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Abstract: Tissue homeostasis is the result of a complex intercellular network controlling the behavior
of every cell for the survival of the whole organism. In mammalian tissues, cells do communicate
via diverse long- and short-range communication mechanisms. While long-range communication
involves hormones through blood circulation and neural transmission, short-range communication
mechanisms include either paracrine diffusible factors or direct interactions (e.g., gap junctions,
intercellular bridges and tunneling nanotubes) or a mixture of both (e.g., exosomes). Tumor growth
represents an alteration of tissue homeostasis and could be the consequence of intercellular network
disruption. In this network, direct short-range intercellular communication seems to be particularly
involved. The first type of these intercellular communications thought to be involved in cancer
progression were gap junctions and their protein subunits, the connexins. From these studies came the
general assumption that global decreased connexin expression is correlated to tumor progression and
increased cell proliferation. However, this assumption appeared more complicated by the fact that
connexins may act also as pro-tumorigenic. Then, the concept that direct intercellular communication
could be involved in cancer has been expanded to include new forms of intercellular communication
such as tunneling nanotubes (TNTs) and exosomes. TNTs are intercellular bridges that allow free
exchange of small molecules or even mitochondria depending on the presence of gap junctions. The
majority of current research shows that such exchanges promote cancer progression by increasing
resistance to hypoxia and chemotherapy. If exosomes are also involved in these mechanisms, more
studies are needed to understand their precise role. Prostate cancer (PCa) represents a type of
malignancy with one of the highest incidence rates worldwide. The precise role of these types
of direct short-range intercellular communication has been considered in the progression of PCa.
However, even though data are in favor of connexins playing a key role in PCa progression, a
clear understanding of the role of TNTs and exosomes is needed to define their precise role in this
malignancy. This review article summarizes the current view of the main mechanisms involved
in short-range intercellular communication and their implications in cancer and delves into the
biological, predictive and therapeutic role of connexins in PCa.
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1. Introduction

Tissue homeostasis is the result of a complex intercellular network controlling the behavior of every
cell to ensure correct function of the organs they belong to and survival of the organism. Accordingly, in
mammalian tissues, cells communicate via diverse long- and short-range communication mechanisms.
While long-range communication involves the action of hormones through general blood circulation
and neural transmission, short-range communication includes either paracrine diffusible factors (e.g.,
growth factors and cytokines) or direct interactions (e.g., gap junctions, intercellular bridges and
tunneling nanotubes) or a mixture of both (e.g., exosomes).

Tumor growth is a disruption of tissue homeostasis and has been long known that it could be the
consequence of intercellular network disruption or, at least, dysfunction of some of its components.
In this intercellular network, extensive studies have shown that it is mostly short-range intercellular
communication that is involved in this characteristic disruption of tissue homeostasis. Although
special attention has been given to the paracrine component of such a network, which was found as a
result of the discovery of oncogenes/tumor suppressor genes that control cancer cell growth, an even
earlier attention was given to the role of intercellular communication mediated by direct cell-to-cell
interactions in cancer development.

2. Cancer Involvement of Direct Intercellular Communications

2.1. Gap Junctions and Cancer

Over 50 years ago, direct cell-to-cell communication received attention in cancer research through
the study of gap junctions. More specifically, it was about the electrical coupling present between
normal hepatocytes and its loss in liver cancer cells [1]. The finding began a constant accumulation of
data supporting this initial observation in cancer cells from various tissues and from diverse mammalian
species. Initially, the lack of electrical coupling (or dye transfer) was associated with the absence of gap
junctions between cancer cells. This was demonstrated by using electron microscopy which showed
that gap junctions were absent in invasive or metastatic cells from cervical squamous carcinomas [2].
After cloning the protein subunits of gap junction channels, previously termed connexins (Cxs), it
became clear that Cxs are not functional in tumor cells because of lack of expression or aberrant
subcellular localization. This observation suggested that tumor cells can escape from normal cell control
because of the lack of functional gap junctions between them. This idea was confirmed by experiments
showing that chemical re-induction of gap-junctional intercellular communication (GJIC) between
cancer cells and normal cells was sufficient to decrease their growth [3]. More generally, reduced cell
proliferation was observed after re-inducing Cx expression through Cx cDNA transfection, supporting
the hypothesis that Cxs are putative tumor suppressors themselves [4]. The tumor suppressor role of
Cxs or GJIC was reinforced by the fact that non-genotoxic chemicals, known as tumor promoters (e.g.,
phorbol esters), as well as some tumor viruses (e.g., avian sarcoma virus), reduce GJIC [5–7]. Later, this
apparently clear picture of Cxs/gap junctions appearing as tumor suppressors became confused by a
series of observations. The first was that the recovery of GJIC is not always associated with decreased
cell proliferation but depends on the Cx type that is re-expressed in cancer cells [8]. The second
observation was that contrary to classical tumor suppressors, Cx gene mutations are rare and those
which have been described in some types of cancer do not appear as driver mutations [9]. This places
Cxs among Class II tumor suppressors, acting through aberrant expression. This is contrary to classical
Class I tumor suppressors whose effect is the consequence of defective gene mutations [10]. If not caused
by Cx gene mutations, loss of GJIC in cancer cells was shown to be the consequence of events targeting
Cxs and known to modulate their function at the post-translational level such as phosphorylation
or cytosolic Ca2+ concentration [11,12]. Among these events, phosphorylation has been studied
extensively and shown that Cx43 function is tightly controlled by kinases and phosphatases [13].
Multiple tumor promoters and oncogenes have been shown to inhibit Cx43-mediated GJIC through
specific phosphorylation of this connexin. This is the case of 12-O-tetradecanoyl-13-acetate (TPA)
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acting through protein kinase C (PKC) and extracellular signal-regulated kinase ERK activation [14,15]
or the activated proto-oncogene tyrosine-protein kinase Src through tyrosine phosphorylation [16].

There are only a few examples of cells from advanced cancers that have been shown to still
express Cxs. These observations appear as exceptions and they do not seem to contradict the general
assumption that decreased Cx expression was correlated to tumor progression and increased cell
proliferation. This was the case until a new study showed that Cxs that were still expressed in cancer
cells could be pro-tumorigenic because they promoted cell migration [17]. Such observations have
been collected during the last decade and support a more consolidated hypothesis that Cxs could act
as both inhibitors of cell proliferation and inducers of cell migration and invasion [18]. Cxs could be an
important factor in what was called the “grow or go” behavior of cancer cells. They would be able
to decrease growth of cancer cells when present by activating their migration out of the tumor core.
Consequently, some efforts have been made to use Cx identification and abundance in some tissues
as part of diagnosis, which requires further study for validation. This would be important for using
Cxs to reduce or eliminate cancer cells through the so-called bystander effect, in which radiation or
cisplatin toxicity can be propagated via gap junctions among cancer cells [19].

2.2. Intercellular Bridges, Tunneling Nanotubes and Cancer

Direct transfer of molecules and organelles has been described to occur through intercellular
bridges. These bridge structures result from incomplete cytokinesis and contain microtubules. They
facilitate transfer of cytoplasmic content including vesicles mainly between normal germ cells and
some cancer cells that could be deficient in GJIC. Intercellular bridges can be found between pairs or
group of cells and can range from 100 to 200 nm for thin extensions and 1 to 5 µm for wider structures
with length between a few microns and at least 50 to 100 µm containing alpha-tubulin bundles. It
is believed that intercellular bridges allow direct transfer of cytoplasmic molecules and organelles
helping to synchronize cell metabolism and state of differentiation [20]. The role of such structures in
cancer has not been well illustrated but it could have an influence on cancer phenotype since fusion
between cancer cells and normal cells was shown to lead to a normal phenotype [21] suggesting that
cancer phenotype is not dominant. To our knowledge, this assumption has not been explored and
confirmed further.

More recently, intercellular bridges, called tunneling nanotubes (TNTs) have been described
as long cytoplasmic extensions (up to 300 µm length; 50–800 nm diameter) that enable long-range,
directed communication between connected cells [22]. Time-lapsed imaging studies suggest that
TNTs are formed as an actin-driven protrusion outgrowth [23–25] similar to filopodia-like protrusion
containing F-actin, in which fascin, an actin filament bundling protein, has been identified [26]. After
extension, the tip of the filopodia-like protrusion contacts the target cell directly (or through adhesion
molecules) and may fuse with the receiving cell [25]. These structures have been observed as open
ended or gap junction/connexin-containing protrusions. It has been proposed that TNTs could also be
the consequence of cells moving apart after having been fused temporarily and partly (i.e., immune
synapse) stretching out the fused plasma membranes [23–25,27–29]. Structures like "mitotic nanotubes"
would belong to this last case since they are formed by mitotic cells with adjacent cells during rounding.
This formation may explain the presence of gap junctions in some instances since Cx43 can localize in
these intercellular bridges during mitosis [30].

Actin cytoskeleton is present in all kinds of TNTs and its polymerization plays an important role
in their formation [25,31,32]. In some cells (e.g., macrophages), TNTs have been shown to contain also
microtubules organized in bundles parallel to the major axis [33]. These differences of organizations
and/or composition may be linked to different functions of TNTs as it has been observed in normal and
cancer urothelial cells in which the fact that microtubules helically enwrap intermediate filaments may
provide particular elasticity and rigidity to these structures [34].

Whatever their structure, TNTs seem to be involved in the intercellular transport of cytoplasm
and vesicles between normal cells and cancer cells, and also between cancer cells and stroma cells.
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Depending if they are open-ended or not with the presence of gap junctions, TNTs have been shown
to allow other types of intercellular transports such as mitochondria, electrical signals and small
molecules [35]. If the precise molecular mechanisms involved in the formation of TNTs are not
completely understood, stimuli leading to this process should be identified. In the cancer context, such
stimuli are related to stress situations such as hypoxia and chemotherapy.

Hypoxic conditions stimulate TNT formation in chemoresistant ovarian cancer cells through
the mammalian target of rapamycin (mTOR) pathway whose inhibition leads to suppression of
these structures [36]. Interestingly, TNT formation can be detected between chemosensitive and
chemoresistant ovarian cancer cells [36]. In this particular context, the role of such TNT formation is
not known but could provide mitochondrial transfer that has been frequently observed through TNTs.
Such a transfer could help metabolic adjustments which then favor the tumor development helping
cancer cells to escape hypoxic conditions. For instance, acute myeloid leukemia (AML) relies on
oxidative phosphorylation to generate adenosine triphosphate. The reliance of multiple myeloma cells
on oxidative phosphorylation is caused by intercellular mitochondrial transfer to multiple myeloma
cells from neighboring non-malignant bone marrow stromal cells through TNTs. This phenomenon
appears as a response to hypoxia inside the tumor and is susceptible to decreased survival of the
tumor host [37,38]. Interestingly, when the mitochondrial transfer is decreased between mesenchymal
stem cells and Jurkat cells, it increases chemotherapy-induced cell death [39]. Mitochondrial transfer
between bone marrow microenvironment and leukemic cells thus appears as a new mechanism of drug
resistance [40]. Therefore, mitochondrial transfer is associated with increased cancer cell survival and
chemoresistance. It also seems to favor invasiveness, as it was observed in bladder cancer cells [41].
Supply of mitochondria to cancer cells can be supported by endothelial cells through TNTs [42]. Here
also, TNT-transferred mitochondria were shown to change the metabolism of recipient cells favoring
the emergence of chemoresistance in cancer cells [42]. These results are in phase with the fact that
changes in metabolic pathways, including glycolysis, pentose phosphate and lipid metabolism, are
linked to cancer cell resistance to therapy [43].

Thus, hypoxia resistance and chemoresistance seem to be increased through TNTs contributing
between malignant and stromal cells. Such connections can lead to changes in gene regulation
participating in cancer cell progression [44]. The molecular consequences of such heterocellular
connections are not well known. However, a number of concrete examples have started to emerge,
such as the transferrin receptor that is transferred from cancer cells to fibroblasts. This transfer involves
the function of the small guanosine triphosphatase (GTPase) Rab8, which is colocalized with the
transferrin receptor in the TNTs and is cotransferred to acceptor cells [45]. These types of connections
were found to be initiated from astrocytes towards C6 glioma cells; a phenomenon dependent on
the tumor protein p53 and able to reduce the proliferation of C6 glioma cells [46]. Macrophages may
also contribute to TNT formation among cancer cells via the secretion of unidentified factors [47].
TNTs could also be involved in tumor angiogenesis originating from pericytes that are looking to
actively explore the microenvironment and connecting with targeted vessels through other pericytes
or endothelial cells [48]. Alternatively they may also play a role in migration because TNTs can be
formed by migrating cancer cells and extend during migration [26].

Chemotherapeutics are a stress capable of inducing TNT formation in cancer cells which may also
participate in chemoresistance. For instance, doxorubicin stimulates formation of TNTs in pancreatic
cancer cells which facilitates the intercellular redistribution of the drug between connected cells
in vitro. Moreover, it was observed that TNT formation was upregulated in aggressive forms of
pancreatic carcinoma and was further stimulated after chemotherapy exposure acting as a novel
method for drug efflux [49]. Despite possible diffusion of the chemotherapeutic agent between cancer
cells, it has been observed that TNTs could increase chemoresistance in cancer cells by permitting
P-glycoprotein (encoded by the multidrug resistance gene-1, MDR1) transfer between the Michigan
Cancer Foundation-7 (MCF-7) breast cancer cells, a phenomenon which can also occur through
exosomes [50].
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Interestingly, TNTs and exosomes (or other extracellular vesicles) seem to be associated at different
levels. For instance, treatment with macrophage conditioned medium not only enhances TNT formation
between cells but also stimulates the release of cytoplasmic fragments, referred to as microplasts, from
MCF-7 cells through formation of TNT-like structures [47]. Mitochondria, vesicles and cytoplasm can
be transferred from cell body to microplasts through connecting TNTs. The microplasts can also be
resorbed into the cell body by retraction of the connecting TNTs [47]. Moreover, mesothelioma cells
co-cultured with exogenous mesothelioma-derived exosomes form more TNTs than cells cultured
without exosomes which are localized predominantly at the base of and within TNTs, in addition
to the extracellular environment. Time-lapse microscopic imaging demonstrated uptake of tumor
exosomes by TNTs, which facilitated intercellular transfer of these exosomes between connected
cells. Mesothelioma cells connected via TNTs were also enriched for lipid rafts. This study provided
supportive evidence of exosomes as potential chemotactic stimuli for TNT formation, and lipid raft
formation as a potential biomarker for TNT-forming cells [51]. The link between TNTs and exosomes
may be mediated by the Ras association domain-containing protein 1 (RASSF1A), a key-regulator of
cytoskeleton. When the inactivation of RhoB guanine nucleotide exchange factor, GEF-H1, is induced
by RASSF1A silencing, it leads to accumulation of the Ras related protein 11 (Rab11) and subsequent
exosome releasing, which in turn contribute to TNTs formation [52].

To summarize, TNTs may play an important role in critical aspects of cancer including cellular
invasion, metastasis, and emergence of chemotherapy drug resistance. Through these different aspects,
they probably act also on intratumor heterogeneity [44,53]. Therefore, it seems that preventing
TNT formation could be a potential therapeutic possibility that would affect tumor metabolism and
progression [38].

2.3. Exosomes and Cancer

Another cell-to-cell communication mechanism that has been studied in cancer is exosomes. They
are membrane vesicles of endocytic origin ranging from 30 to 150 nm in diameter, released by almost
all, if not all, cell types. They contain proteins, lipids and nucleic acids, which can be transferred
locally or even systemically between tumor cells and to other cells such as fibroblasts, endothelial cells,
progenitor cells, and cells of the immune system. In addition, Cx43 forming hexameric channels have
been found at the membrane of exosomes isolated from the extracellular medium of cultured cells
or different body fluids. Since inhibition of Cx43 channels drastically reduced transfer of exosome
content to cells it was proposed that they modulate the interaction between exosomes and acceptor
cells, facilitating the release of exosomal cargo into cells [54].

Recently, using bioinformatics analysis it was proposed that RNA- and DNA-binding motifs
found in Cx43 and Cx26 sequences might be important to consider for future studies on transfer of
genetic information through extracellular vesicles [55].

Intercellular bridges, tunneling nanotubes and exosomes have been proposed to mediate transfer
of nucleic acids relevant in cancer metastasis and thus could be crucial targets to reduce or completely
prevent this critical event in cancer development. On the other hand, hemichannels and gap junction
channels between cancer cells and endothelial cells have been shown to mediate signaling transfer
required for cellular extravasation and thus they could participate in propagation of metastatic cells.

3. Prostate Cancer, an Example of the Involvement of Direct Intercellular Communications
in Cancer

3.1. Biological and Clinical Aspects of Prostate Cancer

Prostate cancer (PCa) is one of the malignancies with the highest incidence and represents the
second leading cause of cancer-related death in American and European men [56–58]. Huggins
and Hodges reported in 1941 [59] that growth of PCa depended on androgens, and this conceptual
break-through led to the development of androgen deprivation therapy (ADT). It consists of either
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surgical (orchiectomy) or chemical castration (combination of luteinizing hormone-releasing analogs
or antagonists with anti-androgen/androgen receptor-inhibitors) and has represented the standard
treatment for locally advanced or metastatic PCa for over 70 years. Circulating testosterone levels are
dramatically reduced by ADT, producing reduction in serum prostate-specific antigen and clinical
response in most patients. However, despite significant initial response, after 24–36 months the
disease progresses and becomes resistant to ADT, with acquisition of a “castration-resistant phenotype
(CRPC)” [60–62]. A universal mechanism by which PCa evolves to a more aggressive, and eventually
lethal, castration-resistant phenotype has not yet been identified [63]. Despite the technological
advances achieved over the last decade in the treatment of patients with metastatic CRPC, average
survival still remains in three years [62,64]. Both ADT and new generation hormonal therapies, such as
abiraterone and enzalutamide, are effective and usually well-tolerated treatments for PCa patients [61].
However, given the long duration of these treatment and their potential side effects on patient’s
functional status and quality of life, the clinicians face a particular challenge to prevent or delay
the onset of metastatic disease and the resulting mortality, taking into account the negative impact
that treatment may have on patient’s quality of life, and at the same time, avoiding over-treatment
of PCa patients that have a low risk of clinical progression [61,65]. It is necessary to identify new
biomarkers/prognostic factors that can distinguish between clinically significant and less aggressive
tumors in order to improve management of PCa patients as well as new potential therapeutic targets
to counteract advanced/metastatic PCa.

3.2. Gap Junctions and Prostate Cancer

3.2.1. Gap Junctional Intercellular Communication in Benign and Malignant Human Prostate
Epithelial Cells

Ample evidence has shown that dysregulation of signaling pathways involved on intercellular
communication mediated by direct cell-to-cell contact participates in carcinogenesis and tumor
progression [9,17,66,67]. The dysfunction of structures that directly link cytoplasmic compartments
of adjacent cells, such as gap junctions, composed of Cxs, have been clearly implicated in PCa
development and progression [68,69]. In the prostatic epithelium, previous reports [68,70,71] have
identified the presence of at least three Cx isoforms (Cx26, Cx32 and Cx43) exhibiting specific expression
patterns. Cx43 was predominantly observed in undifferentiated progenitor and basal epithelial cells,
whereas Cx32 was present in luminal secretory epithelial cells with an expression profile linked to the
differentiation status of the secretory cells [72–74]. On the contrary, homotypic gap junctions composed
of Cx26 have been detected between adjacent basal and luminal epithelial cells, which could allow
communication between these two cellular compartments, since the connexons composed of Cx32 and
Cx43 do not form functional heterotypic channels [75,76].

Aberrant (increased or decreased) expression of various Cxs has been observed in malignant
tissues and cancer cell lines from prostate [77–79]. In PCa, in a limited set of paired benign and
malignant human prostate tissue specimens, a reduction in the steady state level of Cx43 was shown in
neoplastic tissues when compared to benign human prostate tissues [80]. An immunohistochemical
study [81] demonstrated that Cx32 expression was significantly decreased in PCa when compared to
benign human prostate clinical specimens, with a severe loss of Cx32 expression in poorly differentiated
PCa specimens [81]. Analysis of the pattern of distribution of Cx32 and Cx43 in human prostate tumor
with different histological grades, showed that the immunostaining for Cx32 and Cx43 was poorly
detected in the majority of epithelial cells from undifferentiated prostate tumors [81]. On the other
hand, in poorly differentiated tumors, Cx32 and Cx43 immunostaining was predominately detected at
the cytoplasmic level of cancer epithelial cells [81]. It was reported that the level of expression of Cx43
in PCa showed a negative correlation with established features indicative of worse prognosis such as
follow-up time and preoperative PSA. In this study, univariate and multivariate analyses indicated
that a decreased in Cx43 expression was found to be a significant predictor of biochemical recurrence
free-survival (BFS) [82]. In addition, a significant reduction or loss of Cx43 expression in PCa tissues
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was associated with advanced clinico-pathological features and poor BFS of patients after radical
prostatectomy [83]. In vitro studies [84] demonstrated that ALVA-31, ALVA-41, ALVA-55, and PC-3
cell lines only expressed Cx43, whereas human prostate epithelial cells established from benign donors
expressed Cx32 and Cx40. Other studies [85,86] demonstrated that LNCaP and PC-3 cell lines not only
expressed Cx43 but also Cx26 and Cx45. High metastatic potential of PCa cell lines correlated with an
increase in Cx26 and Cx43 levels and a decreased in Cx32 level. A qRT-PCR analysis performed in our
laboratory on LNCaP, LNCaP-C4-2, DU-145 and PC-3 cell lines indicated that there was positive and
negative association between the aggressiveness of the cell lines and the degree of expression of Cx26
and Cx32, respectively, but no clear association was observed in the case of Cx43 (unpublished data).
Together, these observations indicate that levels of expression of Cxs in in vitro models of PCa are still
controversial. However, at the tissue level, for the majority of Cxs, a negative association between level
of expression and disease progression/aggressiveness was observed. The differences obtained using
in vitro models of PCa could be explained, at least in part, by the different types of analyses used in
each study.

3.2.2. Hormonal Regulation of Gap Junctional Intercellular Communication in Prostate Cancer
Epithelial Cells

Functional studies using in vitro models support the notion that GJIC is impaired in neoplastic
cells. In vitro studies in human prostate cell lines [84] indicated that GJIC was either reduced or not
detected in malignant compared to benign human prostate epithelial cells. Additional studies using
benign and malignant human prostate tissues indicated that Cx43 immunoreactivity was localized at
cell-to-cell boundaries in benign but not in malignant human clinical specimens, which suggests the
presence of gap junctional plaques in benign but not in malignant human prostate epithelial cells [87].
Over-expression of Cx43 and Cx32 in the PC-3 cell line resulted in the intracellular accumulation of Cxs
due to a defective trafficking because of a low expression of α-catenin, a cadherin-associated protein
that triggers trafficking and assembly of Cx43 and Cx32 into gap junctions [88]. Interestingly, treatment
of PCa cell lines with forskolin enhanced functional activity of Cxs, which suggests that GJIC may be
regulated by hormones that work via cAMP-dependent signal transduction pathway [84]. Previous
reports showed that androgens regulate formation and degradation of GJIC. Androgens enhanced
the formation of GJIC composed of Cx32 in LNCaP cells by facilitating its trafficking from the ER to
the cell surface [89]. Activation of androgen receptor (AR) pathway in LNCaP cells was observed to
decrease Cx43 expression at the plasma membrane level, which suggests that AR may be an upstream
regulator of Cx43 assembly [90]. These reports indicated that activation of AR pathway in PCa cells
could represent a potential mechanism that underlies functional regulation of Cxs in PCa cells.

3.2.3. Biological Effects of Connexins in Prostate Cancer Epithelial Cells

GJIC may be important in regulating cell growth and it is suggested that loss of Cx function
contributes to carcinogenesis by deregulating the balance between cell proliferation and cell
differentiation [91]. It was shown that control of proliferation and differentiation of epithelial
cells from prostate tumors may depend on the appropriate assembly of Cx32 and Cx43 into gap
junctions [74]. Further studies, however, showed that GJIC is not required for growth of LNCaP and
PC-3 cell lines [86]. Heptanol and AGA-gap junction inhibitors did not affect cell proliferation of C4-2B
and PC-3M cell lines [85]. However, increased Cx43 expression by retroviral infection in PC-3 cell line
was correlated with a reduction in proliferation of these cells [92]. Retinoids—the natural or synthetic
derivatives of vitamin A—and vitamin D3 have been shown to modulate growth of several PCa cell
lines [93,94]. It was found that over-expression and functionality of Cx32 accentuated the growth
inhibitory effect of two metabolites of vitamin A and an active hormonal form of vitamin D3 in LNCaP
cells [93,94]. On the other hand, it was shown that Cx43 expression can greatly increase the sensitivity of
LNCaP cells to agents, such as the tumor necrosis factor alpha (TNFα), TNF-related apoptosis-inducing
ligand (TRAIL) and anti-Fas antibodies, that induce apoptosis [95]. Over-expression of Cx43 in DU145
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and PC-3 cell lines enhanced pro-apoptotic effects induced by chemopreventive and chemotherapeutic
agents such as se-methylselenocysteine (MSC) and docetaxel (DTX) [96,97], indicating that Cxs have the
ability to modulate PCa cell growth by affecting the balance between cell proliferation and apoptosis.

The paradigm of cancer-suppressive Cx function has been challenged by the observation that Cxs
could be re-expressed and have an active role in cancer cell dissemination during the late stages of
tumor progression [17,66,92,98–100]. Consequently, as observed in several other types of solid tumors,
it has been proposed that Cxs could have state-specific functions in the promotion and progression
of PCa. An increase of Cx43 expression was correlated with a reduction of adhesion and invasion
capacities in PC-3 cells, while Cx43 enhanced cell aggressiveness in LNCaP cells [92]. Despite in vivo
and in vitro studies which indicated a lower expression of Cxs in malignant compared to benign
human prostate epithelial cells, other reports have found evidence that Cx43 and Cx26 expression
were positively correlated with an increase in malignancy of PCa cell lines [85,86]. Treatment with
GJIC inhibitors significantly reduced cell migration and invasion through Matrigel in the metastatic
LNCaP-C4-2B and PC-3M cell lines [85,86]. This observation was also supported by in vitro studies [85]
indicating a direct association of Cx26 and focal adhesion kinase (FAK) in PCa cells. On the other hand,
suppression of Cx43 expression in PC-3 cells using shRNA inhibited migration and invasion capacities
as determined using wound healing and transwell-invasion assays, respectively [86]. It was proposed
that selective transmigration of PCa cells, which express high levels of Cx43, may be crucial for the
leading front formation during cancer invasion [101]. All together these reports suggest that Cxs may
differentially affect the biology of cancer cells and can selectively promote progression of PCa cells
in vitro and in vivo.

3.2.4. Connexins in Prostate Cancer Stroma

Cancer is a disease that alters/results from complex interactions between the cancer epithelial
cells and their surrounding stromal compartment in which the cancer cells live, which is called
the tumor microenvironment (TME) [102]. TME includes multiple different types of non-malignant
cells, such as activated fibroblasts, infiltrating macrophages and other immune cells, as well as
the tumor microvasculature composed of endothelial cells and pericytes [103]. Cancer progression
has been recognized as the product of an evolving communication between cancer cells and their
TME [104–106]. It has been established that this communication can determine the phenotype of
the tumor [104]. In the majority of cancers, TME exhibited an activated phenotype (reactive stroma)
composed of a myofibroblast/fibroblast mixture, with a significant decrease of fully differentiated
smooth muscle cells, increased extracellular matrix remodeling, increased protease activity and the
influx of inflammatory cells, and increased angiogenesis. These changes lead to aberrant growth and
morphologic transformation of the stromal tissue, which favor progression of cancer cells [106].

GJIC between cancer cells and their surrounding stroma cells has been described in several tumor
types, which include human gliomas and glioblastomas [107,108]. GJIC between PCa cells and their
stromal cells has been poorly characterized. Extensive coupling was observed between the highly
metastatic rat prostate cancer cell line, MAT-LyLu, and human benign fibroblasts, and these heterotypic
contacts were able to stimulate migration of MAT-LyLu cells [109]. On the other hand, it was shown
that Cx43 mediated an intercellular signaling that locally activated endothelial cells and augmented the
efficiency of PCa cell diapedesis [110]. A recent study found that DU145, but not PC-3, cell line could
establish GJIC with endothelial cells. In this study, expression of Cx43 in PCa cells was able to increase
the expression of Cx43 in endothelial cells. Up-regulation of endothelial Cx43 was observed during the
diapedesis of DU-145 and MAT-LyLu cells and this process was independent of GJIC and dependent of
ERK1/2 signaling in endothelial cells [111]. All this evidence suggests that Cxs could play an important
role in the communication between PCa cells and their cellular microenvironment, and that these
interactions can modulate migration and invasion processes of cancer cells. These interactions may
even play a role in PCa metastasis which preferentially target bone tissues. Reintroduction of Cx43
into the poorly metastatic PCa cell line, LNCaP, led to a more aggressive phenotype of those cells and
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increased bone metastasis in mice [92]. The molecular aspects of this phenomenon are not known yet
but could be the consequence of the ability of Cx43 to mediate GJIC between PCa cells and osteoblasts
as observed in vitro [71,92]. Despite these interesting findings, more studies are required to determine
the extent of the role of Cxs in the biology of PCa cells and to identify and functionally characterize the
specific isoforms of Cxs involve in these processes.

3.3. Tunneling Nanotubes (TNTs) and Exosomes in Prostate Cancer

So far, the role of TNT formation in PCa has been poorly studied. Kretschmer et al. [112] recently
characterized TNT formation in PCa as a potential mechanism for stress adaption and survival.
Interestingly, androgen receptor blockade and metabolic stress induce TNTs formation in PCa cells, but
not in normal prostatic epithelial cells suggesting that formation of TNTs represents adaptive response
specifically coopted by PCa cells to survive therapeutic stress. Moreover, in this study, the authors
defined a series of events that involve stress-induced expression of chaperones, clusterin and the Y
box binding protein 1 (YB-1) and AR variants, phophoinositide 3-kinase/protein kinase B (PI3K/AKT)
signaling, actin remodeling and TNT-mediated intercellular communication, which in conjunction
permit cell survival. Remarkably, this work highlights the relevance of TNTs formation as a potential
cellular mechanism for ADT treatment resistance in PCa.

In PCa, it has been suggested that cross-talk between tumor epithelial and stromal cells
through mRNA- and/or protein-containing exosomes alter PCa cell behavior [113]. Within tumor
microenvironment, exosomes can be secreted not only by PCa cells, but also, by carcinoma-associated
fibroblasts (CAF), immune cells and endothelial cells [114]. PCa cell lines-derived exosomes can
induce transformation of fibroblast to myofibroblast through the activation of the transforming growth
factor beta (TGF-β)/SMAD signaling [115,116]. In fact, fibroblast differentiation by TGF-beta from PCa
cells was abolished after eliminating exosome secretions [113]. On the contrary, carcinoma associated
fibroblasts (CAFs)-derived exosomes can transfer miRNA into neighboring cancer epithelial cells
causing further growth of PCa cells [117–119]. In addition, exosomes release by PCa cells can modulate
the behavior of endothelial cells, which promotes angiogenesis [119]. For instance, exosomes from
PCa cells transfer sphingomyelin and cluster of differentiation 147 (CD147) into endothelial cells to
support neovascularization [120]. Exosomes released by PCa cells alter immune cells (natural killer
and CD8+ T cells), which promote immune suppression and tumor cell escape. Also, PCa cell-derived
exosomes can induce an inflammatory response in stromal cells which changes the secretory pattern of
exosomes released by CAFs to enhance cancer cell proliferation [113,115,121]. In summary, exosomes
released by PCa epithelial cells, and their tumor microenvironment, can synergize to promote PCa
growth and progression.

4. Conclusions

As it has become more evident for all carcinomas including PCa, there is a complex relationship
between their development and state of progression and the level of expression and potential biological
roles of Cxs. Most of malignant human prostate tissue specimens showed a drastic reduction and
dysfunctional GJIC, primarily due to a defective trafficking of Cx32 and Cx43 into gap junctions.
Nevertheless, in vitro studies using cell lines suggested that Cxs could be causally involved in
promoting progression of PCa cells. Interestingly, most of these studies have focused on the biological
effects of Cx43 on cell migration and invasion. Additional in vitro studies are necessary to elucidate
the precise molecular mechanism through which these effects are carried out. Functionality of other
subtypes of Cxs, such as Cx26, Cx32 and Cx46, in these biological processes could help to unravel
the complex, and still controversial, role of Cxs in PCa. A key step in the progression and metastatic
process of PCa corresponds to the interaction between PCa cells and the adjacent cells that comprise
their TME. Even though the heterocellular communication process has only been studied between PCa
cells and fibroblasts and PCa cells and endothelial cells, the data is highly promising since presence
of Cxs in non-malignant cells, especially Cx43, has been shown to modulate PCa cell migration and
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invasion through GJIC-dependent and -independent processes. In this regard, it would be of great
interest to verify whether communication between PCa cells and non-malignant TME cells through gap
junctions allows cancer cells to acquire a more aggressive phenotype in vitro and in vivo. In summary,
further studies on the specific role of Cxs in the biology of PCa cells as well as the contribution of
these proteins in the pro-tumorigenic promoting effects of the TME cells could provide new potential
biomarkers and or therapeutic target that could help to counteract PCa. This is especially important
in advanced/metastatic stages, since current treatments for this disease produce mostly non-curative
responses. In addition, efforts should be focused to understand how other types of intercellular
communication such as TNTs and exosomes are involved in PCa progression.

Funding: This research was funded by the U.S. Department of Defense (W81XWH-12-1-0341); FONDECYT
(1161115); ICM-Economía, Centro Interdisciplinario de Neurociencias de Valparaíso (P09-022-F); the Ligue contre
le Cancer, Comités de la Charente-Maritime et de la Vienne; the French Embassy in Chile, Service of Cultural
Cooperativity and Faculty of Biological Science of the Pontificia Universidad Católica de Chile.

Acknowledgments: The authors thank Anica Watts-Cikojevic for English editing of the manuscript.

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

References

1. 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]

2. McNutt, N.S.; Weinstein, R.S. Carcinoma of the cervix: Deficiency of nexus intercellular junctions. Science
1969, 165, 597–599. [CrossRef] [PubMed]

3. Yamasaki, H.; Katoh, F. Further evidence for the involvement of gap-junctional intercellular communication
in induction and maintenance of transformed foci in BALB/c 3T3 cells. Cancer Res. 1988, 48, 3490–3495.
[PubMed]

4. Mesnil, M.; Crespin, S.; Avanzo, J.L.; Zaidan-Dagli, M.L. Defective gap junctional intercellular communication
in the carcinogenic process. Biochim. Biophys. Acta 2005, 1719, 125–145. [CrossRef] [PubMed]

5. Yotti, L.P.; Chang, C.C.; Trosko, J.E. Elimination of metabolic cooperation in Chinese hamster cells by a tumor
promoter. Science 1979, 206, 1089–1091. [CrossRef] [PubMed]

6. Murray, A.W.; Fitzgerald, D.J. Tumor promoters inhibit metabolic cooperation in cocultures of epidermal
and 3T3 cells. Biochem. Biophys. Res. Commun. 1979, 91, 395–401. [CrossRef]

7. Atkinson, M.M.; Menko, A.S.; Johnson, R.G.; Sheppard, J.R.; Sheridan, J.D. Rapid and reversible reduction
of junctional permeability in cells infected with a temperature-sensitive mutant of avian sarcoma virus.
J. Cell Biol. 1981, 91, 573–578. [CrossRef] [PubMed]

8. Mesnil, M.; Krutovskikh, V.; Piccoli, C.; Elfgang, C.; Traub, O.; Willecke, K.; Yamasaki, H. Negative growth
control of HeLa cells by connexin genes: Connexin species specificity. Cancer Res. 1995, 55, 629–639.

9. Aasen, T.; Mesnil, M.; Naus, C.C.; Lampe, P.D.; Laird, D.W. Gap junctions and cancer: Communicating for
50 years. Nat. Rev. Cancer 2016, 16, 775–788. [CrossRef]

10. Lee, S.W.; Tomasetto, C.; Sager, R. Positive selection of candidate tumor-suppressor genes by subtractive
hybridization. Proc. Natl. Acad. Sci. USA 1991, 88, 2825–2829. [CrossRef]

11. Johnstone, S.R.; Billaud, M.; Lohman, A.W.; Taddeo, E.P.; Isakson, B.E. Posttranslational modifications in
connexins and pannexins. J. Membr. Biol. 2012, 245, 319–332. [CrossRef] [PubMed]

12. Nishiye, H. The mechanism of Ca2+ action on the healing-over process in mammalian cardiac muscles: A
kinetic analysis. Jpn. J. Physiol. 1977, 27, 451–466. [CrossRef] [PubMed]

13. Solan, J.L.; Lampe, P.D. Connexin43 phosphorylation: Structural changes and biological effects. Biochem. J.
2009, 419, 261–272. [CrossRef] [PubMed]

14. Ruch, R.J.; Trosko, J.E.; Madhukar, B.V. Inhibition of connexin43 gap junctional intercellular communication
by TPA requires ERK activation. J. Cell Biochem. 2001, 83, 163–169. [CrossRef] [PubMed]

15. Sirnes, S.; Kjenseth, A.; Leithe, E.; Rivedal, E. Interplay between PKC and the MAP kinase pathway in
Connexin43 phosphorylation and inhibition of gap junction intercellular communication. Biochem. Biophys.
Res. Commun. 2009, 382, 41–45. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/2091248a0
http://www.ncbi.nlm.nih.gov/pubmed/5956321
http://dx.doi.org/10.1126/science.165.3893.597
http://www.ncbi.nlm.nih.gov/pubmed/5815840
http://www.ncbi.nlm.nih.gov/pubmed/2836057
http://dx.doi.org/10.1016/j.bbamem.2005.11.004
http://www.ncbi.nlm.nih.gov/pubmed/16359943
http://dx.doi.org/10.1126/science.493994
http://www.ncbi.nlm.nih.gov/pubmed/493994
http://dx.doi.org/10.1016/0006-291X(79)91535-3
http://dx.doi.org/10.1083/jcb.91.2.573
http://www.ncbi.nlm.nih.gov/pubmed/6273447
http://dx.doi.org/10.1038/nrc.2016.105
http://dx.doi.org/10.1073/pnas.88.7.2825
http://dx.doi.org/10.1007/s00232-012-9453-3
http://www.ncbi.nlm.nih.gov/pubmed/22739962
http://dx.doi.org/10.2170/jjphysiol.27.451
http://www.ncbi.nlm.nih.gov/pubmed/599740
http://dx.doi.org/10.1042/BJ20082319
http://www.ncbi.nlm.nih.gov/pubmed/19309313
http://dx.doi.org/10.1002/jcb.1227
http://www.ncbi.nlm.nih.gov/pubmed/11500965
http://dx.doi.org/10.1016/j.bbrc.2009.02.141
http://www.ncbi.nlm.nih.gov/pubmed/19258009


Cancers 2019, 11, 1370 11 of 16

16. Swenson, K.I.; Piwnica-Worms, H.; McNamee, H.; Paul, D.L. Tyrosine phosphorylation of the gap junction
protein connexin43 is required for the pp60v-src-induced inhibition of communication. Cell Regul. 1990, 1,
989–1002. [CrossRef] [PubMed]

17. Jiang, J.X.; Penuela, S. Connexin and pannexin channels in cancer. BMC Cell Biol. 2016, 17 (Suppl. S1), 12.
[CrossRef] [PubMed]

18. Sin, W.C.; Crespin, S.; Mesnil, M. Opposing roles of connexin43 in glioma progression. Biochim. Biophys. Acta
2012, 1818, 2058–2067. [CrossRef] [PubMed]

19. Arora, S.; Heyza, J.R.; Chalfin, E.C.; Ruch, R.J.; Patrick, S.M. Gap junction intercellular communication
positively regulates cisplatin toxicity by inducing DNA damage through bystander signaling. Cancers 2018,
10, 368. [CrossRef]

20. Vidulescu, C.; Clejan, S.; O’Connor, K.C. Vesicle traffic through intercellular bridges in DU 145 human
prostate cancer cells. J. Cell. Mol. Med. 2004, 8, 388–396. [CrossRef]

21. Stanbridge, E.J.; Der, C.J.; Doersen, C.J.; Nishimi, R.Y.; Peehl, D.M.; Weissman, B.E.; Wilkinson, J.E. Human
cell hybrids: Analysis of transformation and tumorigenicity. Science 1982, 215, 252–259. [CrossRef] [PubMed]

22. Ariazi, J.; Benowitz, A.; De Biasi, V.; Den Boer, M.L.; Cherqui, S.; Cui, H.; Douillet, N.; Eugenin, E.A.;
Favre, D.; Goodman, S.; et al. Tunneling nanotubes and gap junctions-their role in long-range intercellular
communication during development, health, and disease conditions. Front. Mol. Neurosci. 2017, 10, 333.
[CrossRef] [PubMed]

23. Abounit, S.; Zurzolo, C. Wiring through tunneling nanotubes—From electrical signals to organelle transfer.
J. Cell Sci. 2012, 125, 1089–1098. [CrossRef]

24. Reichert, D.; Scheinpflug, J.; Karbanova, J.; Freund, D.; Bornhauser, M.; Corbeil, D. Tunneling nanotubes
mediate the transfer of stem cell marker CD133 between hematopoietic progenitor cells. Exp. Hematol. 2016,
44, 1092–1112.e2. [CrossRef] [PubMed]

25. Rustom, A.; Saffrich, R.; Markovic, I.; Walther, P.; Gerdes, H.H. Nanotubular highways for intercellular
organelle transport. Science 2004, 303, 1007–1010. [CrossRef] [PubMed]

26. Lou, E.; Fujisawa, S.; Morozov, A.; Barlas, A.; Romin, Y.; Dogan, Y.; Gholami, S.; Moreira, A.L.;
Manova-Todorova, K.; Moore, M.A. Tunneling nanotubes provide a unique conduit for intercellular
transfer of cellular contents in human malignant pleural mesothelioma. PLoS ONE 2012, 7, e33093. [CrossRef]

27. Sowinski, S.; Jolly, C.; Berninghausen, O.; Purbhoo, M.A.; Chauveau, A.; Kohler, K.; Oddos, S.; Eissmann, P.;
Brodsky, F.M.; Hopkins, C.; et al. Membrane nanotubes physically connect T cells over long distances
presenting a novel route for HIV-1 transmission. Nat. Cell Biol. 2008, 10, 211–219. [CrossRef] [PubMed]

28. Davis, D.M.; Sowinski, S. Membrane nanotubes: Dynamic long-distance connections between animal cells.
Nat. Rev. Mol. Cell Biol. 2008, 9, 431–436. [CrossRef] [PubMed]

29. Dustin, M.L.; Chakraborty, A.K.; Shaw, A.S. Understanding the structure and function of the immunological
synapse. Cold Spring Harb. Perspect. Biol. 2010, 2, a002311. [CrossRef]

30. Fykerud, T.A.; Knudsen, L.M.; Totland, M.Z.; Sorensen, V.; Dahal-Koirala, S.; Lothe, R.A.; Brech, A.; Leithe, E.
Mitotic cells form actin-based bridges with adjacent cells to provide intercellular communication during
rounding. Cell Cycle 2016, 15, 2943–2957. [CrossRef]

31. Bukoreshtliev, N.V.; Wang, X.; Hodneland, E.; Gurke, S.; Barroso, J.F.; Gerdes, H.H. Selective block of
tunneling nanotube (TNT) formation inhibits intercellular organelle transfer between PC12 cells. FEBS Lett.
2009, 583, 1481–1488. [CrossRef] [PubMed]

32. Austefjord, M.W.; Gerdes, H.H.; Wang, X. Tunneling nanotubes: Diversity in morphology and structure.
Commun. Integr. Biol. 2014, 7, e27934. [CrossRef] [PubMed]

33. Sanchez, V.; Villalba, N.; Fiore, L.; Luzzani, C.; Miriuka, S.; Boveris, A.; Gelpi, R.J.; Brusco, A.; Poderoso, J.J.
Characterization of tunneling nanotubes in Wharton’s jelly mesenchymal stem cells. An intercellular
exchange of components between neighboring cells. Stem Cell Rev. 2017, 13, 491–498. [CrossRef] [PubMed]

34. Resnik, N.; Prezelj, T.; De Luca, G.M.R.; Manders, E.; Polishchuk, R.; Veranic, P.; Kreft, M.E. Helical
organization of microtubules occurs in a minority of tunneling membrane nanotubes in normal and cancer
urothelial cells. Sci. Rep. 2018, 8, 17133. [CrossRef] [PubMed]

35. Gerdes, H.H.; Bukoreshtliev, N.V.; Barroso, J.F. Tunneling nanotubes: A new route for the exchange of
components between animal cells. FEBS Lett. 2007, 581, 2194–2201. [CrossRef] [PubMed]

http://dx.doi.org/10.1091/mbc.1.13.989
http://www.ncbi.nlm.nih.gov/pubmed/1966893
http://dx.doi.org/10.1186/s12860-016-0094-8
http://www.ncbi.nlm.nih.gov/pubmed/27229305
http://dx.doi.org/10.1016/j.bbamem.2011.10.022
http://www.ncbi.nlm.nih.gov/pubmed/22063721
http://dx.doi.org/10.3390/cancers10100368
http://dx.doi.org/10.1111/j.1582-4934.2004.tb00328.x
http://dx.doi.org/10.1126/science.7053574
http://www.ncbi.nlm.nih.gov/pubmed/7053574
http://dx.doi.org/10.3389/fnmol.2017.00333
http://www.ncbi.nlm.nih.gov/pubmed/29089870
http://dx.doi.org/10.1242/jcs.083279
http://dx.doi.org/10.1016/j.exphem.2016.07.006
http://www.ncbi.nlm.nih.gov/pubmed/27473566
http://dx.doi.org/10.1126/science.1093133
http://www.ncbi.nlm.nih.gov/pubmed/14963329
http://dx.doi.org/10.1371/journal.pone.0033093
http://dx.doi.org/10.1038/ncb1682
http://www.ncbi.nlm.nih.gov/pubmed/18193035
http://dx.doi.org/10.1038/nrm2399
http://www.ncbi.nlm.nih.gov/pubmed/18431401
http://dx.doi.org/10.1101/cshperspect.a002311
http://dx.doi.org/10.1080/15384101.2016.1231280
http://dx.doi.org/10.1016/j.febslet.2009.03.065
http://www.ncbi.nlm.nih.gov/pubmed/19345217
http://dx.doi.org/10.4161/cib.27934
http://www.ncbi.nlm.nih.gov/pubmed/24778759
http://dx.doi.org/10.1007/s12015-017-9730-8
http://www.ncbi.nlm.nih.gov/pubmed/28214945
http://dx.doi.org/10.1038/s41598-018-35370-y
http://www.ncbi.nlm.nih.gov/pubmed/30459350
http://dx.doi.org/10.1016/j.febslet.2007.03.071
http://www.ncbi.nlm.nih.gov/pubmed/17433307


Cancers 2019, 11, 1370 12 of 16

36. Desir, S.; Dickson, E.L.; Vogel, R.I.; Thayanithy, V.; Wong, P.; Teoh, D.; Geller, M.A.; Steer, C.J.; Subramanian, S.;
Lou, E. Tunneling nanotube formation is stimulated by hypoxia in ovarian cancer cells. Oncotarget 2016, 7,
43150–43161. [CrossRef] [PubMed]

37. Marlein, C.R.; Zaitseva, L.; Piddock, R.E.; Robinson, S.D.; Edwards, D.R.; Shafat, M.S.; Zhou, Z.; Lawes, M.;
Bowles, K.M.; Rushworth, S.A. NADPH oxidase-2 derived superoxide drives mitochondrial transfer from
bone marrow stromal cells to leukemic blasts. Blood 2017, 130, 1649–1660. [CrossRef] [PubMed]

38. Marlein, C.R.; Piddock, R.E.; Mistry, J.J.; Zaitseva, L.; Hellmich, C.; Horton, R.H.; Zhou, Z.; Auger, M.J.;
Bowles, K.M.; Rushworth, S.A. CD38-driven mitochondrial trafficking promotes bioenergetic plasticity in
multiple myeloma. Cancer Res. 2019, 79, 2285–2297. [CrossRef]

39. Wang, J.; Liu, X.; Qiu, Y.; Shi, Y.; Cai, J.; Wang, B.; Wei, X.; Ke, Q.; Sui, X.; Wang, Y.; et al. Cell adhesion-mediated
mitochondria transfer contributes to mesenchymal stem cell-induced chemoresistance on T cell acute
lymphoblastic leukemia cells. J. Hematol. Oncol. 2018, 11, 11. [CrossRef]

40. Griessinger, E.; Moschoi, R.; Biondani, G.; Peyron, J.F. Mitochondrial transfer in the leukemia
microenvironment. Trends Cancer 2017, 3, 828–839. [CrossRef]

41. Lu, J.; Zheng, X.; Li, F.; Yu, Y.; Chen, Z.; Liu, Z.; Wang, Z.; Xu, H.; Yang, W. Tunneling nanotubes promote
intercellular mitochondria transfer followed by increased invasiveness in bladder cancer cells. Oncotarget
2017, 8, 15539–15552. [CrossRef] [PubMed]

42. Pasquier, J.; Guerrouahen, B.S.; Al Thawadi, H.; Ghiabi, P.; Maleki, M.; Abu-Kaoud, N.; Jacob, A.; Mirshahi, M.;
Galas, L.; Rafii, S.; et al. Preferential transfer of mitochondria from endothelial to cancer cells through
tunneling nanotubes modulates chemoresistance. J. Transl. Med. 2013, 11, 94. [CrossRef] [PubMed]

43. Hekmatshoar, Y.; Nakhle, J.; Galloni, M.; Vignais, M.L. The role of metabolism and tunneling
nanotube-mediated intercellular mitochondria exchange in cancer drug resistance. Biochem. J. 2018,
475, 2305–2328. [CrossRef] [PubMed]

44. Lou, E.; Zhai, E.; Sarkari, A.; Desir, S.; Wong, P.; Iizuka, Y.; Yang, J.; Subramanian, S.; McCarthy, J.;
Bazzaro, M.; et al. Cellular and molecular networking within the ecosystem of cancer cell communication
via tunneling nanotubes. Front. Cell Dev. Biol. 2018, 6, 95. [CrossRef] [PubMed]

45. Burtey, A.; Wagner, M.; Hodneland, E.; Skaftnesmo, K.O.; Schoelermann, J.; Mondragon, I.R.; Espedal, H.;
Golebiewska, A.; Niclou, S.P.; Bjerkvig, R.; et al. Intercellular transfer of transferrin receptor by a contact-,
Rab8-dependent mechanism involving tunneling nanotubes. FASEB J. 2015, 29, 4695–4712. [CrossRef]
[PubMed]

46. Zhang, L.; Zhang, Y. Tunneling nanotubes between rat primary astrocytes and C6 glioma cells alter
proliferation potential of glioma cells. Neurosci. Bull. 2015, 31, 371–378. [CrossRef] [PubMed]

47. Patheja, P.; Sahu, K. Macrophage conditioned medium induced cellular network formation in MCF-7
cells through enhanced tunneling nanotube formation and tunneling nanotube mediated release of viable
cytoplasmic fragments. Exp. Cell Res. 2017, 355, 182–193. [CrossRef]

48. Errede, M.; Mangieri, D.; Longo, G.; Girolamo, F.; de Trizio, I.; Vimercati, A.; Serio, G.; Frei, K.; Perris, R.;
Virgintino, D. Tunneling nanotubes evoke pericyte/endothelial communication during normal and tumoral
angiogenesis. Fluids Barriers CNS 2018, 15, 28. [CrossRef]

49. Desir, S.; O’Hare, P.; Vogel, R.I.; Sperduto, W.; Sarkari, A.; Dickson, E.L.; Wong, P.; Nelson, A.C.; Fong, Y.;
Steer, C.J.; et al. Chemotherapy-induced tunneling nanotubes mediate intercellular drug efflux in pancreatic
cancer. Sci. Rep. 2018, 8, 9484. [CrossRef]

50. Pasquier, J.; Galas, L.; Boulange-Lecomte, C.; Rioult, D.; Bultelle, F.; Magal, P.; Webb, G.; Le Foll, F. Different
modalities of intercellular membrane exchanges mediate cell-to-cell p-glycoprotein transfers in MCF-7 breast
cancer cells. J. Biol. Chem. 2012, 287, 7374–7387. [CrossRef]

51. Thayanithy, V.; Babatunde, V.; Dickson, E.L.; Wong, P.; Oh, S.; Ke, X.; Barlas, A.; Fujisawa, S.; Romin, Y.;
Moreira, A.L.; et al. Tumor exosomes induce tunneling nanotubes in lipid raft-enriched regions of human
mesothelioma cells. Exp. Cell Res. 2014, 323, 178–188. [CrossRef] [PubMed]

52. Dubois, F.; Jean-Jacques, B.; Roberge, H.; Benard, M.; Galas, L.; Schapman, D.; Elie, N.; Goux, D.; Keller, M.;
Maille, E.; et al. A role for RASSF1A in tunneling nanotube formation between cells through GEFH1/Rab11
pathway control. Cell Commun. Signal. 2018, 16, 66. [CrossRef] [PubMed]

53. Lou, E.; Gholami, S.; Romin, Y.; Thayanithy, V.; Fujisawa, S.; Desir, S.; Steer, C.J.; Subramanian, S.; Fong, Y.;
Manova-Todorova, K.; et al. Imaging tunneling membrane tubes elucidates cell communication in tumors.
Trends Cancer 2017, 3, 678–685. [CrossRef] [PubMed]

http://dx.doi.org/10.18632/oncotarget.9504
http://www.ncbi.nlm.nih.gov/pubmed/27223082
http://dx.doi.org/10.1182/blood-2017-03-772939
http://www.ncbi.nlm.nih.gov/pubmed/28733324
http://dx.doi.org/10.1158/0008-5472.CAN-18-0773
http://dx.doi.org/10.1186/s13045-018-0554-z
http://dx.doi.org/10.1016/j.trecan.2017.10.003
http://dx.doi.org/10.18632/oncotarget.14695
http://www.ncbi.nlm.nih.gov/pubmed/28107184
http://dx.doi.org/10.1186/1479-5876-11-94
http://www.ncbi.nlm.nih.gov/pubmed/23574623
http://dx.doi.org/10.1042/BCJ20170712
http://www.ncbi.nlm.nih.gov/pubmed/30064989
http://dx.doi.org/10.3389/fcell.2018.00095
http://www.ncbi.nlm.nih.gov/pubmed/30333973
http://dx.doi.org/10.1096/fj.14-268615
http://www.ncbi.nlm.nih.gov/pubmed/26220176
http://dx.doi.org/10.1007/s12264-014-1522-4
http://www.ncbi.nlm.nih.gov/pubmed/25913038
http://dx.doi.org/10.1016/j.yexcr.2017.04.008
http://dx.doi.org/10.1186/s12987-018-0114-5
http://dx.doi.org/10.1038/s41598-018-27649-x
http://dx.doi.org/10.1074/jbc.M111.312157
http://dx.doi.org/10.1016/j.yexcr.2014.01.014
http://www.ncbi.nlm.nih.gov/pubmed/24468420
http://dx.doi.org/10.1186/s12964-018-0276-4
http://www.ncbi.nlm.nih.gov/pubmed/30305100
http://dx.doi.org/10.1016/j.trecan.2017.08.001
http://www.ncbi.nlm.nih.gov/pubmed/28958386


Cancers 2019, 11, 1370 13 of 16

54. Soares, A.R.; Martins-Marques, T.; Ribeiro-Rodrigues, T.; Ferreira, J.V.; Catarino, S.; Pinho, M.J.; Zuzarte, M.;
Isabel Anjo, S.; Manadas, B.; Sluijter, J.P.; et al. Gap junctional protein Cx43 is involved in the communication
between extracellular vesicles and mammalian cells. Sci. Rep. 2015, 5, 13243. [CrossRef] [PubMed]

55. Varela-Eirin, M.; Varela-Vazquez, A.; Rodriguez-Candela Mateos, M.; Vila-Sanjurjo, A.; Fonseca, E.;
Mascarenas, J.L.; Eugenio Vazquez, M.; Mayan, M.D. Recruitment of RNA molecules by connexin
RNA-binding motifs: Implication in RNA and DNA transport through microvesicles and exosomes.
Biochim. Biophys. Acta Mol. Cell Res. 2017, 1864, 728–736. [CrossRef]

56. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics. CA Cancer J. Clin. 2018, 68, 7–30. [CrossRef] [PubMed]
57. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018:

GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer
J. Clin. 2018, 68, 394–424. [CrossRef]

58. Schroder, F.H.; Hugosson, J.; Roobol, M.J.; Tammela, T.L.; Ciatto, S.; Nelen, V.; Kwiatkowski, M.; Lujan, M.;
Lilja, H.; Zappa, M.; et al. Screening and prostate-cancer mortality in a randomized European study. N. Engl.
J. Med. 2009, 360, 1320–1328. [CrossRef]

59. Huggins, C.; Hodges, C.V. Studies on prostatic cancer: I. The effect of castration, of estrogen and of androgen
injection on serum phosphatases in metastatic carcinoma of the prostate. J. Urol 2002, 168, 9–12. [CrossRef]

60. Damber, J.E. Endocrine therapy for prostate cancer. Acta Oncol. 2005, 44, 605–609. [CrossRef]
61. Tucci, M.; Leone, G.; Buttigliero, C.; Zichi, C.; RF, D.I.S.; Pignataro, D.; Vignani, F.; Scagliotti, G.V.; Di Maio, M.

Hormonal treatment and quality of life of prostate cancer patients: New evidence. Minerva Urol. Nefrol.
2018, 70, 144–151. [CrossRef] [PubMed]

62. Vlachostergios, P.J.; Puca, L.; Beltran, H. Emerging variants of castration-resistant prostate cancer.
Curr. Oncol. Rep. 2017, 19, 32. [CrossRef] [PubMed]

63. Nunzio, C.D.E.; Presicce, F.; Giacinti, S.; Bassanelli, M.; Tubaro, A. Castration-resistance prostate cancer:
What is in the pipeline? Miner. Urol. Nefrol. 2018, 70, 22–41. [CrossRef]

64. Roviello, G.; Sigala, S.; Sandhu, S.; Bonetta, A.; Cappelletti, M.R.; Zanotti, L.; Bottini, A.; Sternberg, C.N.;
Fox, S.B.; Generali, D. Role of the novel generation of androgen receptor pathway targeted agents in the
management of castration-resistant prostate cancer: A literature based meta-analysis of randomized trials.
Eur. J. Cancer 2016, 61, 111–121. [CrossRef] [PubMed]

65. Artibani, W.; Porcaro, A.B.; De Marco, V.; Cerruto, M.A.; Siracusano, S. Management of biochemical recurrence
after primary curative treatment for prostate cancer: A Review. Urol. Int. 2018, 100, 251–262. [CrossRef]
[PubMed]

66. Graham, S.V.; Jiang, J.X.; Mesnil, M. Connexins and pannexins: Important players in tumorigenesis, metastasis
and potential therapeutics. Int. J. Mol. Sci 2018, 19, 1645. [CrossRef] [PubMed]

67. Valdebenito, S.; Lou, E.; Baldoni, J.; Okafo, G.; Eugenin, E. The novel roles of connexin channels and tunneling
nanotubes in cancer pathogenesis. Int. J. Mol. Sci. 2018, 19, 1270. [CrossRef] [PubMed]

68. Czyz, J.; Szpak, K.; Madeja, Z. The role of connexins in prostate cancer promotion and progression.
Nat. Rev. Urol. 2012, 9, 274–282. [CrossRef]

69. Lang, S.H.; Frame, F.M.; Collins, A.T. Prostate cancer stem cells. J. Pathol. 2009, 217, 299–306. [CrossRef]
70. Pointis, G.; Fiorini, C.; Defamie, N.; Segretain, D. Gap junctional communication in the male reproductive

system. Biochim. Biophys. Acta 2005, 1719, 102–116. [CrossRef]
71. 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] [PubMed]

72. Meda, P.; Pepper, M.S.; Traub, O.; Willecke, K.; Gros, D.; Beyer, E.; Nicholson, B.; Paul, D.; Orci, L. Differential
expression of gap junction connexins in endocrine and exocrine glands. Endocrinology 1993, 133, 2371–2378.
[CrossRef] [PubMed]

73. Habermann, H.; Chang, W.Y.; Birch, L.; Mehta, P.; Prins, G.S. Developmental exposure to estrogens alters
epithelial cell adhesion and gap junction proteins in the adult rat prostate. Endocrinology 2001, 142, 359–369.
[CrossRef] [PubMed]

74. Mehta, P.P.; Perez-Stable, C.; Nadji, M.; Mian, M.; Asotra, K.; Roos, B.A. Suppression of human prostate
cancer cell growth by forced expression of connexin genes. Dev. Genet. 1999, 24, 91–110. [CrossRef]

75. Maeda, S.; Tsukihara, T. Structure of the gap junction channel and its implications for its biological functions.
Cell. Mol. Life Sci. 2011, 68, 1115–1129. [CrossRef]

http://dx.doi.org/10.1038/srep13243
http://www.ncbi.nlm.nih.gov/pubmed/26285688
http://dx.doi.org/10.1016/j.bbamcr.2017.02.001
http://dx.doi.org/10.3322/caac.21442
http://www.ncbi.nlm.nih.gov/pubmed/29313949
http://dx.doi.org/10.3322/caac.21492
http://dx.doi.org/10.1056/NEJMoa0810084
http://dx.doi.org/10.1016/S0022-5347(05)64820-3
http://dx.doi.org/10.1080/02841860510029743
http://dx.doi.org/10.23736/S0393-2249.17.03066-1
http://www.ncbi.nlm.nih.gov/pubmed/29241313
http://dx.doi.org/10.1007/s11912-017-0593-6
http://www.ncbi.nlm.nih.gov/pubmed/28361223
http://dx.doi.org/10.23736/S0393-2249.17.02976-9
http://dx.doi.org/10.1016/j.ejca.2016.04.002
http://www.ncbi.nlm.nih.gov/pubmed/27162152
http://dx.doi.org/10.1159/000481438
http://www.ncbi.nlm.nih.gov/pubmed/29161715
http://dx.doi.org/10.3390/ijms19061645
http://www.ncbi.nlm.nih.gov/pubmed/29865195
http://dx.doi.org/10.3390/ijms19051270
http://www.ncbi.nlm.nih.gov/pubmed/29695070
http://dx.doi.org/10.1038/nrurol.2012.14
http://dx.doi.org/10.1002/path.2478
http://dx.doi.org/10.1016/j.bbamem.2005.09.017
http://dx.doi.org/10.1016/j.bbamem.2017.06.020
http://www.ncbi.nlm.nih.gov/pubmed/28693897
http://dx.doi.org/10.1210/endo.133.5.8404689
http://www.ncbi.nlm.nih.gov/pubmed/8404689
http://dx.doi.org/10.1210/endo.142.1.7893
http://www.ncbi.nlm.nih.gov/pubmed/11145599
http://dx.doi.org/10.1002/(SICI)1520-6408(1999)24:1/2&lt;91::AID-DVG10&gt;3.0.CO;2-
http://dx.doi.org/10.1007/s00018-010-0551-z


Cancers 2019, 11, 1370 14 of 16

76. El-Alfy, M.; Pelletier, G.; Hermo, L.S.; Labrie, F. Unique features of the basal cells of human prostate
epithelium. Microsc. Res. Tech. 2000, 51, 436–446. [CrossRef]

77. 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. Mol. Carcinog. 1990, 3, 273–278. [CrossRef]

78. Grossman, H.B.; Liebert, M.; Lee, I.W.; Lee, S.W. Decreased connexin expression and intercellular
communication in human bladder cancer cells. Cancer Res. 1994, 54, 3062–3065.

79. Tsuda, H.; Asamoto, M.; Baba-Toriyama, H.; Iwahori, Y.; Hori, T.; Kim, D.J.; Tsuchiya, T.; Mutai, M.;
Yamasaki, H. Clofibrate-induced neoplastic development in the rat liver is associated with decreased
connexin 32 expression but not with a co-ordinated shift in expression of marker enzymes. Toxicol. Lett. 1995,
82–83, 693–699. [CrossRef]

80. Tsai, H.; Werber, J.; Davia, M.O.; Edelman, M.; Tanaka, K.E.; Melman, A.; Christ, G.J.; Geliebter, J. Reduced
connexin 43 expression in high grade, human prostatic adenocarcinoma cells. Biochem. Biophys. Res. Commun.
1996, 227, 64–69. [CrossRef]

81. Habermann, H.; Ray, V.; Habermann, W.; Prins, G.S. Alterations in gap junction protein expression in human
benign prostatic hyperplasia and prostate cancer. J. Urol. 2002, 167, 655–660. [CrossRef]

82. Benko, G.; Spajic, B.; Demirovic, A.; Stimac, G.; Kru Sbreve Lin, B.; Tomas, D. Prognostic value of connexin43
expression in patients with clinically localized prostate cancer. Prostate Cancer Prostatic. Dis. 2011, 14, 90–95.
[CrossRef] [PubMed]

83. Xu, N.; Chen, H.J.; Chen, S.H.; Xue, X.Y.; Chen, H.; Zheng, Q.S.; Wei, Y.; Li, X.D.; Huang, J.B.;
Cai, H.; et al. Reduced Connexin 43 expression is associated with tumor malignant behaviors and biochemical
recurrence-free survival of prostate cancer. Oncotarget 2016, 7, 67476–67484. [CrossRef] [PubMed]

84. Mehta, P.P.; Lokeshwar, B.L.; Schiller, P.C.; Bendix, M.V.; Ostenson, R.C.; Howard, G.A.; Roos, B.A.
Gap-junctional communication in normal and neoplastic prostate epithelial cells and its regulation by cAMP.
Mol. Carcinog. 1996, 15, 18–32. [CrossRef]

85. Tate, A.W.; Lung, T.; Radhakrishnan, A.; Lim, S.D.; Lin, X.; Edlund, M. Changes in gap junctional connexin
isoforms during prostate cancer progression. Prostate 2006, 66, 19–31. [CrossRef] [PubMed]

86. Zhang, A.; Hitomi, M.; Bar-Shain, N.; Dalimov, Z.; Ellis, L.; Velpula, K.K.; Fraizer, G.C.; Gourdie, R.G.;
Lathia, J.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]

87. Hossain, M.Z.; Jagdale, A.B.; Ao, P.; LeCiel, C.; Huang, R.P.; Boynton, A.L. Impaired expression and
posttranslational processing of connexin43 and downregulation of gap junctional communication in
neoplastic human prostate cells. Prostate 1999, 38, 55–59. [CrossRef]

88. 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]

89. Mitra, S.; Annamalai, L.; Chakraborty, S.; Johnson, K.; Song, X.H.; Batra, S.K.; Mehta, P.P. Androgen-regulated
formation and degradation of gap junctions in androgen-responsive human prostate cancer cells. Mol. Biol. Cell
2006, 17, 5400–5416. [CrossRef]

90. Chen, R.; Luan, Y.; Liu, Z.; Song, W.; Wu, L.; Li, M.; Yang, J.; Liu, X.; Wang, T.; Liu, J.; et al. AR Pathway Is
Involved in the Regulation of CX43 in Prostate Cancer. BioMed Res. Int. 2015, 2015, 514234. [CrossRef]

91. Hernandez, M.; Shao, Q.; Yang, X.J.; Luh, S.P.; Kandouz, M.; Batist, G.; Laird, D.W.; Alaoui-Jamali, M.A. A
histone deacetylation-dependent mechanism for transcriptional repression of the gap junction gene cx43 in
prostate cancer cells. Prostate 2006, 66, 1151–1161. [CrossRef] [PubMed]

92. Lamiche, C.; Clarhaut, J.; Strale, P.O.; Crespin, S.; Pedretti, N.; Bernard, F.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]

93. Kelsey, L.; Katoch, P.; Johnson, K.E.; Batra, S.K.; Mehta, P.P. Retinoids regulate the formation and degradation
of gap junctions in androgen-responsive human prostate cancer cells. PLoS ONE 2012, 7, e32846. [CrossRef]
[PubMed]

94. Kelsey, L.; Katoch, P.; Ray, A.; Mitra, S.; Chakraborty, S.; Lin, M.F.; Mehta, P.P. Vitamin D3 regulates the
formation and degradation of gap junctions in androgen-responsive human prostate cancer cells. PLoS ONE
2014, 9, e106437. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/1097-0029(20001201)51:5&lt;436::AID-JEMT6&gt;3.0.CO;2-T
http://dx.doi.org/10.1002/mc.2940030507
http://dx.doi.org/10.1016/0378-4274(95)03587-7
http://dx.doi.org/10.1006/bbrc.1996.1468
http://dx.doi.org/10.1016/S0022-5347(01)69118-3
http://dx.doi.org/10.1038/pcan.2010.51
http://www.ncbi.nlm.nih.gov/pubmed/21173791
http://dx.doi.org/10.18632/oncotarget.11231
http://www.ncbi.nlm.nih.gov/pubmed/27623212
http://dx.doi.org/10.1002/(SICI)1098-2744(199601)15:1&lt;18::AID-MC4&gt;3.0.CO;2-O
http://dx.doi.org/10.1002/pros.20317
http://www.ncbi.nlm.nih.gov/pubmed/16114058
http://dx.doi.org/10.18632/oncotarget.3449
http://dx.doi.org/10.1002/(SICI)1097-0045(19990101)38:1&lt;55::AID-PROS7&gt;3.0.CO;2-4
http://dx.doi.org/10.1074/jbc.M202652200
http://dx.doi.org/10.1091/mbc.e06-04-0280
http://dx.doi.org/10.1155/2015/514234
http://dx.doi.org/10.1002/pros.20451
http://www.ncbi.nlm.nih.gov/pubmed/16652385
http://dx.doi.org/10.1007/s10585-011-9434-4
http://www.ncbi.nlm.nih.gov/pubmed/22080401
http://dx.doi.org/10.1371/journal.pone.0032846
http://www.ncbi.nlm.nih.gov/pubmed/22514600
http://dx.doi.org/10.1371/journal.pone.0106437
http://www.ncbi.nlm.nih.gov/pubmed/25188420


Cancers 2019, 11, 1370 15 of 16

95. Wang, M.; Berthoud, V.M.; Beyer, E.C. Connexin43 increases the sensitivity of prostate cancer cells to
TNFalpha-induced apoptosis. J. Cell Sci. 2007, 120, 320–329. [CrossRef] [PubMed]

96. Lu, Z.; Qi, L.; Li, G.X.; Bo, X.J.; Liu, G.D.; Wang, J.M. Se-methylselenocysteine suppresses the growth
of prostate cancer cell DU145 through connexin 43-induced apoptosis. J. Cancer Res. 2015, 11, 840–845.
[CrossRef]

97. Fukushima, M.; Hattori, Y.; Yoshizawa, T.; Maitani, Y. Combination of non-viral connexin 43 gene therapy and
docetaxel inhibits the growth of human prostate cancer in mice. Int. J. Oncol. 2007, 30, 225–231. [CrossRef]

98. Czyz, J. The stage-specific function of gap junctions during tumourigenesis. Cell Mol. Biol. Lett. 2008, 13,
92–102. [CrossRef]

99. McLachlan, E.; Shao, Q.; Laird, D.W. Connexins and gap junctions in mammary gland development and
breast cancer progression. J. Membr. Biol. 2007, 218, 107–121. [CrossRef]

100. Teleki, I.; Szasz, A.M.; Maros, M.E.; Gyorffy, B.; Kulka, J.; Meggyeshazi, N.; Kiszner, G.; Balla, P.; Samu, A.;
Krenacs, T. Correlations of differentially expressed gap junction connexins Cx26, Cx30, Cx32, Cx43 and Cx46
with breast cancer progression and prognosis. PLoS ONE 2014, 9, e112541. [CrossRef]

101. Szpak, K.; Wybieralska, E.; Niedzialkowska, E.; Rak, M.; Bechyne, I.; Michalik, M.; Madeja, Z.; Czyz, J.
DU-145 prostate carcinoma cells that selectively transmigrate narrow obstacles express elevated levels of
Cxcell. Mol. Biol. Lett. 2011, 16, 625–637. [CrossRef]

102. Kruslin, B.; Ulamec, M.; Tomas, D. Prostate cancer stroma: An important factor in cancer growth and
progression. Bosn. J. Basic Med. Sci. 2015, 15, 1–8. [CrossRef] [PubMed]

103. Levesque, C.; Nelson, P.S. Cellular constituents of the prostate stroma: Key contributors to prostate cancer
progression and therapy resistance. Cold Spring Harb. Perspect. Med. 2017. [CrossRef] [PubMed]

104. Mueller, M.M.; Fusenig, N.E. Friends or foes—Bipolar effects of the tumour stroma in cancer. Nat. Rev. Cancer
2004, 4, 839–849. [CrossRef] [PubMed]

105. Liotta, L.A.; Kohn, E.C. The microenvironment of the tumour-host interface. Nature 2001, 411, 375–379.
[CrossRef] [PubMed]

106. Shiao, S.L.; Chu, G.C.; Chung, L.W. Regulation of prostate cancer progression by the tumor microenvironment.
Cancer Lett. 2016, 380, 340–348. [CrossRef] [PubMed]

107. Zhang, W.; Couldwell, W.T.; Simard, M.F.; Song, H.; Lin, J.H.; Nedergaard, M. Direct gap junction
communication between malignant glioma cells and astrocytes. Cancer Res. 1999, 59, 1994–2003. [PubMed]

108. Oliveira, R.; Christov, C.; Guillamo, J.S.; de Bouard, S.; Palfi, S.; Venance, L.; Tardy, M.; Peschanski, M.
Contribution of gap junctional communication between tumor cells and astroglia to the invasion of the brain
parenchyma by human glioblastomas. BMC Cell Biol. 2005, 6, 7. [CrossRef]

109. Miekus, K.; Czernik, M.; Sroka, J.; Czyz, J.; Madeja, Z. Contact stimulation of prostate cancer cell migration: The
role of gap junctional coupling and migration stimulated by heterotypic cell-to-cell contacts in determination
of the metastatic phenotype of Dunning rat prostate cancer cells. Biol. Cell 2005, 97, 893–903. [CrossRef]

110. Ryszawy, D.; Sarna, M.; Rak, M.; Szpak, K.; Kedracka-Krok, S.; Michalik, M.; Siedlar, M.; Zuba-Surma, E.;
Burda, K.; Korohoda, W.; et al. Functional links between Snail-1 and Cx43 account for the recruitment of
Cx43-positive cells into the invasive front of prostate cancer. Carcinogenesis 2014, 35, 1920–1930. [CrossRef]

111. Piwowarczyk, K.; Paw, M.; Ryszawy, D.; Rutkowska-Zapala, M.; Madeja, Z.; Siedlar, M.; Czyz, J.
Connexin43(high) prostate cancer cells induce endothelial connexin43 up-regulation through the activation
of intercellular ERK1/2-dependent signaling axis. Eur. J. Cell Biol. 2017, 96, 337–346. [CrossRef] [PubMed]

112. 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] [PubMed]

113. Liu, C.M.; Hsieh, C.L.; Shen, C.N.; Lin, C.C.; Shigemura, K.; Sung, S.Y. Exosomes from the tumor
microenvironment as reciprocal regulators that enhance prostate cancer progression. Int. J. Urol. 2016, 23,
734–744. [CrossRef] [PubMed]

114. Liu, T.; Mendes, D.E.; Berkman, C.E. Functional prostate-specific membrane antigen is enriched in exosomes
from prostate cancer cells. Int. J. Oncol. 2014, 44, 918–922. [CrossRef] [PubMed]

115. Vlaeminck-Guillem, V. Extracellular Vesicles in Prostate Cancer Carcinogenesis, Diagnosis, and Management.
Front. Oncol. 2018, 8, 222. [CrossRef] [PubMed]

116. Webber, J.; Steadman, R.; Mason, M.D.; Tabi, Z.; Clayton, A. Cancer exosomes trigger fibroblast to
myofibroblast differentiation. Cancer Res. 2010, 70, 9621–9630. [CrossRef] [PubMed]

http://dx.doi.org/10.1242/jcs.03343
http://www.ncbi.nlm.nih.gov/pubmed/17200141
http://dx.doi.org/10.4103/0973-1482.139265
http://dx.doi.org/10.3892/ijo.30.1.225
http://dx.doi.org/10.2478/s11658-007-0039-5
http://dx.doi.org/10.1007/s00232-007-9052-x
http://dx.doi.org/10.1371/journal.pone.0112541
http://dx.doi.org/10.2478/s11658-011-0027-7
http://dx.doi.org/10.17305/bjbms.2015.449
http://www.ncbi.nlm.nih.gov/pubmed/26042506
http://dx.doi.org/10.1101/cshperspect.a030510
http://www.ncbi.nlm.nih.gov/pubmed/28490538
http://dx.doi.org/10.1038/nrc1477
http://www.ncbi.nlm.nih.gov/pubmed/15516957
http://dx.doi.org/10.1038/35077241
http://www.ncbi.nlm.nih.gov/pubmed/11357145
http://dx.doi.org/10.1016/j.canlet.2015.12.022
http://www.ncbi.nlm.nih.gov/pubmed/26828013
http://www.ncbi.nlm.nih.gov/pubmed/10213512
http://dx.doi.org/10.1186/1471-2121-6-7
http://dx.doi.org/10.1042/BC20040129
http://dx.doi.org/10.1093/carcin/bgu033
http://dx.doi.org/10.1016/j.ejcb.2017.03.012
http://www.ncbi.nlm.nih.gov/pubmed/28396058
http://dx.doi.org/10.1038/s41598-019-44346-5
http://www.ncbi.nlm.nih.gov/pubmed/31127190
http://dx.doi.org/10.1111/iju.13145
http://www.ncbi.nlm.nih.gov/pubmed/27397852
http://dx.doi.org/10.3892/ijo.2014.2256
http://www.ncbi.nlm.nih.gov/pubmed/24424840
http://dx.doi.org/10.3389/fonc.2018.00222
http://www.ncbi.nlm.nih.gov/pubmed/29951375
http://dx.doi.org/10.1158/0008-5472.CAN-10-1722
http://www.ncbi.nlm.nih.gov/pubmed/21098712


Cancers 2019, 11, 1370 16 of 16

117. Josson, S.; Gururajan, M.; Hu, P.; Shao, C.; Chu, G.Y.; Zhau, H.E.; Liu, C.; Lao, K.; Lu, C.L.; Lu, Y.T.; et al.
miR-409–3p/-5p promotes tumorigenesis, epithelial-to-mesenchymal transition, and bone metastasis of
human prostate cancer. Clin. Cancer Res. 2014, 20, 4636–4646. [CrossRef] [PubMed]

118. Josson, S.; Gururajan, M.; Sung, S.Y.; Hu, P.; Shao, C.; Zhau, H.E.; Liu, C.; Lichterman, J.; Duan, P.;
Li, Q.; et al. Stromal fibroblast-derived miR-409 promotes epithelial-to-mesenchymal transition and prostate
tumorigenesis. Oncogene 2015, 34, 2690–2699. [CrossRef] [PubMed]

119. Pan, J.; Ding, M.; Xu, K.; Yang, C.; Mao, L.J. Exosomes in diagnosis and therapy of prostate cancer. Oncotarget
2017, 8, 97693–97700. [CrossRef]

120. Naito, Y.; Yoshioka, Y.; Yamamoto, Y.; Ochiya, T. How cancer cells dictate their microenvironment: Present
roles of extracellular vesicles. Cell. Mol. Life Sci. 2017, 74, 697–713. [CrossRef]

121. Lundholm, M.; Schroder, M.; Nagaeva, O.; Baranov, V.; Widmark, A.; Mincheva-Nilsson, L.; Wikstrom, P.
Prostate tumor-derived exosomes down-regulate NKG2D expression on natural killer cells and CD8+ T cells:
Mechanism of immune evasion. PLoS ONE 2014, 9, e108925. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1158/1078-0432.CCR-14-0305
http://www.ncbi.nlm.nih.gov/pubmed/24963047
http://dx.doi.org/10.1038/onc.2014.212
http://www.ncbi.nlm.nih.gov/pubmed/25065597
http://dx.doi.org/10.18632/oncotarget.18532
http://dx.doi.org/10.1007/s00018-016-2346-3
http://dx.doi.org/10.1371/journal.pone.0108925
http://www.ncbi.nlm.nih.gov/pubmed/25268476
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Cancer Involvement of Direct Intercellular Communications 
	Gap Junctions and Cancer 
	Intercellular Bridges, Tunneling Nanotubes and Cancer 
	Exosomes and Cancer 

	Prostate Cancer, an Example of the Involvement of Direct Intercellular Communications in Cancer 
	Biological and Clinical Aspects of Prostate Cancer 
	Gap Junctions and Prostate Cancer 
	Gap Junctional Intercellular Communication in Benign and Malignant Human Prostate Epithelial Cells 
	Hormonal Regulation of Gap Junctional Intercellular Communication in Prostate Cancer Epithelial Cells 
	Biological Effects of Connexins in Prostate Cancer Epithelial Cells 
	Connexins in Prostate Cancer Stroma 

	Tunneling Nanotubes (TNTs) and Exosomes in Prostate Cancer 

	Conclusions 
	References

