D.C. Glioblastoma—Astrocyte Connexin 43 Gap Junctions Promote Tumor Invasion. Mol. Cancer Res. 2022,
20, 319-331. [CrossRef]

Lin, ] H.-C.; Takano, T.; Cotrina, M.L.; Arcuino, G.; Kang, J.; Liu, S.; Gao, Q.; Jiang, L.; Li, F; Lichtenberg-Frate, H.; et al. Connexin
43 Enhances the Adhesivity and Mediates the Invasion of Malignant Glioma Cells. ]J. Neurosci. 2002, 22, 4302-4311. [CrossRef]
Zhang, W.; DeMattia, ].A.; Song, H.; Couldwell, W.T. Communication Between Malignant Glioma Cells and Vascular Endothelial
Cells Through Gap Junctions. J. Neurosurg. 2003, 98, 846-853. [CrossRef]

Peleli, M.; Moustakas, A.; Papapetropoulos, A. Endothelial-Tumor Cell Interaction in Brain and CNS Malignancies. Int. J. Mol. Sci.
2020, 21, 7371. [CrossRef] [PubMed]


https://doi.org/10.1016/j.ccr.2013.08.023
https://www.ncbi.nlm.nih.gov/pubmed/24135282
https://doi.org/10.1371/journal.pone.0075233
https://doi.org/10.1261/rna.063040.117
https://www.ncbi.nlm.nih.gov/pubmed/28821580
https://doi.org/10.1038/2091248a0
https://www.ncbi.nlm.nih.gov/pubmed/5956321
https://doi.org/10.1016/j.bbcan.2024.189173
https://doi.org/10.1016/j.bbadis.2023.166812
https://doi.org/10.1089/ars.2008.2153
https://www.ncbi.nlm.nih.gov/pubmed/18834328
https://doi.org/10.1007/s00441-014-2078-3
https://doi.org/10.1074/jbc.M113.507228
https://doi.org/10.1093/carcin/bgh193
https://www.ncbi.nlm.nih.gov/pubmed/15166089
https://doi.org/10.1038/pcan.2010.51
https://doi.org/10.1007/s10585-011-9434-4
https://www.ncbi.nlm.nih.gov/pubmed/22080401
https://doi.org/10.1038/nrurol.2012.14
https://doi.org/10.1016/j.bbamem.2017.06.020
https://doi.org/10.1038/nrc2841
https://www.ncbi.nlm.nih.gov/pubmed/20495577
https://doi.org/10.1038/onc.2015.210
https://www.ncbi.nlm.nih.gov/pubmed/26165844
https://doi.org/10.1016/j.ccell.2018.10.002
https://doi.org/10.1016/j.cell.2019.06.024
https://doi.org/10.1002/mc.20853
https://doi.org/10.3390/cells9010117
https://doi.org/10.1158/1541-7786.MCR-21-0199
https://doi.org/10.1523/JNEUROSCI.22-11-04302.2002
https://doi.org/10.3171/jns.2003.98.4.0846
https://doi.org/10.3390/ijms21197371
https://www.ncbi.nlm.nih.gov/pubmed/33036204

Cells 2025, 14, 180 19 of 21

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Grek, C.L.; Sheng, Z.; Naus, C.C.; Sin, W.C.; Gourdie, R.G.; Ghatnekar, G.G. Novel Approach to Temozolomide Resistance in
Malignant Glioma: Connexin43-Directed Therapeutics. Curr. Opin. Pharmacol. 2018, 41, 79-88. [CrossRef]

Lin, Q.; Liu, Z,; Ling, F; Xu, G. Astrocytes Protect Glioma Cells from Chemotherapy and Upregulate Survival Genes via Gap
Junctional Communication. Mol. Med. Rep. 2016, 13, 1329-1335. [CrossRef]

Busby, M.; Hallett, M.; Plante, I. The Complex Subtype-Dependent Role of Connexin 43 (GJA1) in Breast Cancer. Int. |. Mol. Sci.
2018, 19, 693. [CrossRef]

Pollmann, M.-A; Shao, Q.; Laird, D.W.; Sandig, M. Connexin 43 Mediated Gap Junctional Communication Enhances Breast
Tumor Cell Diapedesis in Culture. Breast Cancer Res. BCR 2005, 7, R522-R534. [CrossRef] [PubMed]

Stoletov, K.; Strnadel, J.; Zardouzian, E.; Momiyama, M.; Park, ED.; Kelber, ]J.A.; Pizzo, D.P.; Hoffman, R.; VandenBerg, S.R.;
Klemke, R.L. Role of Connexins in Metastatic Breast Cancer and Melanoma Brain Colonization. J. Cell Sci. 2013, 126, 904-913.
[CrossRef]

Elzarrad, M.K.; Haroon, A.; Willecke, K.; Dobrowolski, R.; Gillespie, M.N.; Al-Mehdi, A.-B. Connexin-43 Upregulation in
Micrometastases and Tumor Vasculature and Its Role in Tumor Cell Attachment to Pulmonary Endothelium. BMC Med. 2008,
6,20. [CrossRef] [PubMed]

Talbot, J.; Dupuy, M.; Morice, S.; Rédini, F.; Verrecchia, F. Antagonistic Functions of Connexin 43 during the Development of
Primary or Secondary Bone Tumors. Biomolecules 2020, 10, 1240. [CrossRef]

Zhang, A.; Hitomi, M.; Bar-Shain, N.; Dalimov, Z.; Ellis, L.; Velpula, K.K.; Fraizer, G.C.; Gourdie, R.G.; Lathia, ].D. Connexin
43 Expression Is Associated with Increased Malignancy in Prostate Cancer Cell Lines and Functions to Promote Migration.
Oncotarget 2015, 6, 11640-11651. [CrossRef] [PubMed]

Govindarajan, R.; Zhao, S.; Song, X.-H.; Guo, R.-J.; Wheelock, M.; Johnson, K.R.; Mehta, P.P. Impaired Trafficking of Connexins
in Androgen-Independent Human Prostate Cancer Cell Lines and Its Mitigation by Alpha-Catenin. J. Biol. Chem. 2002, 277,
50087-50097. [CrossRef]

Boucher, J. Involvement of Connexin 43 in Prostate Cancer Progression to Bone. Available online: https://theses.fr/s160922
(accessed on 19 December 2018).

Li, Z.; Zhou, Z.; Donahue, H.J. Alterations in Cx43 and OB-Cadherin Affect Breast Cancer Cell Metastatic Potential. Clin. Exp.
Metastasis 2008, 25, 265-272. [CrossRef] [PubMed]

Wang, H.; Yu, C.; Gao, X.; Welte, T.; Muscarella, A.M.; Tian, L.; Zhao, H.; Zhao, Z.; Du, S.; Tao, J.; et al. The Osteogenic Niche
Promotes Early-Stage Bone Colonization of Disseminated Breast Cancer Cells. Cancer Cell 2015, 27, 193-210. [CrossRef]

Bao, B.; Jiang, J.; Yanase, T.; Nishi, Y.; Morgan, J.R. Connexon-Mediated Cell Adhesion Drives Microtissue Self-Assembly. FASEB ].
2011, 25, 255-264. [CrossRef]

Grasset, E.M.; Barillé-Nion, S.; Juin, P.P. Stress in the Metastatic Journey—The Role of Cell Communication and Clustering in
Breast Cancer Progression and Treatment Resistance. Dis. Model. Mech. 2024, 17, dmm050542. [CrossRef] [PubMed]

Moorby, C.; Patel, M. Dual Functions for Connexins: Cx43 Regulates Growth Independently of Gap Junction Formation. Exp. Cell
Res. 2001, 271, 238-248. [CrossRef]

Crespin, S.; Bechberger, J.; Mesnil, M.; Naus, C.C.; Sin, W.-C. The Carboxy-Terminal Tail of Connexin43 Gap Junction Protein Is
Sufficient to Mediate Cytoskeleton Changes in Human Glioma Cells. J. Cell. Biochem. 2010, 110, 589-597. [CrossRef] [PubMed]
Zhang, Y.-W.; Kaneda, M.; Morita, I. The Gap Junction-Independent Tumor-Suppressing Effect of Connexin 43. J. Biol. Chem. 2003,
278, 44852-44856. [CrossRef] [PubMed]

Magbool, R.; Rashid, R.; Ismail, R.; Niaz, S.; Chowdri, N.A.; Hussain, M.U. The Carboxy-Terminal Domain of Connexin 43
(CT-Cx43) Modulates the Expression of P53 by Altering miR-125b Expression in Low-Grade Human Breast Cancers. Cell. Oncol.
2015, 38, 443-451. [CrossRef]

Sun, Y.; Zhao, X.; Yao, Y,; Qi, X.; Yuan, Y.; Hu, Y. Connexin 43 Interacts with Bax to Regulate Apoptosis of Pancreatic Cancer
Through a Gap Junction-Independent Pathway. Int. |. Oncol. 2012, 41, 941-948. [CrossRef] [PubMed]

Gielen, PR.; Aftab, Q.; Ma, N.; Chen, V.C.; Hong, X.; Lozinsky, S.; Naus, C.C.; Sin, W.C. Connexin43 Confers Temozolomide
Resistance in Human Glioma Cells by Modulating the Mitochondrial Apoptosis Pathway. Neuropharmacology 2013, 75, 539-548.
[CrossRef]

Bates, D.C.; Sin, W.C.; Aftab, Q.; Naus, C.C. Connexin43 Enhances Glioma Invasion by a Mechanism Involving the Carboxy
Terminus. Glia 2007, 55, 1554-1564. [CrossRef]

Behrens, J.; Kameritsch, P.; Wallner, S.; Pohl, U.; Pogoda, K. The Carboxyl Tail of Cx43 Augments P38 Mediated Cell Migration in
a Gap Junction-Independent Manner. Eur. J. Cell Biol. 2010, 89, 828-838. [CrossRef]

Cina, C.; Maass, K,; Theis, M.; Willecke, K.; Bechberger, ].E; Naus, C.C. Involvement of the Cytoplasmic C-Terminal Domain of
Connexin43 in Neuronal Migration. J. Neurosci. 2009, 29, 2009-2021. [CrossRef] [PubMed]

Machtaler, S.; Dang-Lawson, M.; Choi, K.; Jang, C.; Naus, C.C.; Matsuuchi, L. The Gap Junction Protein Cx43 Regulates
B-Lymphocyte Spreading and Adhesion. J. Cell Sci. 2011, 124, 2611-2621. [CrossRef] [PubMed]


https://doi.org/10.1016/j.coph.2018.05.002
https://doi.org/10.3892/mmr.2015.4680
https://doi.org/10.3390/ijms19030693
https://doi.org/10.1186/bcr1042
https://www.ncbi.nlm.nih.gov/pubmed/15987459
https://doi.org/10.1242/jcs.112748
https://doi.org/10.1186/1741-7015-6-20
https://www.ncbi.nlm.nih.gov/pubmed/18647409
https://doi.org/10.3390/biom10091240
https://doi.org/10.18632/oncotarget.3449
https://www.ncbi.nlm.nih.gov/pubmed/25960544
https://doi.org/10.1074/jbc.M202652200
https://theses.fr/s160922
https://doi.org/10.1007/s10585-007-9140-4
https://www.ncbi.nlm.nih.gov/pubmed/18193170
https://doi.org/10.1016/j.ccell.2014.11.017
https://doi.org/10.1096/fj.10-155291
https://doi.org/10.1242/dmm.050542
https://www.ncbi.nlm.nih.gov/pubmed/38506114
https://doi.org/10.1006/excr.2001.5357
https://doi.org/10.1002/jcb.22554
https://www.ncbi.nlm.nih.gov/pubmed/20512920
https://doi.org/10.1074/jbc.M305072200
https://www.ncbi.nlm.nih.gov/pubmed/12952975
https://doi.org/10.1007/s13402-015-0240-x
https://doi.org/10.3892/ijo.2012.1524
https://www.ncbi.nlm.nih.gov/pubmed/22736223
https://doi.org/10.1016/j.neuropharm.2013.05.002
https://doi.org/10.1002/glia.20569
https://doi.org/10.1016/j.ejcb.2010.06.003
https://doi.org/10.1523/JNEUROSCI.5025-08.2009
https://www.ncbi.nlm.nih.gov/pubmed/19228955
https://doi.org/10.1242/jcs.089532
https://www.ncbi.nlm.nih.gov/pubmed/21750189

Cells 2025, 14, 180 20 of 21

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.
129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Grek, C.L.; Rhett, ].M.; Bruce, ].S.; Abt, M.A.; Ghatnekar, G.S.; Yeh, E.S. Targeting Connexin 43 with «—Connexin Carboxyl-
Terminal (ACT1) Peptide Enhances the Activity of the Targeted Inhibitors, Tamoxifen and Lapatinib, in Breast Cancer: Clinical
Implication for ACT1. BMC Cancer 2015, 15, 296. [CrossRef]

Pridham, K.J.; Shah, F; Hutchings, K.R.; Sheng, K.L.; Guo, S.; Liu, M.; Kanabur, P.; Lamouille, S.; Lewis, G.; Morales, M.; et al.
Connexin 43 Confers Chemoresistance Through Activating PI3K. Oncogenesis 2022, 11, 2. [CrossRef]

Sato, A.; da Fonseca, I.I.M.; Nagamine, M.K,; de Toledo, G.E; Olio, R.; Hernandez-Blazquez, FJ.; Yano, T.; Yeh, E.S.; Dagli, M.L.Z.
Effects of Alpha-Connexin Carboxyl-Terminal Peptide (aCT1) and Bowman-Birk Protease Inhibitor (BBI) on Canine Oral Mucosal
Melanoma (OMM) Cells. Front. Vet. Sci. 2021, 8, 670451. [CrossRef]

da Fonseca, L1.M.; Nagamine, M.K,; Sato, A.; Rossatto-Jr, C.A.; Yeh, E.S.; Dagli, M.L.Z. Inhibitory Effects of Alpha-Connexin
Carboxyl-Terminal Peptide on Canine Mammary Epithelial Cells: A Study on Benign and Malignant Phenotypes. Cancers 2024,
16, 820. [CrossRef]

Gangoso, E.; Thirant, C.; Chneiweiss, H.; Medina, ].M.; Tabernero, A. A Cell-Penetrating Peptide Based on the Interaction Between
c-Src and Connexin43 Reverses Glioma Stem Cell Phenotype. Cell Death Dis. 2014, 5, €1023. [CrossRef] [PubMed]
Jaraiz-Rodriguez, M.; Talaverén, R.; Garcia-Vicente, L.; Pelaz, S.G.; Dominguez-Prieto, M.; Alvarez—Vézquez, A.; Flores-
Hernandez, R.; Sin, W.C.; Bechberger, J.; Medina, ].M.; et al. Connexin43 Peptide, TAT-Cx43266-283, Selectively Targets
Glioma Cells, Impairs Malignant Growth, and Enhances Survival in Mouse Models In Vivo. Neuro-Oncol. 2020, 22, 493-504.
[CrossRef]

Pelaz, S.G.; Jaraiz-Rodriguez, M.; Alvarez—Vézquez, A.; Talaverén, R.; Garcia-Vicente, L.; Flores-Herndndez, R.; Gémez De
Cedrén, M.; Tabernero, M.; Ramirez De Molina, A.; Lillo, C.; et al. Targeting Metabolic Plasticity in Glioma Stem Cells In Vitro
and In Vivo Through Specific Inhibition of C-Src by TAT-Cx43266-283. eBioMedicine 2020, 62, 103134. [CrossRef]

He, D.; Li, H. Bifunctional Cx43 Mimic Peptide Grafted Hyaluronic Acid Hydrogels Inhibited Tumor Recurrence and Stimulated
Wound Healing for Postsurgical Tumor Treatment. Adv. Funct. Mater. 2020, 30, 2004709. [CrossRef]

Cutruzzola, F; Giardina, G.; Marani, M.; Macone, A.; Paiardini, A.; Rinaldo, S.; Paone, A. Glucose Metabolism in the Progression
of Prostate Cancer. Front. Physiol. 2017, 8, 97. [CrossRef]

Wallace, D.C. Mitochondria and Cancer. Nat. Rev. Cancer 2012, 12, 685-698. [CrossRef]

Altieri, D.C. Mitochondria on the Move: Emerging Paradigms of Organelle Trafficking in Tumour Plasticity and Metastasis. Br.
J. Cancer 2017, 117, 301-305. [CrossRef]

Panov, A.; Orynbayeva, Z. Bioenergetic and Antiapoptotic Properties of Mitochondria from Cultured Human Prostate Cancer
Cell Lines PC-3, DU145 and LNCaP. PLoS ONE 2013, 8, €72078. [CrossRef] [PubMed]

Vikramdeo, K.S.; Sharma, A.; Anand, S.; Sudan, S.K,; Singh, S.; Singh, A.P.; Dasgupta, S. Mitochondrial Alterations in Prostate
Cancer: Roles in Pathobiology and Racial Disparities. Int. J. Mol. Sci. 2023, 24, 4482. [CrossRef] [PubMed]

Fontana, F.; Anselmi, M.; Limonta, P. Unraveling the Peculiar Features of Mitochondrial Metabolism and Dynamics in Prostate
Cancer. Cancers 2023, 15, 1192. [CrossRef]

Desai, S.P,; Bhatia, S.N.; Toner, M.; Irimia, D. Mitochondrial Localization and the Persistent Migration of Epithelial Cancer Cells.
Biophys. |. 2013, 104, 2077-2088. [CrossRef]

Boulton, D.P.; Caino, M.C. Mitochondrial Fission and Fusion in Tumor Progression to Metastasis. Front. Cell Dev. Biol. 2022,
10, 849962. [CrossRef]

Han, X.-J.; Yang, Z.-].; Jiang, L.-P.; Wei, Y.-E; Liao, M.-F; Qian, Y.; Li, Y.; Huang, X.; Wang, J.-B.; Xin, H.-B.; et al. Mitochondrial
Dynamics Regulates Hypoxia-Induced Migration and Antineoplastic Activity of Cisplatin in Breast Cancer Cells. Int. J. Oncol.
2015, 46, 691-700. [CrossRef]

Seo, ].H.; Agarwal, E.; Chae, Y.C; Lee, Y.G.; Garlick, D.S,; Storaci, A.M.; Ferrero, S.; Gaudioso, G.; Gianelli, U.; Vaira, V.; et al.
Mitochondrial Fission Factor Is a Novel Myc-Dependent Regulator of Mitochondrial Permeability in Cancer. eBioMedicine 2019,
48, 353-363. [CrossRef] [PubMed]

Caino, M.C; Altieri, D.C. Cancer Cells Exploit Adaptive Mitochondrial Dynamics to Increase Tumor Cell Invasion. Cell Cycle
2015, 14, 3242-3247. [CrossRef] [PubMed]

Shimura, D.; Shaw, R M. GJA1-20k and Mitochondrial Dynamics. Front. Physiol. 2022, 13, 867358. [CrossRef] [PubMed]
Melwani, PK.; Pandey, B.N. Tunneling Nanotubes: The Intercellular Conduits Contributing to Cancer Pathogenesis and Its
Therapy. Biochim. Biophys. Acta BBA—Rev. Cancer 2023, 1878, 189028. [CrossRef]

Golan, K;; Singh, A K,; Kollet, O.; Bertagna, M.; Althoff, M.].; Khatib-Massalha, E.; Petrovich-Kopitman, E.; Wellendorf, A.M.;
Massalha, H.; Levin-Zaidman, S.; et al. Bone Marrow Regeneration Requires Mitochondrial Transfer from Donor Cx43-Expressing
Hematopoietic Progenitors to Stroma. Blood 2020, 136, 2607-2619. [CrossRef] [PubMed]

Ippolito, L.; Morandi, A.; Taddei, M.L.; Parri, M.; Comito, G.; Iscaro, A.; Raspollini, M.R.; Magherini, F; Rapizzi, E.; Masquelier, | ;
et al. Cancer-Associated Fibroblasts Promote Prostate Cancer Malignancy via Metabolic Rewiring and Mitochondrial Transfer.
Oncogene 2019, 38, 5339-5355. [CrossRef] [PubMed]


https://doi.org/10.1186/s12885-015-1229-6
https://doi.org/10.1038/s41389-022-00378-7
https://doi.org/10.3389/fvets.2021.670451
https://doi.org/10.3390/cancers16040820
https://doi.org/10.1038/cddis.2013.560
https://www.ncbi.nlm.nih.gov/pubmed/24457967
https://doi.org/10.1093/neuonc/noz243
https://doi.org/10.1016/j.ebiom.2020.103134
https://doi.org/10.1002/adfm.202004709
https://doi.org/10.3389/fphys.2017.00097
https://doi.org/10.1038/nrc3365
https://doi.org/10.1038/bjc.2017.201
https://doi.org/10.1371/journal.pone.0072078
https://www.ncbi.nlm.nih.gov/pubmed/23951286
https://doi.org/10.3390/ijms24054482
https://www.ncbi.nlm.nih.gov/pubmed/36901912
https://doi.org/10.3390/cancers15041192
https://doi.org/10.1016/j.bpj.2013.03.025
https://doi.org/10.3389/fcell.2022.849962
https://doi.org/10.3892/ijo.2014.2781
https://doi.org/10.1016/j.ebiom.2019.09.017
https://www.ncbi.nlm.nih.gov/pubmed/31542392
https://doi.org/10.1080/15384101.2015.1084448
https://www.ncbi.nlm.nih.gov/pubmed/26317663
https://doi.org/10.3389/fphys.2022.867358
https://www.ncbi.nlm.nih.gov/pubmed/35399255
https://doi.org/10.1016/j.bbcan.2023.189028
https://doi.org/10.1182/blood.2020005399
https://www.ncbi.nlm.nih.gov/pubmed/32929449
https://doi.org/10.1038/s41388-019-0805-7
https://www.ncbi.nlm.nih.gov/pubmed/30936458

Cells 2025, 14, 180 21 of 21

142.

143.

144.

145.

Kretschmer, A.; Zhang, F.; Somasekharan, S.P; Tse, C.; Leachman, L.; Gleave, A ; Li, B.; Asmaro, I.; Huang, T.; Kotula, L.; et al.
Stress-Induced Tunneling Nanotubes Support Treatment Adaptation in Prostate Cancer. Sci. Rep. 2019, 9, 7826. [CrossRef]

Yao, Y.; Fan, X.-L,; Jiang, D.; Zhang, Y.; Li, X.; Xu, Z.-B.; Fang, S.-B.; Chiu, S.; Tse, H.-F,; Lian, Q.; et al. Connexin 43-Mediated
Mitochondrial Transfer of iPSC-MSCs Alleviates Asthma Inflammation. Stem Cell Rep. 2018, 11, 1120-1135. [CrossRef]

Yang, J.; Liu, L.; Oda, Y.; Wada, K.; Ago, M.; Matsuda, S.; Hattori, M.; Goto, T.; Ishibashi, S.; Kawashima-Sonoyama, Y.; et al.
Extracellular Vesicles and Cx43-Gap Junction Channels Are the Main Routes for Mitochondrial Transfer from Ultra-Purified
Mesenchymal Stem Cells, RECs. Int. . Mol. Sci. 2023, 24, 10294. [CrossRef] [PubMed]

Ren, D.; Zheng, P; Zou, S.; Gong, Y.; Wang, Y.; Duan, J.; Deng, J.; Chen, H.; Feng, J.; Zhong, C.; et al. GJA1-20K Enhances
Mitochondria Transfer from Astrocytes to Neurons via Cx43-TnTs After Traumatic Brain Injury. Cell. Mol. Neurobiol. 2022, 42,
1887-1895. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41598-019-44346-5
https://doi.org/10.1016/j.stemcr.2018.09.012
https://doi.org/10.3390/ijms241210294
https://www.ncbi.nlm.nih.gov/pubmed/37373439
https://doi.org/10.1007/s10571-021-01070-x

	Connexin43 (Cx43) 
	Generalities 
	Cx43 Carboxyl-Terminal Domain Functions 

	GJA1-20k Isoform 
	Expression and Regulation of GJA1-20k 
	GJA1-20k and Physiopathologies 
	Cellular and Molecular Mechanisms Involved 
	Cytoskeleton Dynamics and Cx43 Trafficking 
	Mitochondrial Dynamics, Biogenesis and Metabolic Regulation 
	Other Role(s) 


	GJA1-20k and Progression of Cancer 
	Demonstrated Roles of Alternative Translations During Epithelial-to-Mesenchymal Transition 
	Potential GJA1-20k Impacts on Human Cancer Cells 
	Control of Cx43 Exportation to Plasma Membrane 
	Role of Carboxyl-Terminal Domain in Cancer and Analogies for GJA1-20k 
	Control of Mitochondrial Localization and Activity 


	Concluding Remarks and Perspectives 
	References

