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Abstract – Objective: Snail is a transcription factor that promotes epithelial-mesenchymal transition 
(EMT) and facilitates tumor progression and metastasis in breast cancer. Therefore, it is a promising tar-
get for the development of anticancer agents. The objective of this study was to identify FDA-approved 
drugs that can be repurposed as Snail inhibitors.

Materials and Methods: Using a virtual screening strategy, three molecules were selected among 
1615 (Stivarga, Paritaprevir and Sorafenib). Molecular docking and molecular dynamics simulation were 
performed to examine Snail-drugs interactions.   

Results: Our docking analysis identified Stivarga and Sorafenib, two antineoplastic drugs, as poten-
tial repositioning drugs to treat recurrent breast cancer due to their low free binding energy values. Ad-
ditional molecular dynamics simulations of the Snail-drug systems revealed that Sorafenib was the most 
stable, lasting from 30 to 120 ns and forming 2-4 hydrogen bonds.

Conclusions: The antineoplastic drugs Stivarga and Sorafenib have better affinity and inhibition of 
Snail and could be a simple drug therapy for recurrent breast cancer. 
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INTRODUCTION 

The therapeutic strategy for breast cancer involves 
several types of treatment including surgery, radio-
therapy, chemotherapy, hormone therapy and target-
ed therapies1,2. Advancements in these treatments 
have significantly improved patients’ chances of sur-
vival. However, disease recurrence remains a major 
concern3 with 15 to 20% of patients experiencing a 
recurrence within 10 years of their diagnosis of early 
breast cancer with distant metastatic disease respon-
sible for 20 to 30% of deaths4,5.

Various mechanisms leading to cancerous 
metastasis have been elucidated, the key event of 
which is the epithelial-mesenchymal transition 

(EMT)6,7. Regulation of this process is mediat-
ed by several transcription factors (Slug, Snail, 
ZEB1/2, Twist1/2, etc.) that bind to regulatory 
regions of target genes whose expression deter-
mines the phenotype(s) EMT and, their neoplastic 
progression8.

The zinc finger proteins of Snail family, Snail/ 
SNAI1 and Slug/ SNAI2, are transcriptional re-
pressors9-12. These proteins contain a C-terminal 
region involved in protein binding to promoters 
of the target gene containing the E-box sequence. 
The N-terminal region contains the SNAG do-
main which is necessary for transcriptional re-
pression and can bind methyltransferases and his-
tone deacetylases13-15.
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MATERIALS AND METHODS

Ligand and protein preparation

The three-dimensional structure of co-crystal-
lized Snail protein (PDB id: 3w5k) as reported by 
Choi et al11, was obtained from Protein Data Bank 
(https://www.rcsb.org/). The retrieved structure 
shows no mutation with a resolution of 2.6 Å.

A library of 1615 structures was retrieved from 
the ZINC In Man dataset (FDAapproved, with-
drawn, and experimental drugs) from subsets of 
the ZINC15 database (University of California, San 
Francisco, CA, USA)29 (https://zinc15.docking.org).

Virtual screening

In order to search potentials inhibitors of Snail 
protein, a virtual screening was realized with 
PyrX tool30,31. Thus, we performed molecular 
docking using 3w5k protein as a receptor and 1615 
structures from ZINC 15 database as ligands. 
AutoDock Vina was used for the best ligands af-
finity. Twelve compounds were selected with the 
best performance in the consensus docking proto-
col. The Discovery Visualizer software was used 
to visualize the 2D interaction diagrams.

Molecular dynamics

Molecular dynamics simulations were performed 
to evaluate the folding, stability, conformation-
al changes, and dynamic behaviour of the most 
interesting ligands that interacted with the 3w5k 
protein using GROMACS 5.1.5 package with 
CHARMM36 force field installed on Linux sys-
tem32,33. The protein topology was prepared with 
the pdb2gmx tool. The protein complexes were sol-
vated in a triclinic box with a minimal margin of 
1.0 Å from any edge to any protein atom. During 
simulations, all systems were solvated using the 
TIP3 water model, followed by addition of 12 Cl- 

counterions to neutralize the system. Temperature 
was set equal to 300K and kept constant inside the 
box adopting an optimized Berendsen thermostat 
temperature coupling technique; the vrescale. To 
maintain a pressure of 1 bar during NPT equilibra-
tion, we utilized the Parrinello-Rahman pressure 
coupling method. A time gap of 2 fs for the overall 
temperature and pressure is used in order to sta-
bilize the system. To minimize the system energy 
and reduce steric clashes, we used the steepest de-
scent algorithm34 with a maximum of 50,000 iter-
ation steps and a cut-off of 1000 kJ/mol. The long-
range electrostatics interactions are covered using 
Particle mesh Ewald (PME). The MD simulations 
continued for 120 ns at every 2-fs step.

There are two sites of phosphorylation of Snail by 
Glycogen synthase kinase-3β (GSK-3β): one controls 
the proteolysis of the protein in the proteasome, and 
the other determines its intracellular localization16,17. 
Both phosphorylated and dephosphorylated forms of 
Snail protein can bind to the ubiquitin ligase FBXL14, 
leading to its proteasomal degradation. However, 
DUB3 deubiquitinase prevents Snail degradation in 
the proteasome, thereby stabilizing it in the nucleus18. 
This involves protein kinase PAK1 which phosphor-
ylates Snail at serine residue 246. In turn, phosphory-
lation of Snail at serine 11 and 92 by protein kinase A 
(PKA) enhances its transactivation19.

In breast cancer cells, there is a strong expres-
sion of Slug (36%), Snail (62%) and N-cadherin 
(77%), while expression of E-cadherin is in-
creased in only 20% of the cases20. According to 
Cao et al21, high expression of Snail and low level 
of E-cadherin correlate with the number of breast 
cancer metastases in the lymph nodes21.

In addition to their role in tumor cell invasion 
and metastasis, Snail proteins are also involved in 
resistance to genotoxic anticancer drugs. This re-
sistance is due to their anti-apoptotic effects, abil-
ity to decrease proliferation, and ability to cause 
multi-drug resistance22.

The role of Snail and Slug in tumor cell drug 
resistance is associated with repression of the 
pro-apoptotic protein genes PUMA, ATM, PTEN, 
p53, BID and caspase-623,24.

Therefore, Snail family proteins may direct-
ly participate in the development of drug resis-
tance and the suppression of antitumor immunity. 
Snail’s involvement in EMT indicates a need for 
pharmacological inhibition of these proteins25.

Moreover, the involvement of snail in signaling 
pathways opens a new era in the search for new ap-
proaches in chemotherapy. Direct pharmacological 
inhibition is hampered by the complexity of target-
ing the functional domain of the protein. However, 
after synthesizing a Co(III) complex conjugated to a 
CAGGTG hexanucleotide, Vistain et al26 proposed 
the E-box, a Snail binding site, as a target. Once in-
side the cell, the Co(III)–E-box complex attaches 
to Snail and prevents any interaction with DNA26. 
This has considerably reduced the invasive potential 
of tumor cells, suggesting that this compound will 
be very effective as a therapeutic inhibitor of tumor 
progression and metastasis in breast cancer.

Currently, the search for naturally occurring 
EMT inhibitors is booming due to their low tox-
icity to non-tumor tissues, as well as their anticar-
cinogenic properties27,28.

The objective of this study is to identify drug 
candidates targeting the Snail protein to prevent 
and suppress the reappearance of breast cancer, 
using an in-silico approach.

https://www.rcsb.org/
https://zinc15.docking.org/
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Docking analysis provided several configura-
tions that were scored to determine favorable bind-
ing modes. The binding free energies for 12 select-
ed compounds with the highest docking scores are 
summarized in Table 1. The three retained mol-
ecules are Stivarga, Paritaprevir, and Sorafenib 
due to their low free energy binding for the Snail 
protein -9.1, -9.1 and -8.2 kcal.mol-1 respectively as 
well as their interesting therapeutic effect. 

However, the Dihydroergotamine and the di-
goxin were not considered in this study because of 
their side effects despite they depicted a good free 
binding energy (-8.7 and -8.6 kcal/mol).

The three selected molecules belong to dif-
ferent classes of drugs. They were retained to be 
repositioned, on the basis of their strong binding 
energy, and also their no major adverse effects. 
These drugs are currently approved by the mar-
ket with different indications. The Stivarga (Re-
gorafenib) (Bayer Healthcare SAS, Loos, France), 
is indicated as monotherapy for the treatment of 
adult patients with metastatic colorectal cancer 
(mCRC) who have been treated previously or who 

Trajectory snapshots were taken every pico-
second for the structural analysis using various 
GROMACS analysis tools. Root mean square de-
viation (RMSD) and the root mean square fluctua-
tions (RMSF) of protein were analyzed with gmx 
rms, and gmx rmsf tools. The gmx hbond tool and 
the gyrate tool were respectively used to analyse 
hydrogen bonds and radius of gyration. Finally, 
Grace Software was used for preparing plots.

RESULTS

Molecular docking

We performed molecular docking using Snail protein 
(PDB id: 3w5k) as receptor and 1615 FDA approved 
molecules from ZINC 15 Database as ligands. 

The 3w5k protein is a 264 amino acid sequence 
with a high conserved C terminal region that includes 
four zinc fingers extended from F154 to K253, re-
sponsible in the interaction of the protein with E-box 
sequence of the target gene promoters35 (Figure 1).

TABLE 1. Binding energies of retained docked compounds.

Ligands	 Zinc	Code	 Chemical		 Molecular	 ΔG
  formula weight (g/mol) (kcal/mol) 
 
Stivarga 6745272 C21H15ClF4N4O3 482.8 -9.1

Paritaprevir 669678887 C40H43N7O7S 765.9 -9.1

Dihydroergotamine 3978005 C33H37N5O5 583,677 4 -8.7

Digoxine 242548690 C41H64O14 780.949 -8.6

Ledipasvir 150338819 C49H54F2N8O6 889 -8.3

Sorafenib 1493878  C21H16ClF3N4O3 464.8 -8.2

Irinotecan 1612996 C33H38N4O6 586,678  -8.2

Olaparib 40430143 C24H23FN4O3 434,462 8 -8

Epinastine 1999487 C16H15N3U 249.31 -8

Telmisartan 1530886 C33H30N4O2 514,616 9 -8

Lomitapide 27990463 C39H37F6N3O2 693,720 4 -7.9

Atacand 3782818 C24H20N6O3 440,454 -7.6

Fig. 1. Schematic representation of Snail protein (Yastrebova et al., 2020).
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Paritaprevir (also known as ABT-450) is an 
inhibitor [identified by AbbVie (North Chicago, 
IL, USA) and Enanta Pharmaceuticals (Water-
town, MA, USA)] of the HCV NS3-4A protease 
which is required for the proteolytic cleavage of 
the HCV encoded polyprotein and which is essen-
tial for viral replication40. Paritaprevir is used, in 
combination with ombitasvir and ritonavir, in the 
management of hepatitis C41,42. Paritaprevir, cur-
rently approved for hepatitis C treatment, which 
showed some of the lowest free binding energy 
values, was also considered as a potential reposi-
tioning drug against SARS-CoV-243.

As shown in Figure 2, from the molecular 
docking studies, we could observe that the Stivar-
ga (a) and Sorafenib (b) showed similar binding 
modes in the binding pocket of 3w5k protein, due 
to their common chemical moieties. However, 
Paritaprevir (c) binds to the Snail protein in a dif-
ferent site as shown in Figure 2.

Discovery studio visualizer was used for inter-
actions that governed drug-target binding. Hydro-
gen bonds and hydrophobic interaction (π-alkyl/
alkyl) are the predominant occurring interaction 
between molecules (Figure 3). 

Results (Figure 3) show that compounds that 
undertake bonds with the highest strength usually 
involved the Thr201, Ser209, His212, Pro207 of 
the structure for Stivarga (a) and Arg200, Thr203, 

are not eligible for available treatments36. It is also 
indicated for resectable or metastatic gastrointes-
tinal stromal tumors (GIST) and hepatocellular 
carcinoma (HCC) which have been previously 
treated with Sorafenib37. Regorafenib is a small 
molecule that inhibits multiple membrane-bound 
and intracellular kinases involved in normal cel-
lular functions and pathologic processes, such as 
tumor angiogenesis, metastasis, oncogenesis, and 
tumor immunity36. Sorafenib is a dual-action in-
hibitor that targets the RAF/MEK/extracellular 
signal-regulated kinase (ERK) pathway in tumor 
cells and tyrosine kinases VEGFR/PDGFR in tu-
mor vasculature. Sorafenib was developed as an 
inhibitor of C-RAF kinase using a combination of 
medicinal and combinatorial chemistry approach-
es. The antiproliferative activity of Sorafenib is 
variable in different tumor types and largely de-
pends on the oncogenic signaling pathways that 
mediate tumor proliferation. Sorafenib has also 
been shown to induce apoptosis in several tumor 
cell lines38.

The work of Lesch et al39 suggests that Rego-
rafenib and Sorafenib are promising drug candi-
dates for therapy directed against viral infections 
due to their effective inhibitory effects against 
early viral replication of the cell cycle life of hu-
man primary respiratory cells and their low cyto-
toxicity39.

Fig. 2. Binding poses of the 3 selected compounds by virtual screening obtained by molecular docking simulations against 3w5k 
snail protein: Stivarga (a), Sorafenib (b) and Paritaprevir (c).
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tational solvent mapping software (http://ftmap.
bu.edu/login.php), to predict the binding hotspots 
of the protein. They reported that the druggable 
binding cleft of Snail (PDB id: 3w5k) mainly con-
sists of three main subpockets: R174 pocket, L178 
side pocket, and S257 hydrophobic pocket.

Molecular dynamics simulations

Molecular dynamics simulations are of proven 
in silico methods for obtaining dynamic data at 
atomic spatial resolution34. The three compounds 

Gln255 for Sorafenib (b), in the substrate binding 
subsite, leading to strong binding due to hydro-
gen bonds. Also, Stivarga is accommodated along 
with the binding site, mainly by π-alkyl interac-
tions with Pro211, His202 and His298. Sorafenib 
reaches the binding site by π-alkyl interactions 
with Pro211 and Met248. Unlike these com-
pounds, Paritaprevir (c) binds to the snail protein 
by one hydrogen bond with His 254, one π-alkyl 
bond with Pro 263 and several unfavorable inter-
actions with 7 residue of the protein. 

Our results are different from those obtained 
by Li et al44, who used FTMap, an online compu-

Fig. 3. Interaction of the selected compounds with 3w5k snail protein: Stivarga (a), Sorafenib (b), Paritaprevir (c).
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stable RMSD from 30 ns to 120 ns simulation 
around 0.75 nm. The Stivarga complex (red) is 
also stable from 35 ns to 80 ns and constant range 
of RMSD between 0.75 nm and 0.8 nm. While 
Paritaprevir complex (blue) was the most instable 
complex with high RMSD values.

RMSF trajectories provide important informa-
tion regarding the stability of the complex. High 
fluctuations in the plot indicate more flexibility 
and unstable bonds. On the other side, low value 
or less fluctuation indicates well-structured re-
gions in the complex and less distortion.

with highest scores Stivarga, Paritaprevir and 
Sorafenib were subjected to MD simulations for 
120 ns to analyze the stability of the complexes.

The RMSD evaluated the stability of the 
complex using the average modification that the 
protein will undergo during molecular dynamics 
simulation. The RMSF concerned the structural 
flexibility by calculating the deviation of the Cα 
of each residue over time compared to the refer-
ence structure (Figure 4).

The differences of backbone RMSD protein in 
complex with Sorafenib (green) showed the most 

Fig. 4. RMSD and RMSF plots for 
3w5k snail protein complex with 
Stivarga (red), Sorafenib (green) and 
Paritaprevir (blue) for 120 ns.



7

SNAIL PROTEIN INHIBITION BY DRUG REPOSITIONING FOR RECURRENT BREAST CANCER: AN IN-SILICO STUDY

show less Rg values indicating higher stability 
around 1.5 nm. While Stivarga and Paritaprévir 
show higher Rg values revealing less stability.

Hydrogen bonding plays an essential role in 
determining the binding strength between ligands 
and 3w5k Snail protein. Sorafenib (green) shows a 
higher number of hydrogen bonds mostly between 2 
and 4 specially after stabilisation (after 30ns) while 
Paritaprevir complex (blue) showed lower number of 
hydrogen bonds (Figure 5). Stivarga complex (red) 
shows similar pattern compared to Sorafenib be-
tween 30 and 80 ns. The number of hydrogen bonds 
contracted between Stivarga and protein decreases 
after 80ns unlike Sorafenib which showed increased 
values in the same range of time. 

As depicted in Figure 4, RMSF of the Sorafenib 
complex (green) showed low fluctuation from 203 
to 220 residues indicating stabilization of protein 
on this portion. Above 240 up to 264, the protein 
is stable in the presence of Sorafenib, suggesting 
that Sorafenib binds to the protein at S257 pocket 
as described by Li et al44. The Stivarga complex 
(red) showed a fluctuation from 232 to 247 resi-
dues and from 154 to 162 (Figure 4). 

In order to determine the compactness of the 
system, Rg was plotted against time. Higher Rg 
values illustrate less compactness with conforma-
tional entropy, while low Rg values are explained 
as high stability in the structure (more folded). As 
shown in Figure 5, the Sorafenib complex (green) 

Fig. 5. Rg and hydrogen bonds plots 
for snail protein complex with Stivarga 
(red), Sorafenib (green) and Paritaprevir 
(blue) for 120 ns.
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CONCLUSIONS 

Compared to other types of cancer, breast cancer 
recurs more easily and sometimes decades after 
the initial tumor is removed. The Snail protein is 
involved in breast cancer metastasis. It constitutes 
a new prognostic factor and a new therapeutic tar-
get.

Through different computational approaches, 
such as docking studies and molecular dynam-
ics simulations, three approved molecules were 
identified as potential Snail inhibitors: Stivarga, 
Sorafenib and Paritaprevir. However, Stivarga 
and Sorafenib showed better affinity to Snail pro-
tein making them potential candidates for simple 
drug therapies to combat recurrent breast cancer.
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