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Abstract: Gap junctional, intercellular communication (GJIC) is interrupted in cells transformed
by oncogenes such as activated Src. The Src effector, Ras, is required for this effect, so that Ras
inhibition restores GJIC in Src-transformed cells. Interestingly, the inhibition of the Src effector
phosphatidyl-inositol-3 kinase (PI3k) or Signal Transducer and Activator of Transcription-3 (Stat3)
pathways does not restore GJIC. In the contrary, inhibition of PI3k or Stat3 in non-transformed rodent
fibroblasts or epithelial cells or certain human lung carcinoma lines with extensive GJIC inhibits
communication, while mutational activation of PI3k or Stat3 increases GJIC. Therefore, it appears that
oncogenes such as activated Src have a dual role upon GJIC; acting as inhibitors of communication
through the Ras pathway, and as activators through activation of PI3k or Stat3. In the presence of
high Src activity the inhibitory functions prevail so that the net effect is gap junction closure. PI3k
and Stat3 constitute potent survival signals, so that their inhibition in non-transformed cells triggers
apoptosis which, in turn, has been independently demonstrated to suppress GJIC. The interruption
of gap junctional communication would confine the apoptotic event to single cells and this might be
essential for the maintenance of tissue integrity. We hypothesize that the GJIC activation by PI3k or
Stat3 may be linked to their survival function.

Keywords: gap junctions; phosphatidyl-inositol-3 kinase; Stat3; polyoma virus middle Tumor antigen;
Src; electroporation in situ

1. Introduction

Oncogenes and Gap Junctional Communication

Gap junctions are aqueous channels connecting the cytoplasm of adjacent cells that permit the
passage of small molecules and ions [1,2]. Gap junctional, intercellular communication (GJIC) was
long thought to play an important role in growth regulation. In fact, cancer was one of the first human
pathologies to be associated with gap junction defects regarding both growth as well as metastatic
potential [3], and a number of tumor lines and primary tumor cells were found to display a reduced
GJIC [4-6]. Interestingly, the connexins, main gap junction proteins were later demonstrated to be
able to regulate growth. This can occur through mechanisms that require cell to cell coupling, but
also through GJIC independent mechanisms [7], since reintroduction of connexins in tumor cells can
suppress growth without increasing coupling [8]. In the case of connexin43 (Cx43), the most studied
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connexin, growth suppression is likely caused by the C-terminal domain [9,10], and the effect can be
through regulation of transcription, as well as cell to cell communication [11,12].

A number of oncogenes such as vSrc [13], vRas [14-17], mos [15] and others [18] were found to
be able to interrupt GJIC. The mechanism of GJIC suppression by the prototype oncogene, Src and
its effectors has been reported in several publications (reviewed in [13,19]). Briefly, at first the SH3
(Src homology-3) domain of Src binds a proline-rich area between P274 and P284 of Cx43, which
brings the Src kinase domain in close proximity to Y265 of Cx43, which is then phosphorylated by
Src. The phosphorylated Y265 offers a docking site for the Src, SH2 (Src homology-2) domain and
this enhanced interaction causes the phosphorylation of Y247 of Cx43, which may contribute to GJIC
reduction [20-22]. However, Src activates effector pathways such as PLCy/PKC and Ras/Raf/Erk1/2,
which are known to suppress GJIC in their own right [21,23-26]. Whether it is Src itself which blocks
communication, or whether its effectors play a more important role is still controversial (reviewed
in [27]).

Engagement of cadherins, cell to cell adhesion proteins, was shown to be required for gap junction
formation [28]. In addition, results from our group and others showed that cadherin engagement
activates two common effectors of a large variety of oncogenes including Src and Growth Factor
Receptors, the phosphatidyl-inositol-3 kinase (PI3k [29]) and the Signal Transducer and Activator
of Transcription-3 (Stat3 [30]). Since both PI3k and Stat3 are required for transformation and in an
activated form can act as oncogenes, we and others set out to examine the effect of PI3k and Stat3 upon
the gap junctional communication apparatus. The results revealed that, despite the general acceptance
of oncogenes as GJIC suppressors, PI3k and Stat3, rather than suppress, they are actually required for
the maintenance of communication and in an activated form they increase GJIC [4,31,32]. In this report
we integrate some recent findings on the effect of PI3k and Stat3 upon GJIC.

2. PI3k as a Positive Regulator of Gap Junctional Communication

2.1. The Phosphatidylinositol-3 Kinase (PI3k)

The discovery of PI 3-kinases began with the identification of a phosphoinositide kinase activity
present in immunoprecipitates of the polyoma virus middle Tumor antigen oncogene (mT). Later
results demonstrated that this lipid kinase consists of two subunits: A catalytic, 110kDa (p110x or
PIK3C), which phosphorylates phosphoinositides on the 3’ position of the inositol ring [33] and
a regulatory, 85kDa subunit. PI3k is required for transformation of cultured cells by mT [34] and
tumorigenicity in transgenic mice [35], while a large number of growth factor receptors and oncogenes
bind to the p85 subunit and activate PI3k. Interestingly, engagement of cadherins also leads to PI3k
activation [29].

Following expression of oncogenes such as mT or activated Src, or activation of membrane
receptor tyrosine kinases (RTKs, e.g., EGFR and PDGEFR), PI3k translocates to the membrane by
binding through three SH2 (Src-homology-2) domains of p85, onto phosphorylated, pYXXM motifs of
RTKSs or adaptor proteins. Once on the membrane, PI3k initiates signalling cascades by generating
the second messenger phosphatidylinositol (3,4,5)-trisphosphate [P1(3,4,5)P3 known as PIP3] from
phosphatidylinositol (3,4)-bisphosphate [PI(3,4)P;, known as PIP;]. This provides docking sites for
signalling molecules with plekstrin-homology (PH) domains such as Akt (reviewed in [36]). Akt is the
most important PI3k effector and plays a pivotal role in cellular survival and metabolism, in addition
to cell proliferation [37]. Akt’s pleckstrin homology domain binds directly to PtdIns(3,4,5)P3. Since
this inositide is restricted to the plasma membrane, this binding drags Akt to the plasma membrane.
Another kinase with a pleckstrin homology domain is the phosphoinositide-dependent kinase-1
(PDK1) which binds directly to PtdIns(3,4,5)P3. This binding triggers PDK1 translocation to the plasma
membrane upon PI3k activation. Activated PDK1 then phosphorylates Akt on threonine 308, leading
to partial activation of Akt. Full activation of Akt occurs upon phosphorylation of serine 473 by the
TORC2 complex (mammalian target of rapamycin complex-2) of the mTOR protein kinase [38,39].



Cancers 2019, 11, 167 3of16

Evidence on the effect of PI3k upon GJIC is mainly from two systems: Section 2.2, PI3k interaction
with and activation by mT and Section 2.3, direct PI3k activation through forced translocation to the
membrane or mutation of the coding sequence.

2.2. mT, PI3k and GJIC

The study of mT has led to the discovery of important concepts in signal transduction. mT is
a membrane-bound, 421-amino-acid protein which is able to transform cultured rodent fibroblasts
and cause tumors following transgenic expression in mice [40]. mT transformation occurs through
its association with members of the cellular Src protooncogene product family of tyrosine kinases,
such as cSrc [41]. The mT:cSrc interaction stimulates cSrc enzymatic activity by forcing cSrc into an
“open” configuration. Activated cSrc then phosphorylates several substrates including cSrc itself
and mT at specific tyrosine residues. In this manner mT offers a scaffolding platform which attracts
cellular signalling proteins [41,42]. As a result, the mT:pp60°5 complex offers the distinct advantage
for signalling studies compared to activated Src in that each pathway can be individually inhibited,
using mT constructs that are mutated at specific phospho-tyrosine residues which are responsible for
activating specific pathways.

Three major tyrosine residues of mT provide docking sites for key signal transducers:

a. p-Y? in a NPTpY?’SVM motif recognizes the PTB domain of Shc, an adaptor which binds
Grb2-sos and activates the Ras/Raf/Erk pathway [43,44].

b. p-Y31
PI3k [45-51].

c. p-Y?22 recognizes the SH2 domain of Phospholipase-Cy (PLCy) [52].

Early data demonstrated that even low levels of wild-type (wt) mT can effectively suppress GJIC
in mouse fibroblasts [53,54]. To examine the effect of each of the two pathways emanating from mT
separately, tyrosine to phenylalanine mutants deficient in binding p85 (315F) or Shc (250F), respectively,
were stably expressed in the rat liver epithelial cell line T51B which normally has extensive GJIC [31].
The results revealed that the 250F mutation which abrogates Shc binding [43,55,56] abolishes the
ability of mT to interrupt GJIC, indicating that Y?*° phosphorylation (and presumably Ras/Raf/Erk
activation) is in fact a key to GJIC suppression by mT [31]. In sharp contrast, the 315F mutant was
just as effective as wt-mT in reducing gap junctional communication (Figure le,f), indicating that Y315
is not required for GJIC suppression. Therefore, activation of the Shc/Grb2/Ras pathway (through
pY?? which is intact in 315F-mT) appears to be sufficient to drive the dramatic reduction in gap
junctional communication [31]. The importance of the Y?*Y, Shc binding site, rather than the Y315,
GJIC suppression is further supported by the fact that a mT mutant which activates PI3k/Akt more
than wt-mT (mutant 248H where binding of Shc is impaired, but a secondary PI3k binding site is
intact [57]) has actually higher GJIC than the parental T51B cells (Figure 1g,h vs. Figure 1a,b). Taken
together, these findings reveal that PI3k activation by mT increases gap junctional communication.
This increase can occur even in the face of activation of PLCy/PKC, a known GJIC suppressor, and
despite the fact that the 248H-mT mutant does activate the Src kinase as much as wt-mT [58], as long
as the GJIC-suppressing, Ras/Raf/Erk pathway is not activated. In the presence of high Ras activity

in a pY*>MPM motif recognizes an SH2 domain of p85, the adaptor subunit of

in

however, as upon wt-mT expression, the Ras GJIC-suppressive effect prevails, with gap junction
closure as a result (Figure 2).
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Figure 1. GJIC in T51B rat liver epithelial cells and derivatives expressing wt or mutant mT. GJIC was
examined using a technique of in situ electroporation: The indicated cell lines were grown on a glass
slide, part of which is coated with a thin layer (~800 A) of electrically conductive and transparent
Indium-Tin oxide, as shown at the top. The fluorescent dye, Lucifer yellow (LY) was added to the cells
and introduced via an electric pulse which causes the formation of “pores” on the plasma membrane.
The migration of LY to the neighboring, non-electroporated cells through the cells” gap junctions is
observed under fluorescence illumination (b,d,f h) and offers a quantitative measure of GJIC (reviewed
in [59]). (a,ce,g): Phase-contrast images of the same fields. Stars indicate cells loaded with LY by
electroporation. Dots denote cells where LY has penetrated through gap junctions. Arrows point to
the edge of the electroporated area. Magnification: 240x. Note the extensive GJIC of T51B-248H cells.
(From [31], reproduced with permission).
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Figure 2. Model of the effect of the Ras/Erk vs. the PI3k/Akt pathways. mT binds to, activates and

is phosphorylated by Src family kinases. The mT-pY?

site binds the Shc adaptor which triggers
activation of the Ras/Erk pathway, leading to GJIC suppression. The mT-pY>! site binds the p85
regulatory subunit of PI3k, triggering activation of Akt, leading to GJIC increase. Upon wt-mT
expression the Ras pathway prevails with elimination of communication as a result. Interestingly,
neoplastic transformation by mT requires both pathways. Not shown: mT-pY3?? activates PLCy and

PKC, which suppresses GJIC.

2.3. PI3k Mutations, Membrane Translocation and GJIC

PI3k inhibition with two different inhibitors (wortmanin or LY294002) resulted in a dramatic
reduction of GJIC in T51B cells, pointing to a positive role of PI3k upon gap junctional communication
in this system [31].

Examination of the effect of hyperactive transforming PI3k was performed through expression
of two mutants of the catalytic subunit of PI3k, p110«x (E545K and H1047R) found in a number of
cancers [36], and a mutant with a myristyl group addition which renders it membrane-bound and
constitutively active [60]. All three mutants that trigger a dramatic increase in Akt-pS473 levels [31]
were found to increase gap junctional communication as well [31]. Taken together, the above results
indicate that, despite its transforming effect, PI3k plays a positive role in the maintenance of gap
junction function in this system.

In spite of extensive efforts, the effect of Akt upon GJIC of different cellular systems is unclear.
Akt-mediated phosphorylation was shown to stabilise membrane-localised Cx43 [61-63], and to be
required for the maintenance of steady-state Cx43 levels and GJIC in osteoblasts [64]. However, it was
also shown that Aktl (but not Akt2 or Akt3) actually participates in the disruption of gap junctions
caused by activated Src in rodent fibroblasts [65]. In addition, PI3k reduced Cx43 levels and GJIC in a
model of cerebral ischemia/reperfusion injury in rats [66], while PI3k was found to have both positive
and negative effects upon GJIC in Xenopus oocytes [25]. In this system, PI3k-p110x co-expression
increased Cx50-, but not Cx46-mediated gap junction coupling [67]. Since in T51B cells PI3k inhibition
abolishes GJIC, while PI3k activation by 250F /248H-mT, membrane translocation or mutation increases
GJIC, it appears that PI3k plays a positive role upon gap junctional communication in this system.
It is possible that in these cells PI3k is activating all three Akt isoforms, so that the net effect is a
GJIC increase. Alternatively, PI3k may promote nuclear accumulation of 3-catenin which is known to
stimulate Cx43 expression [68].
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3. Stat3 as a Positive Regulator of Gap Junctional Communication

3.1. The Signal Transducer and Activator of Transcription-3 (Stat3)

Stat3, a member of the STAT family of transcription factors, is normally inactive in the cytoplasm
of quiescent cells. Following stimulation of cytokine receptors especially of the IL6 family, certain
RTKs, or oncoproteins such as Src, Stat3 is phosphorylated at a critical Y-705 by the associated Jak
or Src kinases. Reciprocal SH2-pY interactions follow leading to dimerization, nuclear translocation
and homing of the complex towards a specific sequence (TTCNNNGAA) on the promotors of target
genes [69]. Stat3 activates the transcription of genes involved in cell division such as myc. However,
Stat3 is also a potent cell survival signal that acts through a number of pathways: (1) Transcriptional
upregulation of genes such as bcl-xL, Mcl-1 and survivin; (2) transcriptional downregulation of the
tumor suppressor p53 [69-71]; (3) transcriptional upregulation of the oxygen sensor HIF1«x (hypoxia
inducible factor-1c) transcription factor [72]; (4) In a transcription-independent manner, through an
effect of Stat3 upon the mitochondria: Stat3 is also phosphorylated on 5727 downstream of a number of
stimuli that trigger MAP kinase activation, such as Ras signalling or stress [73,74]. Stat3-5727 localizes
to the mitochondria where it enhances the activity of the electrotransfer chain complexes and increases
glycolysis, thus promoting survival. Furthermore, Stat3-pS727 opposes the mitochondrial permeability
transition pore, thereby inhibiting apoptosis even further [72,75,76].

Stat3 is found to be overactive in a number of cancers and to be required for transformation by a
number of oncogenes such as Src [77-79]. Interestingly, substitution of two cysteine residues within
the C-terminal loop of the SH2 domain of Stat3 (A661C and N663C), which renders Stat3 constitutively
dimerized and active (Stat3C) is sufficient to induce neoplastic transformation of cultured mouse
fibroblasts [80]. This observation reveals an etiological role for Stat3 in neoplasia.

Our lab and others recently demonstrated that, besides growth factors and oncogenes, confluence
of a large variety of cultured cells induces a dramatic surge in Stat3, pY’® phosphorylation and
activity ([81-87], reviewed in [88]). It was later shown that engagement of a number of cadherins, as
occurs through confluence, triggers a surge in protein levels and activity of the small GTPases, Rac
and Cdc42 [86,87,89-91]. Rac activation increases the secretion of IL6 family cytokines and autocrine
activation of Stat3 ([86], reviewed in [30,88]). The importance of Stat3 in survival is demonstrated by
the fact that Stat3 inhibition in Src-transformed, or non-transformed cells grown to high confluence
induces apoptosis, not simply reversion of the cell to a normal phenotype [78,79,92]. The survival effect
of Stat3 may be the reason for the resistance of tumor cells to chemotherapeutic drugs and targeted
therapies when grown to high but not low densities in culture [93].

3.2. Stat3 Inhibition Eliminates GJIC While Stat3C Increases GJIC

Evidence on the effect of Stat3 upon GJIC stems mainly from Src-transformed, rodent cells as well
as from human lung carcinoma lines and expression of a mutationally activated form of Stat3.

Ras pathway inhibition restores GJIC in vSrc-transformed, rat 3Y1 cells [13,94], while in
non-transformed fibroblasts, Ras downregulation increased GJIC [14]. In sharp contrast to Ras
inhibition however, pharmacological or genetic Stat3 inhibition in the rat liver epithelial line T51B
transformed by activated Src (line T51B-Src), through the CPA7 inhibitor [95] or siRNA expressed with
a retroviral vector did not restore GJIC [32]. That is, contrary to high Ras, high Stat3 activity, which
could be, at least in part, due to high Src activity levels, cannot be responsible for the lack of junctional
communication in T51B-5rc cells.

Examination of the effect of Stat3 inhibition in the parental T51B line showed that treatment with
CPA7 or siRNA expression essentially abolished GJIC [32]. Therefore, rather than increasing GJIC,
as would be expected based on Stat3’s neoplastic properties, Stat3 inhibition eliminates junctional
permeability, indicating that Stat3 activity is actually required for gap junction function in normal
epithelial cells which display extensive GJIC. Results also demonstrated that, besides GJIC, Stat3 is
also required for the maintenance of Cx43 protein levels as well [32,96].
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These results from rat epithelial cells were recapitulated in human non-small cell lung carcinoma
lines (NSCLC). In fact, an inverse relationship between Src activity levels and GJIC was noted; in
five lines with high Src activity (A549, SKLu-1, CaLu-1, SW900, CaLu-6), GJIC was absent (e.g., A549,
Figure 3B, panel a—c), while two lines with low Src levels (QU-DB and SK-LuCi6) had extensive
GJIC (e.g., QUDB, Figure 3A panel a—), similar to non-transformed, immortalized lung epithelial
cells [4]. Interestingly, Stat3 inhibition in any of the NSCLC lines expressing high endogenous Src
activity levels, or in cells where Src was exogenously transduced, did not restore GJIC. On the
contrary, Stat3 downregulation in immortalized, non-transformed lung epithelial cells or in the NSCLC
lines displaying extensive GJIC actually suppressed junctional permeability, in a manner similar to
the T51B/T51B-Src system (Figure 3A(d—f),B(d-f)), pointing to a positive role of Stat3 upon GJIC.
Interestingly, expression of the constitutively active Stat3 mutant, Stat3C, in SK-LuCi6 cells increased
GJIC (Figure 3C), despite the fact that Stat3C is capable of neoplastic transformation [80].

A QUDB

CPA7
B A549
Phase contrast Fluorescence Merge
DMSO
CPA7

Figure 3. Cont.
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SK-LuCi6
Stat3C

Figure 3. (A) Stat3 downregulation eliminates gap junctional permeability in human lung carcinoma
QU-DB cells. LY was electroporated into QU-DB cells following treatment with the DMSO carrier alone
(a—c), or the Stat3 inhibitor CPA7 (d—f). Cells from the same field were photographed under fluorescence
(b,e) or phase contrast (a,d) illumination. Cells at the edge of the conductive area which were loaded
with LY through electroporation were marked with a star, and cells at the non-electroporated area
which received LY through gap junctions were marked with a dot [53]. Arrows point to the edge
of the electroporated area. (c,f) Overlay of phase-contrast and fluorescence. Magnification: 240x.
Note the extensive gap junctional communication in (b). (From ref. [4], reproduced with permission).
(B) Stat3 downregulation does not increase gap junctional permeability in human lung carcinoma
Ab549 cells. Same as above, A549 cells. Note the absence of GJIC, even after Stat3 downregulation (e).
(From ref. [4], reproduced with permission). (C) Stat3C increases GJIC. LY was electroporated into
SK-LuCi6, lung carcinoma cells before (top panel) or after (bottom panel) expression of Stat3C with
a pBabe-puro-5Stat3C retroviral vector. Note the increase in dye transfer following Stat3C expression.
Arrows point to the edge of the electroporated area (Figure not previously published).

Further examination of additional lung cancer lines revealed a greater level of complexity [97],
indicating that other, Src-independent factors must be responsible for GJIC suppression. Still, in
all cases high Src levels, either endogenous or exogenously expressed, eliminated GJIC, while Stat3
inhibition eliminated junctional permeability in any of the lung cancer lines examined, in agreement
with data from mouse or rat fibroblasts or epithelial cells. Taken together, these results show that,
unlike Ras, Stat3 is actually required for, rather than suppressing junctional permeability.
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4. Discussion

Neoplastic transformation is invariably accompanied by GJIC reduction [4,97]. In fact, several
lines of evidence point to activated Ras as GJIC suppressor: Mutationally activated forms of Ras can
suppress GJIC [14,15], and this reduction could be effected at lower levels than the levels required
for full neoplastic conversion by this oncogene, pointing to an exquisite sensitivity of gap junction
function to Ras signalling [17]. In addition, despite the fact that the prototype oncogene, Src, can
suppress GJIC through direct phosphorylation of connexin-43 at Y247 and Y265 [98,99], or indirectly
through activation of the Protein kinase C [23,100-103], GJIC suppression by vSrc or mT requires Ras
signalling [16], and can also occur by a mechanism that is independent from Erk action, at least in
3Y1 rat fibroblasts [94]. However, despite the fact that the Ras, PI3k/Akt and Stat3 pathways are
neoplastically transforming and are often co-ordinately regulated by Growth Factors or oncogenes,
inhibition of PI3k or Stat3 activity does not restore junctional permeability in cells transformed
by activated Src [4] or mT [31]. In the contrary, PI3k or Stat3 inhibition eliminated GJIC even in
normal fibroblasts or epithelial cells [32], or certain lung cancer lines which have extensive GJIC [4].
These findings stress the role of PI3k and Stat3 as positive regulators of GJIC. Thus, it appears that
oncogenes such as Src have a dual role upon GJIC; acting as inhibitors of communication through direct
or indirect phosphorylation of Cx43, and as activators, through activation of PI3k and Stat3. In the
presence of high Src activity the inhibitory functions prevail so that the net effect is gap junction closure.

Since neoplastic transformation leads to inhibition of junctional communication, the question of
the transforming abilities of the two pathways, Ras and PI3k is next. In fact, both the Ras and PI3k
pathways were shown to be required for full neoplastic transformation by mT [34]. Still, the fact that
mutant 248H-mT which activates PI3k/Akt more than wt-mT [57] has actually higher GJIC than the
parental T51B cells (Figure 1g,h vs. Figure 1a,b), while expression of activating mutations of p110«
increases GJIC, reinforce the conclusion that PI3k is able to increase GJIC, despite its transforming
potential. The fact that activation of the Ras pathway alone (mutant 315F-mT) is not sufficient for
anchorage independence or tumorigenicity [104] indicates that the interruption of gap junctional
communication by the Y?**-Ras/Erk pathway can occur in the absence of full neoplastic conversion
and the concomitant changes in cell shape in this system.

PI3k and Stat3, two evolutionarily very different oncogenes, both constitute potent survival
signals. The question therefore arises as to whether the effect of PI3k or Stat3 upon GJIC is linked to
their survival function.

Apoptotic death of adherent cells is associated with dramatic shape changes and a reduction
in the area of cell to cell contact, which would lead to a disruption of gap junctions. Previous data
demonstrated that apoptosis triggered by treatment with etoposide, cycloheximide or puromycin
leads to a loss of GJIC, probably due to caspase-3-mediated degradation of Cx43 [105]. In fact, Akt is
known to promote cellular survival through multiple mechanisms ([27,64,106,107], reviewed in [37]).
Therefore, apoptosis inhibition due to PI3k/ Akt activation would increase Cx43 levels and gap junction
function. Similarly, Stat3 activates a number of anti-apoptotic genes, such as survivin [71], Bel-xL
and Mcl-1 [108]. Stat3 inhibition in cells grown to high densities was shown to trigger apoptosis
in non-neoplastic mouse fibroblasts and epithelial cells as well as breast cancer lines [92], which is
accompanied by a dramatic reduction in Cx43 levels and GJIC [4,32]. Experiments regarding GJIC
levels following inhibition of specific, apoptosis-linked effectors of PI3k or Stat3 may definitively
answer these questions.

5. Conclusions

Despite the fact that Ras, PI3k and Stat3 are generally growth promoting, required for
transformation by a multitude of oncogenes, and in an activated form can act as oncogenes in their
own right, PI3k and Stat3 are not transmitting signals leading to GJIC suppression. In the contrary,
the available evidence reveals a dramatic difference in the response of GJIC to the three pathways
emanating from many oncogenes and jointly required for full neoplastic conversion; PI3k and Stat3
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actually promote GJIC. Therefore, it is tempting to speculate that neoplastic transformation requires
Ras/Erk as well as PI3k/Akt, Stat3 and survival, while a survival function is actually required for
the maintenance, rather than suppression, of GJIC. When all three pathways are activated then the
Ras pathway prevails, with GJIC suppression as a net result. Upon PI3k or Stat3 inhibition, the
interruption of GJIC would confine the apoptotic event to single cells and this might be essential for the
maintenance of tissue integrity. This novel role of PI3k and Stat3 may be an important regulatory step
in the progression of tumours that exploit such a pathway. In fact, a correlation was noted between
nuclear Stat3 levels and Cx43 and Cx26 in grade 1 and 2 uterine endometrioid adenocarcinomas, while
this association was progressively weaker as the tumors dedifferentiated to G3, presumably due to the
activation of additional oncogenes [109].

Significance: A large number of oncogenes activate the transcription factor E2F family, which
targets genes involved in cell proliferation. Paradoxically however, E2F by default activates genes
involved in apoptosis [110]. Certainly, the oncogene(s) or E2F itself also activate genes such as for PI3k
and Stat3 which block apoptosis, so that transformation can occur. Still, inhibition of PI3k or Stat3
triggers apoptosis of tumor cells specifically due to their high E2F levels, rather than merely growth
retardation (Figure 4). Although apoptosis of tumor cells is highly desirable in a clinical setting, the
GJIC reduction occurring would prevent the diffusion of the inhibitory drugs to neighboring cells, a
fact which should be taken into account in drug design.

Onc
f
+

pro||ferat|on U \}B LG
apoptOSI
GJIC

Figure 4. Model on PI3k and Stat3, apoptosis and GJIC. A number of oncogenes (Onc) activate the
transcription factor E2F family, through a number of steps [111]. E2F, in turn, can induce apoptosis
through p53-dependent and independent pathways. Interestingly, the oncogene also activates PI3k
and Stat3 which block apoptosis, so that neoplastic transformation can occur. Upon PI3k and Stat3
inhibition however, apoptosis will suppress GJIC.
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Abbreviations

Erk1/2 Extracellular signal regulated kinase 1 and 2
GJIC Gap junctional, intercellular communication
ITO indium Tin Oxide

LY Lucifer yellow

mT middle tumor antigen of polyoma virus

myr-p110 myristylated, p110 catalytic subunit of PI3k

PI3k Phosphatidylinositol-3 kinase

p110 catalytic subunit of PI3k

PDK1 phosphoinositide-dependent kinase-1

PH plekstrin-homology

PKC Protein kinase C

PLCy Phospholipase-C gamma

PTB phosphotyrosine binding domain

Ras Rat sarcoma

Ser serine (or S: serine)

SH2 Src-homology-2 domain

SH3 Src-homology-3 domain

Shc Src-homology-2 domain-containing transforming protein
TORC2 Target of Rapamycin complex 2.

Tyr tyrosine (or Y: tyrosine)

wt Wild-type

References

1. Nielsen, M.S.; Nygaard, A.L.; Sorgen, P.L.; Verma, V.; Delmar, M.; Holstein-Rathlou, N.H. Gap junctions.

10.

11.

12.

Compr. Physiol. 2012, 2, 1981-2035. [PubMed]

Su, V,; Lau, A.F. Connexins: Mechanisms regulating protein levels and intercellular communication.
FEBS Lett. 2014, 588, 1212-1220. [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]

Geletu, M.; Arulanandam, R.; Greer, S.; Trotman-Grant, A.; Tomai, E.; Raptis, L. Stat3 is a positive regulator
of gap junctional intercellular communication in cultured, human lung carcinoma cells. BMC Cancer 2012,
12, 605. [CrossRef] [PubMed]

Tomai, E.; Brownell, H.L.; Tufescu, T.; Reid, K.; Raptis, L. Gap junctional communication in lung carcinoma
cells. Lung Cancer 1999, 23, 223-231. [CrossRef]

Vinken, M.; Vanhaecke, T.; Papeleu, P.; Snykers, S.; Henkens, T.; Rogiers, V. Connexins and their channels in
cell growth and cell death. Cell Signal. 2006, 18, 592-600. [CrossRef] [PubMed]

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]

Huang, R.P; Fan, Y,; Hossain, M.Z.; Peng, A.; Zeng, Z.L.; Boynton, A.L. Reversion of the neoplastic phenotype
of human glioblastoma cells by connexin 43 (cx43). Cancer Res. 1998, 58, 5089-5096.

Moorby, C.; Patel, M. Dual functions for connexins: Cx43 regulates growth independently of gap junction
formation. Exp. Cell Res. 2001, 271, 238-248. [CrossRef]

Zhang, YW.; Kaneda, M.; Morita, I. The gap junction-independent tumor-suppressing effect of connexin 43.
J. Biol. Chem. 2003, 278, 44852-44856. [CrossRef]

Fu, C.T.,; Bechberger, ].F.; Ozog, M.A.; Perbal, B.; Naus, C.C. Ccn3 (nov) interacts with connexin43 in c6
glioma cells: Possible mechanism of connexin-mediated growth suppression. . Biol. Chem. 2004, 279,
36943-36950. [CrossRef] [PubMed]

Gellhaus, A.; Dong, X.; Propson, S.; Maass, K.; Klein-Hitpass, L.; Kibschull, M.; Traub, O.; Willecke, K.;
Perbal, B.; Lye, S.J.; et al. Connexin43 interacts with nov: A possible mechanism for negative regulation of
cell growth in choriocarcinoma cells. J. Biol. Chem. 2004, 279, 36931-36942. [CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/23723031
http://dx.doi.org/10.1016/j.febslet.2014.01.013
http://www.ncbi.nlm.nih.gov/pubmed/24457202
http://dx.doi.org/10.1038/2091248a0
http://www.ncbi.nlm.nih.gov/pubmed/5956321
http://dx.doi.org/10.1186/1471-2407-12-605
http://www.ncbi.nlm.nih.gov/pubmed/23244248
http://dx.doi.org/10.1016/S0169-5002(99)00016-1
http://dx.doi.org/10.1016/j.cellsig.2005.08.012
http://www.ncbi.nlm.nih.gov/pubmed/16183253
http://dx.doi.org/10.1089/ars.2008.2153
http://www.ncbi.nlm.nih.gov/pubmed/18834328
http://dx.doi.org/10.1006/excr.2001.5357
http://dx.doi.org/10.1074/jbc.M305072200
http://dx.doi.org/10.1074/jbc.M403952200
http://www.ncbi.nlm.nih.gov/pubmed/15213231
http://dx.doi.org/10.1074/jbc.M404073200
http://www.ncbi.nlm.nih.gov/pubmed/15181016

Cancers 2019, 11, 167 12 of 16

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Pahujaa, M.; Anikin, M.; Goldberg, G.S. Phosphorylation of connexin43 induced by src: Regulation of
gap junctional communication between transformed cells. Exp. Cell Res. 2007, 313, 4083—4090. [CrossRef]
[PubMed]

Brownell, H.L.; Narsimhan, R.; Corbley, M.].; Mann, V.M.; Whitfield, ].F,; Raptis, L. Ras is involved in gap
junction closure in mouse fibroblasts or preadipocytes but not in differentiated adipocytes. DNA Cell Biol.
1996, 15, 443—-451. [CrossRef] [PubMed]

Atkinson, M.M.; Sheridan, J.D. Altered junctional permeability between cells transformed by v-ras, v-mos,
or v-src. Am. |. Physiol. 1988, 255, C674—C683. [CrossRef] [PubMed]

Brownell, H.L.; Whitfield, J.F.; Raptis, L. Cellular ras partly mediates gap junction closure by the polyoma
virus middle tumor antigen. Cancer Lett. 1996, 103, 99-106. [CrossRef]

Brownell, H.L.; Whitfield, J.F; Raptis, L. Elimination of intercellular junctional communication requires
lower ras'®"®! levels than stimulation of anchorage-independent proliferation. Cancer Detect. Prev. 1997, 21,
289-294.

Grammatikakis, N.; Vultur, A.; Ramana, C.V,; Siganou, A.; Schweinfest, C.W.; Raptis, L. The role of hsp90n, a
new member of the hsp90 family, in signal transduction and neoplastic transformation. J. Biol. Chem. 2002,
277, 8312-8320. [CrossRef]

Geletu, M.; Trotman-Grant, A.; Raptis, L. Mind the gap; regulation of gap junctional, intercellular
communication by the src oncogene product and its effectors. Anticancer Res. 2012, 32, 4245-4250.

Crow, D.S.; Beyer, E.C.; Paul, D.L.; Kobe, S.S.; Lau, A.F. Phosphorylation of connexin43 gap junction protein in
uninfected and rous sarcoma virus-transformed mammalian fibroblasts. Mol. Cell. Biol. 1990, 10, 1754-1763.
[CrossRef]

Lin, R.; Warn-Cramer, B.J.; Kurata, W.E.; Lau, A.F. V-src phosphorylation of connexin 43 on tyr247 and tyr265
disrupts gap junctional communication. J. Cell Biol. 2001, 154, 815-827. [CrossRef] [PubMed]

Swenson, L.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]

Zhou, L.; Kasperek, E.M.; Nicholson, B.J. Dissection of the molecular basis of pp60(v-src) induced gating of
connexin 43 gap junction channels. J. Cell Biol. 1999, 144, 1033-1045. [CrossRef] [PubMed]

Lin, R;; Martyn, K.D.; Guyette, C.V.; Lau, A.F.; Warn-Cramer, B.]. V-src tyrosine phosphorylation of connexin43:
Regulation of gap junction communication and effects on cell transformation. Cell Commun. Adhes. 2006, 13,
199-216. [CrossRef] [PubMed]

Mitra, S.S.; Xu, J.; Nicholson, B.J. Coregulation of multiple signalling mechanisms in pp60v-src-induced
closure of cx43 gap junction channels. J. Membr. Biol. 2012, 245, 495-506. [CrossRef] [PubMed]

Solan, J.L.; Lampe, P.D. Specific cx43 phosphorylation events regulate gap junction turnover in vivo.
FEBS Lett. 2014, 588, 1423-1429. [CrossRef]

Axelsen, L.N.; Calloe, K.; Holstein-Rathlou, N.H.; Nielsen, M.S. Managing the complexity of communication:
Regulation of gap junctions by post-translational modification. Front. Pharmacol. 2013, 4, 130. [CrossRef]
Govindarajan, R.; Chakraborty, S.; Johnson, K.E.; Falk, M.M.; Wheelock, M.].; Johnson, K.R.; Mehta, P.P.
Assembly of connexin43 into gap junctions is regulated differentially by e-cadherin and n-cadherin in rat
liver epithelial cells. Mol. Biol. Cell 2010, 21, 4089-4107. [CrossRef]

Kovacs, EM.; Ali, R.G.; McCormack, A.J.; Yap, A.S. E-cadherin homophilic ligation directly signals through
rac and phosphatidylinositol 3-kinase to regulate adhesive contacts. J. Biol. Chem. 2002, 277, 6708-6718.
[CrossRef]

Geletu, M.; Guy, S.; Arulanandam, R.; Feracci, H.; Raptis, L. Engaged for survival; from cadherin ligation to
stat3 activation. JAKS-STAT 2013, 2, €27361-e27363. [CrossRef]

Geletu, M.; Guy, S.; Greer, S.; Raptis, L. Differential effects of polyoma virus middle tumor antigen mutants
upon gap junctional, intercellular communication. Exp. Cell Res. 2015, 336, 223-231. [CrossRef] [PubMed]
Geletu, M.; Chaize, C.; Arulanandam, R.; Vultur, A.; Kowolik, C.; Anagnostopoulou, A.; Jove, R,;
Raptis, L. Stat3 activity is required for gap junctional permeability in normal epithelial cells and fibroblasts.
DNA Cell Biol. 2009, 28, 319-327. [CrossRef] [PubMed]

Whitman, M.; Downes, C.P,; Keeler, M.; Keller, T.; Cantley, L. Type i phosphatidylinositol kinase makes
a novel inositol phospholipid, phosphatidylinositol-3-phosphate. Nature 1988, 332, 644—-646. [CrossRef]
[PubMed]


http://dx.doi.org/10.1016/j.yexcr.2007.09.010
http://www.ncbi.nlm.nih.gov/pubmed/17956757
http://dx.doi.org/10.1089/dna.1996.15.443
http://www.ncbi.nlm.nih.gov/pubmed/8672240
http://dx.doi.org/10.1152/ajpcell.1988.255.5.C674
http://www.ncbi.nlm.nih.gov/pubmed/3056028
http://dx.doi.org/10.1016/0304-3835(96)04187-0
http://dx.doi.org/10.1074/jbc.M109200200
http://dx.doi.org/10.1128/MCB.10.4.1754
http://dx.doi.org/10.1083/jcb.200102027
http://www.ncbi.nlm.nih.gov/pubmed/11514593
http://dx.doi.org/10.1091/mbc.1.13.989
http://www.ncbi.nlm.nih.gov/pubmed/1966893
http://dx.doi.org/10.1083/jcb.144.5.1033
http://www.ncbi.nlm.nih.gov/pubmed/10085299
http://dx.doi.org/10.1080/15419060600848516
http://www.ncbi.nlm.nih.gov/pubmed/16916748
http://dx.doi.org/10.1007/s00232-012-9500-0
http://www.ncbi.nlm.nih.gov/pubmed/22965738
http://dx.doi.org/10.1016/j.febslet.2014.01.049
http://dx.doi.org/10.3389/fphar.2013.00130
http://dx.doi.org/10.1091/mbc.e10-05-0403
http://dx.doi.org/10.1074/jbc.M109640200
http://dx.doi.org/10.4161/jkst.27363
http://dx.doi.org/10.1016/j.yexcr.2015.07.013
http://www.ncbi.nlm.nih.gov/pubmed/26187405
http://dx.doi.org/10.1089/dna.2008.0833
http://www.ncbi.nlm.nih.gov/pubmed/19456249
http://dx.doi.org/10.1038/332644a0
http://www.ncbi.nlm.nih.gov/pubmed/2833705

Cancers 2019, 11, 167 13 of 16

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Utermark, T.; Schaffhausen, B.S.; Roberts, T.M.; Zhao, J.J. The p110alpha isoform of phosphatidylinositol
3-kinase is essential for polyomavirus middle T antigen-mediated transformation. J. Virol. 2007, 81, 7069-7076.
[CrossRef] [PubMed]

Webster, M. A.; Hutchinson, ].N.; Rauh, M.].; Muthuswamy, S.K.; Anton, M.; Tortorice, C.G.; Cardiff, R.D.;
Graham, FL.; Hassell, J.A.; Muller, W.J. Requirement for both shc and phosphatidylinositol 3’ kinase
signalling pathways in polyomavirus middle t-mediated mammary tumorigenesis. Mol. Cell. Biol. 1998, 18,
2344-2359. [CrossRef] [PubMed]

Liu, S.; Knapp, S.; Ahmed, A.A. The structural basis of pi3k cancer mutations: From mechanism to therapy.
Cancer Res. 2014, 74, 641-646. [CrossRef] [PubMed]

Manning, B.D.; Cantley, L.C. Akt/pkb signalling: Navigating downstream. Cell 2007, 129, 1261-1274.
[CrossRef]

Franke, T.; Kaplan, D.R; Cantley, L.C. Pi3k:Downstream aktion blocks apoptosis. Cell 1997, 88, 435-437.
[CrossRef]

Franke, T.F,; Cantley, L.C. Apoptosis. A bad kinase makes good. Nature 1997, 390, 116-117. [CrossRef]
Marcotte, R.; Muller, WJ. Signal transduction in transgenic mouse models of human breast
cancer-implications for human breast cancer. |. Mammary Gland. Biol. Neoplasia 2008, 13, 323-335. [CrossRef]
Dilworth, S.M. Polyoma virus middle t antigen and its role in identifying cancer-related molecules.
Nat. Rev. Cancer 2002, 2, 951-956. [CrossRef] [PubMed]

Ichaso, N.; Dilworth, S.M. Cell transformation by the middle t-antigen of polyoma virus. Oncogene 2001, 20,
7908-7916. [CrossRef] [PubMed]

Campbell, K.S.; Ogris, E.; Burke, B.; Su, W.; Auger, K.R.; Druker, B.J.; Schaffhausen, B.S.; Roberts, T.M.;
Pallas, D.C. Polyoma middle tumor antigen interacts with shc protein via the npty (asn-pro-thr-tyr) motif in
middle tumor antigen. Proc. Nat. Acad. Sci. USA 1994, 91, 6344-6348. [CrossRef] [PubMed]

Dilworth, S.M.; Brewster, C.E.; Jones, M.D.; Lanfrancone, L.; Pelicci, G.; Pelicci, P.G. Transformation by
polyoma virus middle t-antigen involves the binding and tyrosine phosphorylation of shc. Nature 1994, 367,
87-90. [CrossRef]

Courtneidge, S.A.; Heber, A. An 81 kd protein complexed with middle t antigen and pp60™: A possible
phosphatidylinositol kinase. Cell 1987, 50, 1031-1037. [CrossRef]

Kaplan, D.R,; Whitman, M.; Schaffhausen, B.S.; Pallas, D.C.; White, M.; Cantley, L.; Roberts, T.M.
Common elements in growth factor stimulation and oncogenic transformation: 85 kd phosphoprotein
and phosphatidylinositol kinase activity. Cell 1987, 50, 1021-1029. [CrossRef]

Whitman, M.; Kaplan, D.R.; Schaffhausen, B.S.; Cantley, L.; Roberts, T.M. Association of phosphatidylinositol
kinase activity with polyoma mt competent for transformation. Nature 1985, 315, 239-242. [CrossRef]
Talmage, D.A.; Freund, R.; Young, A.T.; Dahl, J.; Dawe, C.J.; Benjamin, T.L. Phosphorylation of middle t by
pp60<°: A switch for binding of phosphatidylinositol 3-kinase and optimal tumorigenesis. Cell 1989, 59,
55-65. [CrossRef]

Yoakim, M.; Hou, W,; Liu, Y.; Carpenter, C.L.; Kapeller, R.; Schaffhausen, B.S. Interactions of polyomavirus
middle t with the sh2 domains of the pp85 subunit of phosphatidylinositol-3-kinase. ]. Virol. 1992, 66,
5485-5491.

Songyang, Z.; Shoelson, S.E.; Chaudhuri, M.; Gish, G.; Pawson, T.; Haser, W.G.; King, F,; Roberts, T.;
Ratnofsky, S.; Lechleider, R.J.; et al. Sh2 domains recognize specific phosphopeptide sequences. Cell 1993, 72,
767-778. [PubMed]

Kaplan, D.R.; Whitman, M.; Schaffhausen, B.; Raptis, L.; Garcea, R.L.; Pallas, D.; Roberts, T.M.; Cantley, L.
Phosphatidylinositol metabolism and polyoma-mediated transformation. Proc. Nat. Acad. Sci. USA 1986, 83,
3624-3628. [CrossRef] [PubMed]

Smolar, N.; Griffin, B.E. DNA sequences of polyoma virus early deletion mutants. J. Virol. 1981, 38, 958-967.
[PubMed]

Raptis, L.; Brownell, H.L.; Firth, K.L.; MacKenzie, L.W. A novel technique for the study of intercellular,
junctional communication; electroporation of adherent cells on a partly conductive slide. DNA Cell Biol.
1994, 13, 963-975. [CrossRef] [PubMed]

Azarnia, R.; Loewenstein, W.R. Polyomavirus middle t antigen downregulates junctional cell-to-cell
communication. Mol. Cell. Biol 1987, 7, 946-950. [CrossRef] [PubMed]


http://dx.doi.org/10.1128/JVI.00115-07
http://www.ncbi.nlm.nih.gov/pubmed/17442716
http://dx.doi.org/10.1128/MCB.18.4.2344
http://www.ncbi.nlm.nih.gov/pubmed/9528804
http://dx.doi.org/10.1158/0008-5472.CAN-13-2319
http://www.ncbi.nlm.nih.gov/pubmed/24459181
http://dx.doi.org/10.1016/j.cell.2007.06.009
http://dx.doi.org/10.1016/S0092-8674(00)81883-8
http://dx.doi.org/10.1038/36442
http://dx.doi.org/10.1007/s10911-008-9087-3
http://dx.doi.org/10.1038/nrc946
http://www.ncbi.nlm.nih.gov/pubmed/12459733
http://dx.doi.org/10.1038/sj.onc.1204859
http://www.ncbi.nlm.nih.gov/pubmed/11753673
http://dx.doi.org/10.1073/pnas.91.14.6344
http://www.ncbi.nlm.nih.gov/pubmed/8022784
http://dx.doi.org/10.1038/367087a0
http://dx.doi.org/10.1016/0092-8674(87)90169-3
http://dx.doi.org/10.1016/0092-8674(87)90168-1
http://dx.doi.org/10.1038/315239a0
http://dx.doi.org/10.1016/0092-8674(89)90869-6
http://www.ncbi.nlm.nih.gov/pubmed/7680959
http://dx.doi.org/10.1073/pnas.83.11.3624
http://www.ncbi.nlm.nih.gov/pubmed/2424008
http://www.ncbi.nlm.nih.gov/pubmed/6264166
http://dx.doi.org/10.1089/dna.1994.13.963
http://www.ncbi.nlm.nih.gov/pubmed/7917017
http://dx.doi.org/10.1128/MCB.7.2.946
http://www.ncbi.nlm.nih.gov/pubmed/2434836

Cancers 2019, 11, 167 14 of 16

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Markland, W.; Cheng, S.H.; Oostra, B.A.; Smith, A.E. In vitro mutagenesis of the putative membrane-binding
domain of polyoma virus middle t antigen. J. Virol. 1986, 59, 82-89. [PubMed]

Druker, B.J.; Sibert, L.; Roberts, T.M. Polyomavirus middle t-antigen npty mutants. J. Virol. 1992, 66,
5770-5776. [PubMed]

Hong, Y.K.; Mikami, A.; Schaffhausen, B.; Jun, T.; Roberts, TM. A new class of mutations reveals a novel
function for the original phosphatidylinositol 3-kinase binding site. Proc. Natl. Acad. Sci. USA 2003, 100,
9434-9439. [CrossRef] [PubMed]

Royal, I.; Gourdeau, H.; Blouin, R.; Marceau, N. Down-regulation of cytokeratin 14 mrna in polyoma virus
middle t- transformed rat liver epithelial cells. Cell Growth Differ. 1992, 3, 589-596. [PubMed]

Geletu, M.; Guy, S; Firth, K; Raptis, L. A functional assay for gap junctional examination; electroporation of
adherent cells on indium-tin oxide. J. Vis. Exp. 2014, 92, €51710. [CrossRef] [PubMed]

Auger, K.R.; Wang, ].; Narsimhan, R.P.; Holcombe, T.; Roberts, T.M. Constitutive cellular expression of pi
3-kinase is distinct from transient expression. Biochem. Biophys. Res. Commun. 2000, 272, 822-829. [CrossRef]
[PubMed]

Dunn, C.A.; Su, V,; Lau, A.F; Lampe, P.D. Activation of akt, not connexin 43 protein ubiquitination, regulates
gap junction stability. J. Biol. Chem. 2012, 287, 2600-2607. [CrossRef] [PubMed]

Su, V,; Lau, A.F. Ubiquitination, intracellular trafficking, and degradation of connexins. Arch. Biochem. Biophys.
2012, 524, 16-22. [CrossRef] [PubMed]

Su, V,; Cochrane, K.; Lau, A.F. Degradation of connexins through the proteasomal, endolysosomal and
phagolysosomal pathways. |. Membr. Biol. 2012, 245, 389—400. [CrossRef] [PubMed]

Bhattacharjee, R.; Kaneda, M.; Nakahama, K.; Morita, I. The steady-state expression of connexin43 is
maintained by the pi3k/akt in osteoblasts. Biochem. Biophys. Res. Commun. 2009, 382, 440-444. [CrossRef]
[PubMed]

Ito, S.; Hyodo, T.; Hasegawa, H.; Yuan, H.; Hamaguchi, M.; Senga, T. Pi3k/akt signalling is involved in the
disruption of gap junctional communication caused by v-src and tnf-alpha. Biochem. Biophys. Res. Commun.
2010, 400, 230-235. [CrossRef] [PubMed]

Zhou, S.; Fang, Z.; Wang, G.; Wu, S. Gap junctional intercellular communication dysfunction mediates the
cognitive impairment induced by cerebral ischemia-reperfusion injury: Pi3k/akt pathway involved. Am. J.
Transl. Res. 2017, 9, 5442-5451. [PubMed]

Martinez, ].M.; Wang, H.Z.; Lin, R.Z.; Brink, PR.; White, T.W. Differential regulation of connexin50 and
connexin46 by pi3k signalling. FEBS Lett. 2015, 589, 1340-1345. [CrossRef]

Xia, X.; Batra, N.; Shi, Q.; Bonewald, L.F; Sprague, E.; Jiang, ].X. Prostaglandin promotion of osteocyte
gap junction function through transcriptional regulation of connexin 43 by glycogen synthase kinase
3/beta-catenin signalling. Mol. Cell. Biol. 2010, 30, 206-219. [CrossRef]

Yu, H.,; Pardoll, D.; Jove, R. Stats in cancer inflammation and immunity: A leading role for stat3.
Nat. Rev. Cancer 2009, 9, 798-809. [CrossRef]

Niu, G.; Wright, K.L.; Ma, Y.; Wright, GM.; Huang, M,; Irby, R.; Briggs, J.; Karras, J.; Cress, W.D.; Pardoll, D.;
et al. Role of stat3 in regulating p53 expression and function. Mol. Cell. Biol. 2005, 25, 7432-7440. [CrossRef]
Gritsko, T.; Williams, A.; Turkson, J.; Kaneko, S.; Bowman, T.; Huang, M.; Nam, S.; Eweis, I.; Diaz, N.;
Sullivan, D.; et al. Persistent activation of stat3 signalling induces survivin gene expression and confers
resistance to apoptosis in human breast cancer cells. Clin. Cancer Res. 2006, 12, 11-19. [CrossRef] [PubMed]
Demaria, M.; Poli, V. From the nucleus to the mitochondria and back: The odyssey of a multitask stat3.
Cell Cycle 2011, 10, 3221-3222. [CrossRef] [PubMed]

Gao, X.; Wang, H.; Yang, ].].; Liu, X,; Liu, Z.R. Pyruvate kinase m2 regulates gene transcription by acting as a
protein kinase. Mol. Cell 2012, 45, 598-609. [CrossRef] [PubMed]

Turkson, J.; Bowman, T.; Adnane, J.; Zhang, Y.; Djeu, ].Y.; Sekharam, M.; Frank, D.A.; Holzman, L.B.; Wu, J.;
Sebti, S.; et al. Requirement for ras/racl-mediated p38 and c-jun n-terminal kinase signalling in stat3
transcriptional activity induced by the src oncoprotein. Mol. Cell. Biol. 1999, 19, 7519-7528. [CrossRef]
[PubMed]

Wegrzyn, J.; Potla, R.; Chwae, Y.J.; Sepuri, N.B.; Zhang, Q.; Koeck, T.; Derecka, M.; Szczepanek, K.; Szelag, M.;
Gornicka, A.; et al. Function of mitochondrial stat3 in cellular respiration. Science 2009, 323, 793-797.
[CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/2423706
http://www.ncbi.nlm.nih.gov/pubmed/1326642
http://dx.doi.org/10.1073/pnas.1432964100
http://www.ncbi.nlm.nih.gov/pubmed/12881485
http://www.ncbi.nlm.nih.gov/pubmed/1384655
http://dx.doi.org/10.3791/51710
http://www.ncbi.nlm.nih.gov/pubmed/25350637
http://dx.doi.org/10.1006/bbrc.2000.2806
http://www.ncbi.nlm.nih.gov/pubmed/10860837
http://dx.doi.org/10.1074/jbc.M111.276261
http://www.ncbi.nlm.nih.gov/pubmed/22139843
http://dx.doi.org/10.1016/j.abb.2011.12.027
http://www.ncbi.nlm.nih.gov/pubmed/22239989
http://dx.doi.org/10.1007/s00232-012-9461-3
http://www.ncbi.nlm.nih.gov/pubmed/22772442
http://dx.doi.org/10.1016/j.bbrc.2009.03.044
http://www.ncbi.nlm.nih.gov/pubmed/19285956
http://dx.doi.org/10.1016/j.bbrc.2010.08.045
http://www.ncbi.nlm.nih.gov/pubmed/20727856
http://www.ncbi.nlm.nih.gov/pubmed/29312496
http://dx.doi.org/10.1016/j.febslet.2015.04.029
http://dx.doi.org/10.1128/MCB.01844-08
http://dx.doi.org/10.1038/nrc2734
http://dx.doi.org/10.1128/MCB.25.17.7432-7440.2005
http://dx.doi.org/10.1158/1078-0432.CCR-04-1752
http://www.ncbi.nlm.nih.gov/pubmed/16397018
http://dx.doi.org/10.4161/cc.10.19.17379
http://www.ncbi.nlm.nih.gov/pubmed/21926478
http://dx.doi.org/10.1016/j.molcel.2012.01.001
http://www.ncbi.nlm.nih.gov/pubmed/22306293
http://dx.doi.org/10.1128/MCB.19.11.7519
http://www.ncbi.nlm.nih.gov/pubmed/10523640
http://dx.doi.org/10.1126/science.1164551
http://www.ncbi.nlm.nih.gov/pubmed/19131594

Cancers 2019, 11, 167 15 of 16

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Gough, D.J.; Corlett, A.; Schlessinger, K.; Wegrzyn, J.; Larner, A.C.; Levy, D.E. Mitochondrial stat3 supports
ras-dependent oncogenic transformation. Science 2009, 324, 1713-1716. [CrossRef]

Banerjee, K.; Resat, H. Constitutive activation of stat3 in breast cancer cells: A review. Int ]. Cancer 2016, 138,
2570-2578. [CrossRef]

Turkson, ].; Bowman, T.; Garcia, R.; Caldenhoven, E.; de Groot, R.P; Jove, R. Stat3 activation by src induces
specific gene regulation and is required for cell transformation. Mol. Cell. Biol. 1998, 18, 2545-2552. [CrossRef]
Bromberg, ].E; Horvath, C.M.; Besser, D.; Lathem, WW.; Darnell, J.E., Jr. Stat3 activation is required for
cellular transformation by v-src. Mol. Cell. Biol. 1998, 18, 2553-2558. [CrossRef]

Bromberg, ].F.; Wrzeszczynska, M.H.; Devgan, G.; Zhao, Y.; Pestell, R.G.; Albanese, C.; Darnell, J.E., Jr. Stat3
as an oncogene. Cell 1999, 98, 295-303. [CrossRef]

Vultur, A.; Cao, J.; Arulanandam, R.; Turkson, J.; Jove, R.; Greer, P,; Craig, A.; Elliott, B.E.; Raptis, L. Cell to
cell adhesion modulates stat3 activity in normal and breast carcinoma cells. Oncogene 2004, 23, 2600-2616.
[CrossRef]

Vultur, A.; Arulanandam, R.; Turkson, J.; Niu, G.; Jove, R.; Raptis, L. Stat3 is required for full neoplastic
transformation by the simian virus 40 large tumor antigen. Mol. Biol. Cell 2005, 16, 3832-3846. [CrossRef]
Su, HW.; Yeh, HH.; Wang, SW.; Shen, M.R.; Chen, T.L.; Kiela, PR.; Ghishan, EK.; Tang, M.]. Cell
confluence-induced activation of signal transducer and activator of transcription-3 (stat3) triggers epithelial
dome formation via augmentation of sodium hydrogen exchanger-3 (nhe3) expression. J. Biol. Chem. 2007,
282,9883-9894. [CrossRef]

Kreis, S.; Munz, G.A.; Haan, S.; Heinrich, P.C.; Behrmann, I. Cell density dependent increase of constitutive
signal transducers and activators of transcription 3 activity in melanoma cells is mediated by janus kinases.
Mol. Cancer Res. 2007, 5, 1331-1341. [CrossRef]

Onishi, A.; Chen, Q.; Humtsoe, ].O.; Kramer, R.H. Stat3 signalling is induced by intercellular adhesion in
squamous cell carcinoma cells. Exp. Cell Res. 2008, 314, 377-386. [CrossRef]

Arulanandam, R.; Vultur, A.; Cao, J.; Carefoot, E.; Truesdell, P; Elliott, B.; Larue, L.; Feracci, H.; Raptis, L.
Cadherin-cadherin engagement promotes survival via rac/cdc42 and stat3. Mol. Cancer Res. 2009, 17,
1310-1327. [CrossRef]

Geletu, M.; Arulanandam, R.; Chevalier, S.; Saez, B.; Larue, L.; Feracci, H.; Raptis, L. Classical cadherins
control survival through the gp130/stat3 axis. BBA-Mol. Cell Res. 2013, 1833, 1947-1959. [CrossRef]

Raptis, L.; Arulanandam, R.; Vultur, A.; Geletu, M.; Chevalier, S.; Feracci, H. Beyond structure, to survival:
Stat3 activation by cadherin engagement. Biochem. Cell Biol. 2009, 87, 835-843. [CrossRef]

Arulanandam, R.; Geletu, M.; Feracci, H.; Raptis, L. Racv12 requires gp130 for stat3 activation, cell
proliferation and migration. Exp. Cell Res. 2010, 316, 875-886. [CrossRef]

Noren, N.K.; Niessen, C.M.; Gumbiner, B.M.; Burridge, K. Cadherin engagement regulates rho family
gtpases. J. Biol. Chem. 2001, 276, 33305-33308. [CrossRef]

Charrasse, S.; Comunale, F.; Fortier, M.; Portales-Casamar, E.; Debant, A.; Gauthier-Rouviere, C. M-cadherin
activates racl gtpase through the rho-gef trio during myoblast fusion. Mol. Biol. Cell 2007, 18, 1734-1743.
[CrossRef]

Anagnostopoulou, A.; Vultur, A.,; Arulanandam, R.; Cao, J.; Turkson, J.; Jove, R.; Kim, J.S.; Glenn, M.;
Hamilton, A.D.; Raptis, L. Differential effects of stat3 inhibition in sparse vs confluent normal and breast
cancer cells. Cancer Lett. 2006, 242, 120-132. [CrossRef]

von Manstein, V.; Groner, B. Tumor cell resistance against targeted therapeutics: The density of cultured
glioma tumor cells enhances stat3 activity and offers protection against the tyrosine kinase inhibitor
canertinib. Medchemcomm 2017, 8, 96-102. [CrossRef]

Ito, S.; Ito, Y.; Senga, T.; Hattori, S.; Matsuo, S.; Hamaguchi, M. V-src requires ras signalling for the suppression
of gap junctional intercellular communication. Oncogene 2006, 25, 2420-2424. [CrossRef]

Turkson, J.; Zhang, S.; Palmer, J.; Kay, H.; Stanko, J.; Mora, L.B.; Sebti, S.; Yu, H.; Jove, R. Inhibition of
constitutive signal transducer and activator of transcription 3 activation by novel platinum complexes with
potent antitumor activity. Mol. Cancer Ther. 2004, 3, 1533-1542.

Beardslee, M.A; Laing, ].G.; Beyer, E.C.; Saffitz, ].E. Rapid turnover of connexin43 in the adult rat heart.
Circ. Res. 1998, 83, 629-635. [CrossRef]

Geletu, M.; Guy, S.; Raptis, L. Effects of src and stat3 upon gap junctional, intercellular communication in
lung cancer lines. Anticancer Res. 2013, 33, 4401-4410.


http://dx.doi.org/10.1126/science.1171721
http://dx.doi.org/10.1002/ijc.29923
http://dx.doi.org/10.1128/MCB.18.5.2545
http://dx.doi.org/10.1128/MCB.18.5.2553
http://dx.doi.org/10.1016/S0092-8674(00)81959-5
http://dx.doi.org/10.1038/sj.onc.1207378
http://dx.doi.org/10.1091/mbc.e04-12-1104
http://dx.doi.org/10.1074/jbc.M606754200
http://dx.doi.org/10.1158/1541-7786.MCR-07-0317
http://dx.doi.org/10.1016/j.yexcr.2007.09.018
http://dx.doi.org/10.1158/1541-7786.MCR-08-0469
http://dx.doi.org/10.1016/j.bbamcr.2013.03.014
http://dx.doi.org/10.1139/O09-061
http://dx.doi.org/10.1016/j.yexcr.2009.10.017
http://dx.doi.org/10.1074/jbc.C100306200
http://dx.doi.org/10.1091/mbc.e06-08-0766
http://dx.doi.org/10.1016/j.canlet.2005.10.047
http://dx.doi.org/10.1039/C6MD00463F
http://dx.doi.org/10.1038/sj.onc.1209263
http://dx.doi.org/10.1161/01.RES.83.6.629

Cancers 2019, 11, 167 16 of 16

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Lampe, P.D.; Lau, A.E. The effects of connexin phosphorylation on gap junctional communication. Int. J.
Biochem. Cell Biol. 2004, 36, 1171-1186. [CrossRef]

Warn-Cramer, B.].; Lau, A.F. Regulation of gap junctions by tyrosine protein kinases. Biochim. Biophys. Acta
2004, 1662, 81-95. [CrossRef]

Griner, E.M.; Kazanietz, M.G. Protein kinase c and other diacylglycerol effectors in cancer. Nat. Rev. Cancer
2007, 7, 281-294. [CrossRef]

Shah, M.M.; Martinez, A.M.; Fletcher, W.H. The connexin43 gap junction protein is phosphorylated by
protein kinase a and protein kinase c: In vivo and in vitro studies. Mol. Cell Biochem. 2002, 238, 57-68.
[CrossRef] [PubMed]

Bao, X.; Reuss, L.; Altenberg, G.A. Regulation of purified and reconstituted connexin 43 hemichannels by
protein kinase c-mediated phosphorylation of serine 368. J. Biol. Chem. 2004, 279, 20058-20066. [CrossRef]
[PubMed]

Lampe, P.D.; TenBroek, E.M.; Burt, ].M.; Kurata, W.E.; Johnson, R.G.; Lau, A.F. Phosphorylation of connexin43
on serine368 by protein kinase c regulates gap junctional communication. J. Cell Biol. 2000, 149, 1503-1512.
[CrossRef] [PubMed]

Royal, I; Raptis, L.; Druker, B.J.; Marceau, N. Downregulation of cytokeratin 14 gene expression by the
polyoma virus middle t antigen is dependent on c-src association but independent of full transformation in
rat liver nonparenchymal epithelial cells. Cell Growth Differ. 1996, 7, 737-743.

Theiss, C.; Mazur, A.; Meller, K.; Mannherz, H.G. Changes in gap junction organization and decreased
coupling during induced apoptosis in lens epithelial and nih-3t3 cells. Exp. Cell Res. 2007, 313, 38-52.
[CrossRef]

Datta, S.R.; Ranger, AM.; Lin, M.Z; Sturgill, ].F; Ma, Y.C.; Cowan, C.W.; Dikkes, P.; Korsmeyer, S.J.;
Greenberg, M.E. Survival factor-mediated bad phosphorylation raises the mitochondrial threshold for
apoptosis. Dev. Cell 2002, 3, 631-643. [CrossRef]

Datta, S.R.; Dudek, H,; Tao, X.; Masters, S.; Fu, H.; Gotoh, Y.; Greenberg, M.E. Akt phosphorylation of bad
couples survival signals to the cell-intrinsic death machinery. Cell 1997, 91, 231-241. [CrossRef]

Yu, H.; Jove, R. The stats of cancer-new molecular targets come of age. Nat. Rev. Cancer 2004, 4, 97-105.
[CrossRef]

Sulkowska, U.; Febp, A.W.; Sulkowski, S. Association of stat3 with cx26 and cx43 in human uterine
endometrioid adenocarcinoma. Oncol. Lett. 2016, 11, 4134-4138. [CrossRef]

Young, A.P,; Nagarajan, R.; Longmore, G.D. Mechanisms of transcriptional regulation by rb-e2f segregate by
biological pathway. Oncogene 2003, 22, 7209-7217. [CrossRef]

Sears, R.C.; Nevins, ].R. Signaling networks that link cell proliferation and cell fate. J. Biol. Chem. 2002, 277,
11617-11620. [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/10.1016/S1357-2725(03)00264-4
http://dx.doi.org/10.1016/j.bbamem.2003.10.018
http://dx.doi.org/10.1038/nrc2110
http://dx.doi.org/10.1023/A:1019902920693
http://www.ncbi.nlm.nih.gov/pubmed/12349910
http://dx.doi.org/10.1074/jbc.M311137200
http://www.ncbi.nlm.nih.gov/pubmed/14973142
http://dx.doi.org/10.1083/jcb.149.7.1503
http://www.ncbi.nlm.nih.gov/pubmed/10871288
http://dx.doi.org/10.1016/j.yexcr.2006.09.029
http://dx.doi.org/10.1016/S1534-5807(02)00326-X
http://dx.doi.org/10.1016/S0092-8674(00)80405-5
http://dx.doi.org/10.1038/nrc1275
http://dx.doi.org/10.3892/ol.2016.4550
http://dx.doi.org/10.1038/sj.onc.1206804
http://dx.doi.org/10.1074/jbc.R100063200
http://www.ncbi.nlm.nih.gov/pubmed/11805123
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	PI3k as a Positive Regulator of Gap Junctional Communication 
	The Phosphatidylinositol-3 Kinase (PI3k) 
	mT, PI3k and GJIC 
	PI3k Mutations, Membrane Translocation and GJIC 

	Stat3 as a Positive Regulator of Gap Junctional Communication 
	The Signal Transducer and Activator of Transcription-3 (Stat3) 
	Stat3 Inhibition Eliminates GJIC While Stat3C Increases GJIC 

	Discussion 
	Conclusions 
	References

