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Abstract – Objective: Among the 21 human connexins, the ubiquitous protein Cx43 is the most 
abundant in many cell types. It is also associated with the tumorigenic process and the formation of 
metastases in several types of common cancers such as breast and colorectal cancers. Therefore, it 
constitutes an interesting therapeutic target in the fight against cancer. This study aims to search for 
drugs that could potentially interact with the Cx43 C-ter among the ones approved by the FDA.

Materials and Methods: By molecular modeling, we selected four molecules among 1615 
(Lumacaftor, Lomapitapide, Ponatinb and Nilotinib). We analyzed their interaction with Cx43 by 
molecular docking and molecular dynamics simulation.

Results: The analysis of data allowed to highlight Nilotinib as the molecule that can best target 
Cx43. Indeed, although the four molecules showed strong binding energies, probably due to the hy-
drophobic molecular interactions with the C-ter of Cx43, only Nilotinib remains stable during the 100 
ns of simulation with 2-4 hydrogen bonds. 

Conclusions: All the molecules mentioned could play a non-negligible role in Cx43-mediated can-
cers. However, Nilotinib appears to be an optimal candidate in this context.
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INTRODUCTION

Connexin 43 (Cx43) is a ubiquitous transmem-
brane protein abundant in several tissues and cell 
types including the heart, the brain, the epider-
mis1-3. It belongs to a family of 21 isoforms that 
can combine into a hexameric structure called the 
hemicanal or connexon. Connexons of adjacent 
cells can form the gap junction establishing a “cell 
to cell” channel which allows molecules transfer 
of size below 1 kDa from one cell to the other, 
some of which being involved in intercellular sig-
naling or electric coupling4-6.

Cx43 is more and more being studied in tu-
mor contexts. Indeed, it has been observed that 

the expression of Cx43 is correlated with the pro-
liferation and migration of tumor cells. Numerous 
studies on cancer have shown its involvement in 
the development and progression of this pathol-
ogy. Connexins are involved in the regulation of 
tumor proliferation, apoptosis and metastasis7-11. 
Their expression’s deregulation of is associated 
with carcinogenesis of the lung, breast, ovary, 
prostate, liver, colon, colorectum, pancreas, brain, 
and skin9,12-21. In the early stages of cancer, Cx43 
expression decreases in several types of cancer 
with loss of junctional communication22 while its 
expression increases in tumors able of metastasiz-
ing. This is the case with melanoma cells, prostate 
tumors, bone and breast cancers. Indeed, Cx43 
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the GROMACS 5.1.5 package27. The CHARMM 
36 force field was used for the complexes. The 
study used the SWISSPARAM server for the 
preparation of the coordinates and topology of li-
gands. The study applied appropriate amounts of 
chloride ions and sodium to all simulation box-
es to neutralize the system. Periodic Boundary 
Condition (PBC) was applied along every sim-
ulation box axis, and the SP3 water model was 
also utilized for system solvation28 in each simu-
lation system. MD simulations were done through 
a short-range electrostatic interaction as well as 
a 1.2 nm distance cut off for the van der Waals 
interaction. The Particle Mesh Ewald (PME) al-
gorithm calculated the long-range electrostatic in-
teraction. The steepest descent algorithm fulfilled 
the energy minimization of all systems, and then 
the NVT ensemble for 500 ps equilibrated all the 
systems. Then, the NPT ensemble progressively 
directed the equilibration of each system and the 
Nose-Hoover algorithm temperature28, 29 was pre-
served at a temperature of 310 K. During the NPT 
equilibration, the Parrinello-Rahman barostat30 
maintained the pressures at 1 bar. The MD simu-
lation was completed for the complexes in 100 ns. 

RESULTS 

Molecular docking

The structure of the Cx43 C-terminal domain 
bound to tubulin (PDB id: 2LL2) was retrieved 
from the Protein Data Bank, and molecular dock-
ing was realized against FDA approved molecules. 

The receptor corresponds to the K26D peptide, 
a 26 amino acid peptide extending from K234 to 
D259 of the C terminal extremity of Cx43, and 
able of interacting with tubulin / microtubules, 
as demonstrated by Nuclear Magnetic Resonance 
(NMR) experiments31 (Figure 1).

The retained compounds are represented in 
Table 1.

The four selected molecules belong to differ-
ent classes of drugs. They were selected to be 
repositioned, on the basis of their strong binding 
energy, and also their availability on the Algeri-
an market. In addition, these molecules have no 
major adverse effects. The Lumacaftor (Vertex 
pharmaceuticals, Dublin, Ireland), is used in the 
treatment of cystic fibrosis, for patients homozy-
gous for the Phe deletion at position 508 of the 
CFTR (Cystic fibrosis transmembrane conduc-
tance regulator) receptor. This benzoic acid is 
used in combination with Ivacaftor and acts by 
improving the transport of CFTR proteins to the 
cell membrane32-34.

plays a crucial role in the capacity for extravasa-
tion and colonization of tissues16-18. 

Furthermore, it was observed that mutations at 
the C-terminus of Cx43 (Cx43 C-ter) are associ-
ated with invasive forms of colorectal cancer and 
breast cancer, which would lead to aberrations 
on the localization of Cx4312,14. Alternately, Cx43 
C-terminus can be expressed alone in the nucleus 
of different cell types. This nuclear localization 
allows Cx43 to regulate the expression of genes 
including those encoding miRNAs that play a role 
in the proliferation of breast cancer cells19. In ad-
dition, Cx43 is found in the stroma during the pro-
gression of breast cancer, allowing the regulation 
of invasion and metastasis through interactions 
between tumor cells and the stroma18.

Due to all these observations, connexins and in 
particular Cx43, have emerged as ideal therapeu-
tic targets in the treatment of cancer18,23. Blockade 
of Cx43 and Cx43 gap junctions may be a relevant 
strategy in cancer treatment, since gain in junc-
tional communication and re-expression of Cx43 
in advanced stages of cancer stimulate extravasa-
tion and metastasis. The objective of this study is 
to provide drug candidates targeting Cx43 C-ter 
in a tumor context, by an in silico approach. 

MATERIALS AND METHODS

The structure of the Cx43 C-terminal domain 
bound to tubulin (PDB id: 2LL2) was retrieved 
from the protein data bank site (www.rcsb.org). 

The study used the section of small-molecules 
in the DrugBank database (https://zinc.docking.
org) to obtain all FDA-approved drugs24. Non-
unique structures were removed during the pro-
cess and 1615 compounds were selected.

Virtual screening

The study used the Pyrx tool for virtual screen-
ing25,26. The Pyrx tool generated input pdbqt files 
for Autodock Vina and minimization steps. Final-
ly, to screen the chosen compounds against the 
target, the study implemented AutoDock Vina for 
drug discovery. A total of the top eight poses were 
retained from the docking run. The 2D interac-
tions were realized in Biovia Discovery Studio.

Molecular dynamics simulation

For further evaluations, the most interesting 
drugs were chosen for molecular dynamics (MD) 
simulation. MD simulations were directed using 
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is associated with serious and dose-dependent 
cardiovascular risks41,42.

A phase I clinical trial in 2006, showed that 
Nilotinib, also known as AMN107, was rela-
tively safe and offered significant therapeutic 
benefits in cases of CML that were shown to 
be resistant to Imatinib (Gleevec) treatment, 
another tyrosine kinase inhibitor used as a first-
line treatment for CML38,44,45. Chemically, it is 
an aminopyrimidine derivative, which reduces 
the rate of BCL-ABL transcription (≤ 10% in 
3 months) as well as the risk of transformation 
to advanced stages of CML. However, Nilo-
tinib should be used with caution in patients 
with cardiovascular risks45. At low doses, Nilo-
tinib penetrates the blood-brain barrier leading 
to oxidative stress reduction and protection of 
neurons, it also increases dopamine levels and 
improves cognitive and motor results in models 
of Parkinson’s and Alzheimer’s disease44. Inter-
actions occurring between the peptide amino 
acids and the retained compounds, were further 
determined using Discovery studio visualizer. 
Results show that compounds that undertake 
bonds with the highest strength usually bind to 
Val7, His15, Ala16 and Lys25 (Figure 2).

Figure 2 also reveals that all compounds show 
high hydrophobic interactions with Cx43 C-ter-
minal domain amino acids, which probably con-
tribute to the high energy observed scores. This 
is partly in relation with the aromatic rings in the 
structure of the studied compounds.

Lomitapide (Amryt pharmaceuticals DAC, 
Dublin, Ireland) is a microsomal triglyceride 
transfer protein inhibitor used in homozygous 
patients with familial hypercholesterolemia35. Al-
though widely used to treat hypercholesterolemia, 
Lomitapide was recently shown to exhibit anti-
SARS-CoV-2 activity on traditional cytopathic 
effect (CPE) antiviral tests (score = - 9.96 kcal / 
mol). In addition, Lomitapide has also been pre-
dicted to inhibit the Spike protein with a docking 
score of -9.26 kcal / mol, suggesting multi-target 
potential36. This compound belongs to the class 
of organic compounds called fluorenes35. Lom-
itapide is also part of the benzamides, fluorenes 
and piperidines classes35, 37. 

As for Ponatinib (Incyte biosciences distribu-
tion BV, Amsterdam, Netherlands) and Nilotinib 
(Novartis Europharm, Dublin, Ireland), both be-
long to the class of tyrosine kinase inhibitors, and 
both are used in the treatment of chronic myeloid 
leukemia38-40. Ponatinib is commonly indicated 
for the treatment of CML, in each phase of the 
disease resistant to Dasatinib and Nilotinib41,42. 
Several trials have shown that this drug has inhib-
itory activity against BCR-ABL1 kinase and sev-
eral ABL1 mutations. Also known as AP24534, 
this benzamide can target many tyrosine kinases 
involved in cancers other than CML (chronic my-
eloid leukemia) and acute lymphocytic leukemia 
(ALL), including liver cancer, glioblastoma, thy-
roid carcinoma, and gastrointestinal stromal tu-
mors43. However, it should be noted that this drug 

Fig. 1. Schematic representation of the human Cx43 and the K26D peptide, derived from the Cx43 tubulin binding domain as 
described by Saidi Brikci-Nigassa et al31. 

TABLE 1. Retained compounds after docking analysis.

*ΔG: Gibbs free energy.
*The codes vary for the same molecule from one database to another. The zinc code corresponds to a unique entry of the 
selected molecules in the site used (https://zinc.docking.org).

Ligands	 Zinc Code	 DG* (kcal/ml)	 Molecular weight (g/mol)

Lumacaftor	 64033452	  -8.8	 452.4
Nilotinib	 6716957	 -8.7	 529.5
Ponatinib	 36701290	 -8.5	 532.6
Lomitapide	 27990463	 -8.2	 693.7
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was observed after 70 ns simulation while RMSD 
values for Lumacaftor and Figure 4. Radius of 
gyration (Rg) plots for Cx43 C-terminal domain 
(black), Cx43 C-terminal domain-Lomitapide 
(green), Cx43 C-terminal domain-Ponatinib (red), 
Cx43 C-terminal domain- Nilotinib (blue) and 
Cx43 C-terminal domain-Lumacaftor (orange) for 
100 ns.

Lomitapide complexes showed high fluctua-
tions that indicate that these complexes undergo 
conformational changes (Figure 3).

Lomitapide (red), Cx43 C-terminal do-
main-Ponatinib (green), Cx43 C-terminal do-
main- Nilotinib (blue) and Cx43 C-terminal do-
main-Lumacaftor (orange) for 100 ns.

Rg is calculated to determine the compactness 
of the system during time. Low values indicate 
more stability while high Rg values explain low 

Molecular dynamics simulations

Molecular dynamics simulations are of proven 
in silico methods for obtaining dynamic data at 
atomic spatial resolution46,47. Therefore, the re-
tained compounds were subjected to molecular 
dynamics simulations for 100 ns to analyze com-
plexes stability.

The root mean square deviation (RMSD) plot 
is usually used to understand the stability of the 
complex (Figure 3). 

The RMSD represents the deviation of the 
atomic coordinates of the carbon alpha; a very 
large value means the structures are different.

The peptide in complex with Nilotinib (blue) 
showed the most stable RMSD during the 100 ns 
simulation around 0.4 nm. The Ponatinib complex 
is also stable around 0.4 nm, but a slight increase 

Fig. 2. Selected compounds interactions with Cx43 C-terminal domain. (a) Lumacaftor (b) Nilotinib (c) Ponatinib (d) Lomita-
pide.
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Figure 3. RMSD plots for Cx43 C-terminal domain (black), Cx43 C-terminal domain-Lomitapide (red), Cx43 C-terminal domain-
Ponatinib (green), Cx43 C-terminal domain- Nilotinib (blue) and Cx43 C-terminal domain-Lumacaftor (orange) for 100 ns.

Figure 4. Radius of gyration (Rg) plots for Cx43 C-terminal domain (black), Cx43 C-terminal domain-Lomitapide (green), 
Cx43 C-terminal domain-Ponatinib (red), Cx43 C-terminal domain- Nilotinib (blue) and Cx43 C-terminal domain-Lumacaftor 
(orange) for 100 ns.
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CONCLUSIONS

Connexins and in particular Cx43 are involved in the 
proliferation and migration of tumor cells. Conse-
quently, these gap junction proteins constitute a po-
tential therapeutic target in the treatment of multiple 
cancers. By an in silico approach, we identified 4 mol-
ecules among 1615, approved by the FDA as potential 
inhibitors of Cx43. In light of molecular docking data 
and molecular dynamics simulation, Niotinib appears 
to be the best candidate to target Cx43. 

These results pave the way for wider use of 
Nilotinib. This anticancer drug indicated in the 
treatment of chronic myeloid leukemia, could be 
repositioned in the many cancers involving Cx43 
and gap junctions.
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