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| 1. Introduction

Cyclic adenosine monophosphate (cCAMP) is a small molecule that acts as a second messenger in mediating intracellular
signal transduction 12, Early studies indicated that cAMP signaling depends primarily on its activation of protein kinase A
(PKA) Bl However, four other key mammalian effector protein families have also been shown to be direct targets of cCAMP,
including the exchange protein activated by cAMP (EPACsl and 2), the cyclic nucleotide gate channels, proteins
containing Popeye domains, and a cyclic nucleotide receptor involved in sperm function 4. Notably, cancer research has
primarily focused on PKA and EPAC [2],

The cAMP/PKA signaling pathway is involved in the invasion, migration, adhesion, clonal growth, and other malignant
phenotypes of cancer cells, including glioblastoma, ovarian cancer, colorectal cancer, breast cancer, and also pituitary
tumors [BIABIENILO |y particular, PKA phosphorylation of vasodilator-stimulated phosphoprotein (VASP) enhances the
invasion and metastasis of esophageal squamous cells 1. In addition, a related study on CIP4 PKA phosphorylation
showed its regulation of cancer metastasis22. Moreover, TGFR/PKA was found to be reportedly involved in colon cancer
metastasis [13]. Therefore, PKA appears to be pivotal for malignant transformation.

Research on cAMP signaling in the cancer field has primarily aimed at identifying effective therapeutic targets for cancer
(2141 However, there are several important studies focusing on the cross-talk among cAMP, Cx, and gap junction
intercellular communication (GJIC). Connexins (Cxs), with 21 subtypes in humans, form both gap junctions and
hemichannels that mediate the communications between two adjacent cells and between intracellular, and extracellular
microenvironments, respectively LSIIEILAMLS] Cxs are regulated by the cAMP signaling pathway, whereas Cx channels
mediate the transfer of cAMP between cells via GJIC and in some circumstances, release to the extracellular milieu via
Cx hemichannels. The significance of this phenomenon in cancer biology has been recently highlighted by several
independent studies. Research conducted previously primarily focused on the mechanisms underlying the tumor-
suppressor function of Cxs within a single cell, but more recently, attention has shifted toward an understanding of role of
Cx channels in cAMP signaling in relation to the entire cell population 2229, One recent study demonstrated that cAMP
exchange between cells via gap junctions limits cell cycle progression 21, proposing a potentially unifying model that
could explain how gap junctions modulate tumor progression. Hepatic epithelial cells are instead very sensitive to the
levels of both cAMP and Cxs. For example, increased functionality of the gap junctions or elevated levels of cAMP have
been shown to reduce the tumorigenicity of HCC cells (24, However, these mechanisms, which are pivotal to tissue
homeostasis, require further investigation.

Cxs are direct targets of CAMP/PKA signaling 23], with the assembly of Cx43 channel clusters between cells being
modified by cAMP signaling [24. The cAMP/PKA pathway regulates the expression and phosphorylation of Cxs. Persistent
hyperglycemia reduces Cx36 mRNA levels in insulin-secreting cells in a rat model of continuous glucose infusion, and
blocking the cAMP/PKA pathway attenuates this effect 23, The cAMP/PKA pathway phosphorylates Cxs, and like in the
zebrafish retina, Cx35/36 is directly phosphorylated by PKA at serine 110 and 276/293 to regulate photoreceptor coupling
(28] pKA directly phosphorylates Cx43 in rats, forming a Cx43 gap junction regulated by follicle-stimulating hormone [24,
whereas the PKA—ezrin—Cx43 axis directly regulates GJIC in the human placenta to trigger trophoblast cell fusion 28],
Therefore, whereas Cx channels mediate the intercellular transfer of CAMP, they are also regulated by it.

2. Regulation of Cx Expression by cAMP/PKA Signaling in Cancer Cell



| Growth and Primary Cancer Progression

Cx expression has long been correlated with the occurrence, progression, and metastasis of cancer. Sixty years ago,
Loewenstein and colleagues observed the loss of intercellular coupling in numerous cancers, and Cxs have been
characterized as tumor suppressors in several cancer subtypes 1229 The overexpression of Cxs has been shown to
inhibit primary tumor growth and progression in pancreatic cancer cells and breast cancer 12, as is the case for Cx43 in
colorectal cancer cells B, However, recent studies have shown that Cx expression is tissue- and stage-specific in cancer.
For example, the expression profile of Cx43 in breast cancer is largely dependent on the intrinsic subtype of breast
cancer, but the majority of breast cancer cells exhibit reduced Cx43 expression or its aberrant localization in the
cytoplasm B1. |n addition to those in the primary tumor, the changes in Cx expression are directly correlated with cancer
metastasis. The metastasis of tumor cells from a primary site to distant foci is perhaps the most critical stage in cancer
progression, as this is what typically leads to terminal outcomes for patients. In this phase, the role of Cxs is typically
opposite, as the upregulation of Cx expression is most often positively associated with metastatic cancer, such as the role
of Cx43/Cx26/Cx30 in metastatic breast cancer and prostate cancer bone metastasis B233IB34IB336] Fyrthermore, Cxs
are involved in entry (intravasation) and exit (extravasation) from the bloodstream B2B7S8] and several Cxs, including
Cx43/Cx26/Cx30, have been implicated in the invasion of remote tissues, like prostate cancer bone metastasis (Cx43),
breast cancer lymphatic vessel invasion (Cx26), and breast cancer and melanoma brain metastasis (Cx43 and Cx26) 22
[33][34]

CAMP signaling plays a role in cancer cell migration; however, it does not alter Cx43 and Cx32 expression, but rather
upregulates Cx26 B4, In addition to Cx expression, it is noteworthy that cell movement depends on the formation of gap
junction channels 29, especially the channels formed by Cx26 [41. This might partially explain the response of Cx26
expression to cCAMP signaling.

In several systems, cAMP via PKA appears to be critical in regulating Cx expression, although whether it exerts positive or
negative effects appears to depend on the tissues and tissue-specific Cx expression profile. However, these studies were
not conducted on cancer cells. For example, continuous hyperglycemia results in a decline in the mRNA levels of rat Cx36
(rCx36) in insulin-secreting cells in rats administered a continuous glucose infusion, an effect that is blocked by the
inhibition of cCAMP/PKA signaling [22. In contrast, prostaglandins have been shown to induce the expression of rat Cx43
(rCx43), which can be reversed by the adenylate cyclase inhibitor SQ22536 or the PKA inhibitor H89 in mesangial and
bladder smooth muscle cells 2,

The cAMP response element-binding protein (CREB) can directly regulate the transcription of Cx43 by forming complexes
with nuclear factor kappa-B (NF-kB) and CREB-binding protein (CBP), the latter two being important effectors of cCAMP
431, The modulation of CREB enhances rCx43 expression 43, Conversely, inducible cAMP early repressor | decreases
rCx36 expression in pancreatic islets in rats [22l. Moreover, oxytocin regulates mCx43 expression by activating cAMP/PKA
signaling and enhancing the expression of nuclear factor kappa-light-chain enhancer in mouse embryonic stem cells 24
(Eigure 1). Although these studies have been done with non-cancer cells, a similar mechanism could be adopted by
certain types of cancer cells. Moreover, the NF-kB/CBP/CREB complex can regulate the expression of target genes both
positively and negatively ¥2; thus, studies that address both of these circumstances should be considered. It would be
interesting to explore the effect of the cCAMP/NF-kB/Cx axis in cancer apoptosis.
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Figure 1. Regulation of connexin (Cx) expression by cAMP/PKA signaling in modulating cancer cell growth and primary
cancer progression. The schematic illustrates the mechanism involved in the cAMP signaling-mediated regulation of Cx
levels. Activation of the G-protein-coupled receptor on the cell membrane by ligands leads to cAMP synthesis by AC.
cAMP diffuses into the cell and activates its effector protein PKA, which phosphorylates NF-kB. Subsequently, NF-kB,



CBP, and CREB form a complex to regulate the transcription of Cxs [251[421[431144] aApbreviations: AC, adenylyl cyclase;
PKA, protein kinase A; NF-kB, nuclear factor kappa-B; CBP, CREB-binding protein; CREB, cAMP response element-
binding protein; PKI, PKA inhibitor; and ICER, inducible cAMP early repressor |.

3. cAMPIPKA Signaling Mediates the Phosphorylation of Cxs to Promote
Cancer Cell Migration and Malignant Transformation

The functional regulation of GJIC, especially Cx phosphorylation, is necessary for cancer cell migration 8. The
phosphorylation of rCx43 at S255, S279, and S282 has been reported, which either opens or closes the gap junction &4
(481491 cx43 contains multiple phosphorylation sites regulated by kinase-mediated signaling pathways that interact with
other proteins, including PKA 421539 A previous study indicated that stimulating the cAMP pathway regulates hemichannel
switching, as well as endocrine and paracrine signaling 1. Another study showed that dipyridamole induces cAMP

production to post-translationally modify bovine Cx43 (bCx43), resulting in increased gap junction coupling of endothelial
cells 321,

Interestingly, Cx43 phosphorylation by PKA seemingly does not directly affect the channel but has been linked to
trafficking. rCx43 phosphorylation can be influenced by PKA localization and by other factors. For example, the tight
junction protein 1 (ZO-1) binds both PKA and Cx43, bringing the kinase in proximity to its targets on Cx43, which leads to
gap junction channel opening 23, In fact, separation from ZO-1 is necessary for gap junction closure B3l |t was also
determined that the complex formed by ezrin, rCx43, and ZO-1 brings PKA in proximity and phosphorylates rCx43,
promoting the opening of the gap junction channels (Figure 2) B4, In contrast, PKA inhibition diminishes rCx43

phosphorylation 23], These data indicated that the cAMP/PKA pathway is instrumental in the phosphorylation of rCx43.
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Figure 2. cAMP/PKA signaling mediates the phosphorylation of connexins (Cxs) to promote cancer cell migration and
malignant transformation. In the resting state (left panel), the whole complex consists of Cx, ZO-1, Ezrin, and a PKA pool
anchored by Cx-bound ezrin. When cAMP levels increase (right panel), PKA regulatory subunits bind to four cAMP
molecules, resulting in activated PKA catalytic subunits, increased Cx phosphorylation, and gap junction-mediated
intercellular coupling 28153154155] Appreviations: Rlla, PKA regulatory subunits and PKA C, PKA catalytic subunits.

The accelerated proliferation of cancer cells is reportedly associated with Cx43 phosphorylation. Phosphorylated Cx43 is
upregulated during hyperplasia, atypical hyperplasia, fioroadenoma, and especially in invasive cancer 8. Similarly,
human gliomas exhibit the significant overexpression of phosphorylated Cx43 57, Together, these data indicate that the
malignant proliferation of cancer cells is related to the phosphorylation of Cx43. However, in many of these studies, the
particular kinases mediating the phosphorylation reaction have not been identified. Notably, PKC, extracellular regulated
protein kinases, and tyrosine kinases like c-src can phosphorylate Cx43, which generally causes the closure of the
channels B8l In non-cancer, specifically in the nervous system, the phosphorylation of goldfish Cx35 (gCx35) is
associated with the dynamic control of gap junction coupling in the zebrafish Mauthner neuron 52, Furthermore, this has
been observed in the zebrafish retina, where cAMP activates the channels and mediates the activity-dependent
potentiation of coupling; PKA activity plays a key role in this process 28, Therefore, cAMP-activated PKA phosphorylates
Cx to regulate GJIC. Cx35/36 phosphorylation by PKA seems to directly affect the probability of channel opening.
However, caution is needed in interpreting these results, as the effects observed by blocking PKA do not necessarily imply
direct phosphorylation of the Cx protein, unless this is actually demonstrated.



| 4. Gap Junction Channels Mediate Transfer of cAMP

In addition to considering Cx as targets of cCAMP-mediated signaling, it is also relevant to consider the roles of Cxs and
GJIC in its propagation. However, it is crucial to consider that not all Cxs form channels with similar permeability for cAMP.
For example, cAMP permeability is much higher through rCx43 than Cx50 channels expressed in Hela cells €9,
Furthermore, rCx43, mCx46, and Cx50 present a different permeability for cAMP in lens cells 9. In a more
comprehensive study using a more indirect reporter of CAMP transfer, the order of cAMP permeabilities through different
Cxs is as follows: Cx43 > Cx26 > Cx45 = Cx32 > Cx47 > Cx36 84, However, direct measurements of cAMP transfer by
Cxs expressed in oocytes show that Cx26 > Cx43 ~ Cx32 (Nicholson, personal communication). For example, cAMP
transfer between cells mediated by Cx43 modifies the expression of key effector molecules and genes in interconnected
osteosarcoma cells 62,

References

1. Schmidt, M.; Dekker, F.J.; Maarsingh, H. Exchange Protein Directly Activated by cAMP (epac): A Multidomain cAMP
Mediator in the Regulation of Diverse Biological Functions. Pharmacol. Rev. 2013, 65, 670-709. [Google Scholar]
[CrossRef]

2. Sapio, L.; Gallo, M.; llliano, M.; Chiosi, E.; Naviglio, D.; Spina, A.; Naviglio, S. The Natural cCAMP Elevating Compound
Forskolin in Cancer Therapy: Is It Time? J. Cell. Physiol. 2017, 232, 922-927. [Google Scholar] [CrossRef]

3. Taylor, S.S.; Zhang, P.; Steichen, J.M.; Keshwani, M.M.; Kornev, A.P. PKA: Lessons learned after twenty years.
Biochim. Biophys. Acta (BBA) Proteins Proteom. 2013, 1834, 1271-1278. [Google Scholar] [CrossRef]

4. Robichaux, W.G., 3rd; Cheng, X. Intracellular Camp Sensor Epac: Physiology, Pathophysiology, and Therapeutics
Development. Physiol. Rev. 2018, 98, 919-1053. [Google Scholar] [CrossRef] [PubMed]

5. Reggi, E.; Diviani, D. The role of A-kinase anchoring proteins in cancer development. Cell. Signal. 2017, 40, 143-155.
[Google Scholar] [CrossRef] [PubMed]

6. Kwiecinska, P.; Ptak, A.; Wrobel, A.; Gregoraszczuk, E.L. Hydroxylated Estrogens (2-Oh-E2 and 4-Oh-E2) Do Not
Activate Camp/Pka and Erk1/2 Pathways Activation in a Breast Cancer Mcf-7 Cell Line. Endocr. Regul. 2012, 46, 3-12.
[Google Scholar] [CrossRef] [PubMed]

7. Gong, S.; Chen, Y.; Meng, F.; Zhang, Y.; Wu, H.; Wu, F. Roflumilast Restores Camp/Pka/Creb Signaling Axis for Ftmt-
Mediated Tumor Inhibition of Ovarian Cancer. Oncotarget 2017, 8, 112341-112353. [Google Scholar] [CrossRef]|
[PubMed]

8. Peverelli, E.; Giardino, E.; Mangili, F.; Treppiedi, D.; Catalano, R.; Ferrante, E.; Sala, E.; Locatelli, M.; Lania, A.G.;
Arosio, M.; et al. Camp/Pka-Induced Filamin a (FIna) Phosphorylation Inhibits Sst2 Signal Transduction in Gh-Secreting
Pituitary Tumor Cells. Cancer Lett. 2018, 435, 101-109. [Google Scholar] [CrossRef] [PubMed]

9. Wang, S.; Zhang, Z.; Qian, W,; Ji, D.; Wang, Q.; Ji, B.; Zhang, Y.; Zhang, C.; Sun, Y.; Zhu, C.; et al. Angiogenesis and
Vasculogenic Mimicry Are Inhibited by 8-Br-Camp through Activation of the Camp/Pka Pathway in Colorectal Cancer.
Onco. Targets Ther. 2018, 11, 3765-3774. [Google Scholar] [CrossRef]

10. Jiang, K.; Yao, G.; Hu, L.; Yan, Y.; Liu, J.; Shi, J.; Chang, Y.; Zhang, Y.; Liang, D.; Shen, D.; et al. MOB2 suppresses
GBM cell migration and invasion via regulation of FAK/Akt and cAMP/PKA signaling. Cell Death Dis. 2020, 11, 1-14.
[Google Scholar] [CrossRef]

11. Huang, F.; Ma, G.; Zhou, X.; Zhu, X.; Yu, X.; Ding, F.; Cao, X.; Liu, Z. Depletion of LAMP3 enhances PKA-mediated
VASP phosphorylation to suppress invasion and metastasis in esophageal squamous cell carcinoma. Cancer Lett.
2020, 479, 100-111. [Google Scholar] [CrossRef] [PubMed]

12. Tonucci, F.M.; Almada, E.; Borini-Etichetti, C.; Pariani, A.; Hidalgo, F.; Rico, M.J.; Girardini, J.; Favre, C.; Goldenring,
J.R.; Menacho-Marquez, M.; et al. Identification of a CIP4 PKA phosphorylation site involved in the regulation of cancer
cell invasiveness and metastasis. Cancer Lett. 2019, 461, 65—77. [Google Scholar] [CrossRef] [PubMed]

13. Chowdhury, S.; Howell, G.M.; Rajput, A.; Teggart, C.A.; Brattain, L.E.; Weber, H.R.; Chowdhury, A.; Brattain, M.G.
Identification of a Novel Tgfbeta/Pka Signaling Transduceome in Mediating Control of Cell Survival and Metastasis in
Colon Cancer. PLoS ONE 2011, 6, €19335. [Google Scholar] [CrossRef] [PubMed]

14. Azevedo, M.F.; Faucz, F.R.; Bimpaki, E.; Horvath, A.; Levy, |.; De Alexandre, R.B.; Ahmad, F.; Manganiello, V.;
Stratakis, C.A. Clinical and Molecular Genetics of the Phosphodiesterases (PDEs). Endocr. Rev. 2014, 35, 195-233.
[Google Scholar] [CrossRef] [PubMed]



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

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

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

Sohl, G. Gap junctions and the connexin protein family. Cardiovasc. Res. 2004, 62, 228-232. [Google Scholar]
[CrossRef]

Rackauskas, M.; Neverauskas, V.; Skeberdis, V.A. Diversity and properties of connexin gap junction channels.
Medicine 2010, 46, 1-12. [Google Scholar] [CrossRef]

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

Laird, D.W.; Lampe, P.D. Therapeutic strategies targeting connexins. Nat. Rev. Drug Discov. 2018, 17, 905-921.
[Google Scholar] [CrossRef]

Chandrasekhar, A.; Kalmykov, E.A.; Polusani, S.R.; Mathis, S.A.; Zucker, S.N.; Nicholson, B.J. Intercellular
Redistribution of cAMP Underlies Selective Suppression of Cancer Cell Growth by Connexin26. PLoS ONE 2013, 8,
€82335. [Google Scholar] [CrossRef] [PubMed]

Massimi, M.; Ragusa, F.; Cardarelli, S.; Giorgi, M. Targeting Cyclic AMP Signalling in Hepatocellular Carcinoma. Cells
2019, 8, 1511. [Google Scholar] [CrossRef] [PubMed]

lonta, M.; Rosa, M.C.; Almeida, R.B.; Freitas, V.M.; Rezende-Teixeira, P.; Machado-Santelli, G.M. Retinoic acid and
cAMP inhibit rat hepatocellular carcinoma cell proliferation and enhance cell differentiation. Braz. J. Med Biol. Res.
2012, 45, 721-729. [Google Scholar] [CrossRef] [PubMed]

Faucheux, N.; Dufresne, M.; Nagel, M.-D. Organization of cyclic AMP-dependent connexin 43 in Swiss 3T3 cells
attached to a cellulose substratum. Biomaterials 2002, 23, 413—-421. [Google Scholar] [CrossRef]

Haefliger, J.A.; Rohner-Jeanrenaud, F.; Caille, D.; Charollais, A.; Meda, P.; Allagnat, F. Hyperglycemia Downregulates
Connexin36 in Pancreatic Islets Via the Upregulation of Icer-1/Icer-lgamma. J. Mol. Endocrinol. 2013, 51, 49-58.
[Google Scholar] [CrossRef] [PubMed]

Li, H.; Chuang, A.Z.; O'Brien, J. Regulation of photoreceptor gap junction phosphorylation by adenosine in zebrafish
retina. Vis. Neurosci. 2014, 31, 237-243. [Google Scholar] [CrossRef]

Yogo, K.; Ogawa, T.; Akiyama, M.; Ishida-Kitagawa, N.; Sasada, H.; Sato, E.; Takeya, T. PKA Implicated in the
Phosphorylation of Cx43 Induced by Stimulation with FSH in Rat Granulosa Cells. J. Reprod. Dev. 2006, 52, 321-328.
[Google Scholar] [CrossRef]

Pidoux, G.; Gerbaud, P.; Dompierre, J.; Lygren, B.; Solstad, T.; Evain-Brion, D.; Taskén, K. A PKA-ezrin-Cx43 signaling
complex controls gap junction communication and thereby trophoblast cell fusion. J. Cell Sci. 2014, 127, 4172-4185.
[Google Scholar] [CrossRef]

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

Wang, Y.; Wang, W.; Wu, X.; Li, C.; Huang, Y.; Zhou, H.; Cui, Y. Resveratrol Sensitizes Colorectal Cancer Cells to
Cetuximab by Connexin 43 Upregulation-Induced Akt Inhibition. Front. Oncol. 2020, 10, 383. [Google Scholar]
[CrossRef]

Busby, M.; Hallett, M.T.; Plante, I. The Complex Subtype-Dependent Role of Connexin 43 (GJAL) in Breast Cancer. Int.
J. Mol. Sci. 2018, 19, 693. [Google Scholar] [CrossRef] [PubMed]

Naoi, Y.; Miyoshi, Y.; Taguchi, T.; Kim, S.J.; Arai, T.; Tamaki, Y.; Noguchi, S. Connexin26 expression is associated with
lymphatic vessel invasion and poor prognosis in human breast cancer. Breast Cancer Res. Treat. 2007, 106, 11-17.
[Google Scholar] [CrossRef] [PubMed]

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 2011, 29, 111-122. [Google Scholar] [CrossRef] [PubMed]

Stoletov, K.; Strnadel, J.; Zardouzian, E.; Momiyama, M.; Park, F.D.; Kelber, J.A.; Pizzo, D.P.; Hoffman, R.;
Vandenberg, S.R.; Klemke, R.L. Role of connexins in metastatic breast cancer and melanoma brain colonization. J.
Cell Sci. 2013, 126, 904-913. [Google Scholar] [CrossRef] [PubMed]

Teleki, I.; Szasz, A.M.; Maros, M.E.; Gyorffy, B.; Kulka, J.; Meggyeshazi, N.; Kiszner, G.; Balla, P.; Samu, A.; Krendcs,
T. Correlations of Differentially Expressed Gap Junction Connexins Cx26, Cx30, Cx32, Cx43 and Cx46 with Breast



36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Cancer Progression and Prognosis. PLoS ONE 2014, 9, e112541. [Google Scholar] [CrossRef] [PubMed]

Cheng, Y.; Ma, D.; Zhang, Y.; Li, Z.; Geng, L. Cervical squamous cancer mRNA profiles reveal the key genes of
metastasis and invasion. Eur. J. Gynaecol. Oncol. 2015, 36, 309-317. [Google Scholar]

El-Sabban, M.E.; Pauli, B.U. Cytoplasmic dye transfer between metastatic tumor cells and vascular endothelium. J.
Cell Biol. 1991, 115, 1375-1382. [Google Scholar] [CrossRef]

Elzarrad, M.K.; Haroon, A.; Willecke, K.; Dobrowolski, R.; Gillespie, M.N.; Al-Mehdi, A.-B. Connexin-43 upregulation in
micrometastases and tumor vasculature and its role in tumor cell attachment to pulmonary endothelium. BMC Med.
2008, 6, 20. [Google Scholar] [CrossRef]

Yang, Y.-L.; Chen, C.-Z.; Jin, L.-P.; Ji, Q.-Q.; Chen, Y.-Z,; Li, Q.; Zhang, X.-H.; Qu, J.-M. Effect and mechanism of the
metastasis suppressor gene BRMS1 on the migration of breast cancer cells. Int. J. Clin. Exp. Med. 2013, 6, 908-916.
[Google Scholar]

Friedl, P.; Mayor, R. Tuning Collective Cell Migration by Cell-Cell Junction Regulation. Cold Spring Harb. Perspect.
Biol. 2017, 9, a029199. [Google Scholar] [CrossRef]

Polusani, S.R.; Kalmykov, E.A.; Chandrasekhar, A.; Zucker, S.N.; Nicholson, B.J. Cell coupling mediated by connexin
26 selectively contributes to reduced adhesivity and increased migration. J. Cell Sci. 2016, 129, 4399-4410. [Google
Scholar] [CrossRef] [PubMed]

Li, K.; Yao, J.; Chi, Y.; Sawada, N.; Araki, |.; Kitamura, M.; Takeda, M. Eviprostat Activates cAMP Signaling Pathway
and Suppresses Bladder Smooth Muscle Cell Proliferation. Int. J. Mol. Sci. 2013, 14, 12107-12122. [Google Scholar]
[CrossRef] [PubMed]

Fang, W.L.; Lai, S.V.; Lai, W.A.; Lee, M.T,; Liao, C.F.; Ke, F.C.; Hwang, J.J. Crtc2 and Nedd4 Ligase Involvement in Fsh
and Tgfbetal Upregulation of Connexin43 Gap Junction. J. Mol. Endocrinol. 2015, 55, 263—-275. [Google Scholar]
[CrossRef] [PubMed]

Yun, S.P,; Park, S.S.; Ryu, J.M.; Park, J.H.; Kim, M.O.; Lee, J.-H.; Han, H.J. Mechanism of PKA-Dependent and Lipid-
Raft Independent Stimulation of Connexin43 Expression by Oxytoxin in Mouse Embryonic Stem Cells. Mol. Endocrinol.
2012, 26, 1144-1157. [Google Scholar] [CrossRef]

Wang, S.; Qiu, J.; Liuy, L.; Su, C.; Qi, L.; Huang, C.; Chen, X.; Zhang, Y.; Ye, Y.; Ding, VY.; et al. CREB5 promotes
invasiveness and metastasis in colorectal cancer by directly activating MET. J. Exp. Clin. Cancer Res. 2020, 39, 168.
[Google Scholar] [CrossRef]

van De Merbel, A.F.; van Der Horst, G.; Buijs, J.T.; van Der Pluijm, G. Protocols for Migration and Invasion Studies in
Prostate Cancer. In Methods in Molecular Biology; Culig, Z., Ed.; Humana: New York, NY, USA, 2018; Volume 1786,
pp. 67—79. [Google Scholar] [CrossRef]

Warn-Cramer, B.J.; Lampe, P.D.; Kurata, W.E.; Kanemitsu, M.Y.; Loo, L.W.M.; Eckhart, W.; Lau, A.F. Characterization
of the Mitogen-activated Protein Kinase Phosphorylation Sites on the Connexin-43 Gap Junction Protein. J. Biol.
Chem. 1996, 271, 3779-3786. [Google Scholar] [CrossRef]

Warn-Cramer, B.J.; Cottrell, G.T.; Burt, J.M.; Lau, A.F. Regulation of Connexin-43 Gap Junctional Intercellular
Communication by Mitogen-activated Protein Kinase. J. Biol. Chem. 1998, 273, 9188-9196. [Google Scholar]
[CrossRef]

Chen, V.C.; Gouw, J.W.; Naus, C.C.; Foster, L.J. Connexin multi-site phosphorylation: Mass spectrometry-based
proteomics fills the gap. Biochim. Biophys. Acta (BBA) Biomembr. 2013, 1828, 23—-34. [Google Scholar] [CrossRef]

Solan, J.L.; Lampe, P.D. Specific Cx43 phosphorylation events regulate gap junction turnover in vivo. FEBS Lett. 2014,
588, 1423-1429. [Google Scholar] [CrossRef]

Friis, U.G.; Madsen, K.; Stubbe, J.; Hansen, P.B.; Svenningsen, P.; Bie, P.; Skgtt, O.; Jensen, B.L. Regulation of renin
secretion by renal juxtaglomerular cells. Pfliigers Arch. Eur. J. Physiol. 2012, 465, 25-37. [Google Scholar] [CrossRef]

Begandt, D.; Bader, A.; Gerhard, L.; Lindner, J.; Dreyer, L.; Schlingmann, B.; Ngezahayo, A. Dipyridamole-related
enhancement of gap junction coupling in the GM-7373 aortic endothelial cells correlates with an increase in the amount
of connexin 43 mMRNA and protein as well as gap junction plaques. J. Bioenerg. Biomembr. 2013, 45, 409-419. [Google
Scholar] [CrossRef] [PubMed]

Thévenin, A.F.; Margraf, R.A.; Fisher, C.G.; Kells-Andrews, R.M.; Falk, M.M. Phosphorylation regulates
connexin43/Z0-1 binding and release, an important step in gap junction turnover. Mol. Biol. Cell 2017, 28, 3595-3608.
[Google Scholar] [CrossRef] [PubMed]

Dukic, A.R.; Haugen, L.H.; Pidoux, G.; Leithe, E.; Bakke, O.; Taskén, K. A protein kinase A-ezrin complex regulates
connexin 43 gap junction communication in liver epithelial cells. Cell. Signal. 2017, 32, 1-11. [Google Scholar]
[CrossRef] [PubMed]



55.

56.

57.

58.

59.

60.

61.

62.

Dukic, A.R.; Gerbaud, P.; Guibourdenche, J.; Thiede, B.; Taskén, K.; Pidoux, G. Ezrin-anchored PKA phosphorylates
serine 369 and 373 on connexin 43 to enhance gap junction assembly, communication, and cell fusion. Biochem. J.
2018, 475, 455-476. [Google Scholar] [CrossRef]

Gould, V.E.; Mosquera, J.M.; Leykauf, K.; Gattuso, P.; Durst, M.; Alonso, A. The phosphorylated form of connexin43 is
up-regulated in breast hyperplasias and carcinomas and in their neoformed capillaries. Hum. Pathol. 2005, 36, 536—
545. [Google Scholar] [CrossRef]

Ye, X.-Y.; Jiang, Q.-H.; Hong, T.; Zhang, Z.-Y.; Yang, R.-J.; Huang, J.-Q.; Hu, K.; Peng, Y.-P. Altered expression of
connexin43 and phosphorylation connexin43 in glioma tumors. Int. J. Clin. Exp. Pathol. 2015, 8, 4296-4306. [Google
Scholar]

Riquelme, M.A.; Burra, S.; Kar, R.; Lampe, P.D.; Jiang, J.X. Mitogen-activated Protein Kinase (MAPK) Activated by
Prostaglandin E2Phosphorylates Connexin 43 and Closes Osteocytic Hemichannels in Response to Continuous Flow
Shear Stress. J. Biol. Chem. 2015, 290, 28321-28328. [Google Scholar] [CrossRef]

Flores, C.E.; Cachope, R.; Nannapaneni, S.; Ene, S.; Nairn, A.C.; Pereda, A.E. Variability of Distribution of
Ca2+/Calmodulin-Dependent Kinase Il at Mixed Synapses on the Mauthner Cell: Colocalization and Association with
Connexin 35. J. Neurosci. 2010, 30, 9488-9499. [Google Scholar] [CrossRef]

Valiunas, V.; Brink, P.R.; White, T.W. Lens Connexin Channels Have Differential Permeability to the Second Messenger
cAMP. Investig. Opthalmology Vis. Sci. 2019, 60, 3821-3829. [Google Scholar] [CrossRef]

Bedner, P.; Niessen, H.; Odermatt, B.; Kretz, M.; Willecke, K.; Harz, H. Selective Permeability of Different Connexin
Channels to the Second Messenger Cyclic AMP. J. Biol. Chem. 2006, 281, 6673—6681. [Google Scholar] [CrossRef]

Gupta, A.; Anderson, H.; Buo, A.M.; Moorer, M.C.; Ren, M.; Stains, J.P. Communication of cAMP by connexin43 gap
junctions regulates osteoblast signaling and gene expression. Cell. Signal. 2016, 28, 1048-1057. [Google Scholar]
[CrossRef] [PubMed]

Retrieved from https://encyclopedia.pub/entry/history/show/14996



