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Abstract Signal transducer and activator of transcription

(STAT) family, encompassing protein molecules that

function as a second messenger and transcription factor, are

famously known to regulate a multitude of cellular processes

including inflammation, cell proliferation, invasion, angio-

genesis, metastasis and immune system homeostasis.

STAT3 is one of the six members of a family of transcription

factors. STAT3 has proved themselves to be interesting

candidates for anticancer therapy as they are over-expressed

in most cancer cells. Thus, we studied receptor-based

molecular docking of STAT3 against natural compounds

and further validations of lead molecules in an array of

cancer cells. In the present study, we screened approxi-

mately 50,000 natural compounds from the IBS. All natural

compounds were docked with the X-ray crystal structure of

STAT3 (PDB; 1BG1) retrieved from the protein data bank

by using Maestro 9.6 (Schrödinger Inc). First, we performed

high-throughput virtual screening of IBS against the SH2

domain of STAT3. Further, best 20 compounds that possess

minimal Gscore along with 85 natural compounds that had

been reported in published literature as having anticancer

properties were selected, and molecular docking was per-

formed using the XP (extra precision) mode of GLIDE. We

analyzed Gscore and protein–ligand interactions of top

ranking compounds. It was discovered in this study, com-

pounds CID252682, CID5281670 (Morin), CID5281672

(Myricetin), CID72277 (Epigallocatechol) and CID65064

(Epigallocatechin Gallate, EGCG) yielded the excellent

dock score with the STAT3 concluded with the help of

docking-free energy. Moreover, IBS STOCK1N-43090,

STOCK1N-66505, STOCK1N-54303, STOCK1N-44634,

STOCK1N-45027, STOCK1N-73784, STOCK1N-69597,

STOCK1N-73062, STOCK1N-81915 and STOCK1N-

70844 have better docking-free energy. Further, we chose

EGCG and myricetin compounds, and their effect on bio-

logical activity such as cell proliferation, oxidative stress,

colony formation, mRNA expression of STAT3, and cell

number was reported after the 48 h treatments in cancer cell

lines. EGCG and myricetin reduce the STAT3 mRNA

expression confirmed by RTPCR. Moreover, EGCG and

myricetin reduce cell proliferation and ROS generation after

48 h treatments. Interestingly, our result also indicates that

the reduction in potential for colony formation enhances

anti-metastasis activity of EGCG and myricetin. The infor-

mation obtained from our study assisted us in drawing a

more lucid picture regarding the existence STAT3 natural

compounds inhibitor on diverse cancer cells.
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Introduction

STAT pathway in its role as a second messenger is a well-

known cell signaling cascade involved in regulating

numerously cellular processes, viz. growth, development,

and maintenance of immune system homeostasis, in
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addition to numerous intracellular signaling pathways,

including that of cytokine and growth factor (Simon et al.,

1998). STAT family comprises of proteins characterized by

their ability to act as (1) signal transducers (second mes-

sengers) and (2) transcription factors, without which cell

proliferation, differentiation and cell migration would not

occur. Eight mammalian STAT proteins are commonly

known that mediate the expression of important proto-

oncogenes by virtue of their function to act as transcription

factors (TF), which are in-turn activated by a variety of

cytokines, hormones and growth factors. STAT pathway

finds its utility in maintaining the hematopoiesis of the

body, immune system homeostasis, sexually dimorphic

growth regulation, along with other physiological pro-

cesses that participate actively in the initiation and pro-

gression of complex diseases including diabetes and cancer

(Rawlings et al., 2004). There are two types of ligand–

receptor interactions in STAT pathway which are classified

on the basis of downstream activation of signaling mole-

cules. In ligands such as erythropoietin and growth hor-

mone, the receptor subunits are bound as homodimers,

whereas for other ligands such as interferons and inter-

leukins, the receptor subunits are heteromultimeric (Huang

et al., 2005a; Watowich et al., 1994). Uncontrolled cell

growth, development and immune responses of the body

may occur as a consequence of deregulation of STAT

family accredited to over-expression or functional impair-

ment of the molecules. Members of the STAT family range

in size from 750 to 900 amino acids and contains several

structural domains including SH2 domain (Takeda and

Akira, 2000), coiled-coil, DNA-binding, linker, tyrosine

activation and transcriptional activation domains (Becker

et al., 1998). STAT3, STAT4, STAT5 and STAT6 play a

critical role in the complex diseases like cancer and dia-

betes and are believed to possess pro-proliferative and anti-

inflammatory associated activities which are thought to be

crucial for successful regulation of proliferation and dif-

ferentiation of the cells (Friedbichler et al., 2009; Gooch

et al., 2002; Grivennikov and Karin, 2010; Schindler et al.,

2007; Takeda et al., 1997). However, aberrant signaling by

STAT3 has been reported in a variety of malignancies,

including the breast and prostate cancer (Aggarwal et al.,

2009; Azare et al., 2007; Huang et al., 2005b; Yue and

Turkson, 2009). Consequently, it is reported that over-

activated STAT3 and STAT5 increase tumor cell prolif-

eration and invasion while suppressing anti-tumor immu-

nity (Yu et al., 2007, 2009).

Several lines of evidence such as genetically engineered

mutant of STAT3 and dominant-negative variant of STAT3

experimental approaches that block the over-activation of

STAT3 led to obstruction of tumor growth confirmed the

STAT3 as a target for cancer drug discovery (Niu et al.,

1999, 2001; Zhang et al., 2013). It is suggested that

inhibition of STAT3 by a selective small molecule

decreased the tumor volume and prolongation of the time to

tumor recurrence (Dave et al., 2012; Ni et al., 2000). By

using several approaches, nucleotide and non-nucleotide-

based STAT inhibitors are being developed and undergoing

clinical evaluation for the treatment of various cancers.

However, due to a multitude of side effects and arguable

efficacies, there is a demand for newer compounds for the

treatment of cancer. A number of compounds have been

suppressed the over-activation of STAT3 including Niclo-

samide, Nifuroxazide, Kahweol, WP1066 and Cryptotan-

shinone. These compounds inhibit STAT3 activation by

various mechanisms such as STAT3 tyrosine phosphory-

lation, STAT3 recruitment to the receptor and dimerization,

STAT3 nuclear translocation and STAT3–DNA binding

and transcriptional activation (Chung et al., 1997; Debnath

et al., 2012; Fletcher et al., 2008). We have focused our

efforts to discover natural compounds that have the capa-

bility to disrupting translocation, dimerization of STAT3

and STAT3–DNA binding with potentially improving

potency and specificity. In this context, our aim of the

present work had been to find a natural compound that can

be developed as a suitable STAT3 signaling pathway

inhibitor by using molecular docking and in vitro studies.

Methodology

In silico procedures

Selection and preparation of ligands

In silico, molecular docking procedure adapted from our

previous published article (Singh and Bast, 2014a, b).

Selected candidate ligand molecules were divided into two

groups: (a) natural compounds that had been reported in the

published literature (Bhanot et al., 2011; Cho and Park,

2008; Cragg and Newman, 2005; da Rocha et al., 2001;

Hillman, 2012; Huang et al., 2012; Phosrithong and Un-

gwitayatorn, 2010; Roell and Baniahmad, 2011; Sarkar and

Li, 2006; Sunil, 2012) and (b) IBS. IBS is a collection of

one of the world’s largest natural compound library, and in

March 2013, it has grown to include over 50,000 com-

pounds. Of the whole natural compound library, 60–65 %

are compounds of plant origin; 5–10 % was isolated from

microorganisms, about 5 % of marine species. These

ligand molecules were subjected into ligand preparation by

Ligprep wizard application of the Maestro 9.6 that per-

forms amendment on the ligands, such as the addition of

hydrogens, removal of water molecules, correction of bond

lengths and bond angles. Pharmacokinetic properties of

selected natural compounds are detailed in supplementary

table 1.
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Preparation of protein molecules

The X-ray crystal structure of STAT3(PDB; 1BG1)

retrieved from the protein data bank (Becker et al., 1998).

Maestro 9.6 protein preparation wizard applications

accomplished for the correction of unprepared PDB

structure, where changes such as addition of hydrogen

atoms, assigning bond orders, creation of zero order bonds

to metal, creation of disulphide bonds, fixing of the charges

and orientation of groups were incorporated.

Molecular docking

Molecular docking studies using the selected ligand

molecules were conducted using Maestro 9.6 molecular

docking suite (Friesner et al., 2004, 2006; Halgren et al.,

2004). Each of these selected compounds was docked

into SH2 domain of STAT3 target protein molecules, and

the docking conformation possessing the lowest energy

was selected. After preparing protein and ligands, mole-

cules energy minimization and optimization was done

by using optimized potential for liquid simulations

(OPLS_2005) force field (Jorgensen et al., 1996; Jor-

gensen and Tirado-Rives, 1988; Shivakumar et al., 2010)

and one conformation for each ligand was generated as

default setting of Maestro 9.6. After the completion of

protein preparation, a receptor-grid file was generated.

For running the grid generation module, we scaled van

der waal radii of receptor atoms by 1.00 Å with a partial

atomic charge of 0.25 as a default setting of Maestro 9.6.

The active site of the receptor provides an accurate

scoring function with thermodynamic optimal energy

value and is calculated on a grid by various sets of fields.

After the formation of receptor-grid file, molecular

docking was performed. The final energy evaluation was

done on the basis of Gscore.

ADME/T properties studies

ADME/T (Absorption, Distribution, Metabolism, Excre-

tion, and Toxicity) properties were measured for the final

screening of these lead compounds by using QikProp

application of Schrödinger. Most of the drugs do not tri-

umph in the late phase of clinical trials due to mediocre

ADME properties such as poor compound solubility, gas-

tric emptying time and intestinal absorption time. Thus,

ADME properties of best-docked compounds were pre-

dicted using QikProp application of Schrodinger. QikProp

application predicts properties such as log BB, overall CNS

activity, Caco-2 and MDCK cell permeability and logKhsa

for human serum albumin binding which are prerequisite

for drug-like pharmacokinetic profile (Jorgensen and Duf-

fy, 2002; Lu et al., 2004).

In vitro procedures

Chemicals

DMEM media, 1 % penicillin/streptomycin and fetal

bovine serum (FBS) were purchased from Invitrogen.

Ham’s F-12 media were purchased from Himedia. EGCG

purchased from MP Biomedicals Pvt Ltd and dissolved in

dimethylsulfoxide (DMSO) as a 20-MM stock solution and

diluted in culture medium to a final DMSO concentration

of 0.25 % (vol/vol). Myricetin purchased from Sigma,

Aldrich and dissolved in DMSO. TRIzol reagent purchased

from life technologies, Gaithersburg.

Cell culturing

Hepatocellular carcinoma (HepG2), Lung carcinoma

(A549 and H460) and Prostate cancer (PC3) human cell

lines were obtained from NCCS, Pune (India). They were

cultured in recommended medium supplemented with

10 % FBS, 1 % penicillin–streptomycin solution in a

humidified 5 % CO2 atmosphere at 37 �C. When adherent

cells reached 80 % confluency, the cells were trypsinized

using trypsin (0.25 %) and resuspended in medium sup-

plemented with 10 % FBS, 1 % penicillin–streptomycin.

Total RNA isolation, cDNA synthesis, and quantitative RT-

PCR

One million cells/well were plated into the six-well culture

plate media containing 10 % FBS and 1 % penicillin–

streptomycin and incubated at 37 �C overnight. After 24 h,

incubation media were removed, and FBS-free media were

added (serum starvation). After 24 h, media were replaced,

and 80 lM of EGCG and myricetin treatment was done.

Total RNA was extracted from cells using TRIzol. RNA

pellet was dissolved in diethyl pyro-carbonate treated water

and quantified at 260 nm/280 nm with thermo scientific

nanodrop 2000 spectrophotometer. Yield and purity were

verified by absorbance (optical density); absorption ratio

A260 nm/A280 nm between 1.93 and 2.06 was considered

for cDNA synthesis. For cDNA synthesis, one lg of total

RNA was reverse-transcribed into cDNA using a high-

capacity PrimeScript 1st strand cDNA Synthesis Kit (Ta-

kara Bio Inc). Gene expression was quantified by reverse

transcription polymerase chain reaction (RT-PCR) using

Applied Biosystems� Thermal Cyclers. Products of

RT-PCR were separated by agarose gel electrophoresis to

confirm correct amplification and size. Primer interactions

with a templet cDNA were recognizing by using water and

glyceraldehyde-3-phosphate dehydrogenase (GAPDH),

and actin is used as a housekeeping gene to assure equal

loading of the sample. The cycling parameters were
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optimized as follows: PCR start at 60 �C for 2 min, fol-

lowed by activation at 95 �C for 10 min, denaturing at

95 �C for 15 s, annealing at 60 �C for 45 s, elongation at

72 �C for 45 s, repeated for 38 amplification cycles and

lastly final elongation at 72 �C for 5 min. PCR amplifica-

tion products were separated with 2 % agarose gels.

Protocol for MTT assay

MTT assay detects the cell cytotoxicity via reduction in

MTT by mitochondrial dehydrogenase to form thiazolyl

blue formazan. 7 9 103 cells/well were seeded into the

96-well plate media containing 10 % fetal bovine serum

and 1 % penicillin–streptomycin and then incubated at

37 �C overnight. After 24 h, incubation media were

removed, and FBS-free media were added (serum starva-

tion). The next day, media were replaced with 200 lL of

fresh complete medium containing 5, 10, 20, 40 and 80 lM

concentrations of EGCG and myricetin alone. After 48 h,

the supernatants were removed, and cell were washed with

PBS and incubated with MTT (100 lL, 0.5 mg/mL) in

PBS for 4 h in a humidified atmosphere at 37 �C. 200 lL

of dimethyl sulfoxide was added to dissolve the formazan

crystals. The optical density (OD) of the colored solution

was quantified at 570 nm wavelengths by using enzyme-

linked immunoabsorbent assay reader (ELISA Synergy/

H1).

Trypan blue exclusion assay

Trypan blue exclusion analysis was performed by using

neubaurs chamber according to recommended protocol.

Fig. 1 Ribbon presentation of STAT3 (PDB; 1bg1) protein molecule

with 5281672 (a) and 65064 (b)

Fig. 2 Protein–ligands interactions profile of STAT3 (PDB; 1bg1)

with CID5281672 and CID65064. Protein–ligands interactions profile

revealed that myricetin and EGCG with SH2 domain of STAT3

amino acid Tyr585, Met586, Leu673, TYR674, Pro675, Ile677 and

Ala682 involve the hydrophobic interactions. Furthermore, amino

acid Ser521 and Glu582 included in side chain hydrogen bond and

amino acid Gly583 and Tyr584 involved in back-bone hydrogen

bone. Moreover, amino acid 518 and Tyr584 form pi-cation and pi–

pi-cation interactions, respectively
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Cancer cells were plated at a cell density of approximately

2.5 9 104 cells/well in 6-well plates and grown with

medium containing 10 % FBS. Twenty-four hrs after

plating, the media was changed to media containing 0.5 %

FBS in order to reveal the full effect of the compounds

used. After serum starvation, cells were treated with

compounds for 48 hrs. Control cancer cell cultures were

treated with phosphate-buffered saline (PBS). 10 lL of

cells sample and 10 lL of trypan blue stain mix very well

and loaded 10 lL of the sample mixture into the half moon

shaped neubaurs chamber and analyzed the live and dead

cells.

Nitro blue tetrazolium (NBT) reduction assay

7 9 103 Cells/well were seeded into the 96-well tissue

culture plates, media containing 10 % FBS and 1 %

penicillin/streptomycin and then incubated at 37 �C over-

night. After 24 h, incubation media were removed, and

FBS-free media were added (serum starvation). After 24 h,

the media were replaced with 200 lL of fresh complete

medium containing 5, 10, 20, 40 and 80 lM concentrations

of EGCG and myricetin. After 48 h, the supernatants were

removed, and incubated with 100 lL 0.1 % NBT, and the

plates were placed into an incubator for 4 h. The reduced

NBT was solubilized with 100 lL 2 M KOH and 100 lL

DMSO for 30 min. The absorbance was measured for each

well at 570 nM using an ELISA Synergy/H1 plate reader.

Clonogenic assay

A Clonogenic assay was performed as described previously

(Alimova et al., 2009; Bill et al., 2012; Liu et al., 2007).

Cells were seeded into six-well plates in triplicates at a

Fig. 3 Protein–ligand

interactions profile of STAT3

(PDB; 1bg1) with STOCK1N-

43090 and STOCK1N-66505
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density of 1 9 103cells/well in 2 ml of medium containing

10 % FBS. After 24 h, cultures were replaced with fresh

medium containing 0.5 % FBS (control) and treatment

(EGCG and myricetin) was done then incubated in a 37 �C

humidified atmosphere containing 95 % air and 5 % CO2,

and grown for 3 weeks. Every second-day media were

changed. The cell clones were stained for 15 min with a

solution containing 0.5 % Giemsa stain and 25 % metha-

nol, followed by rinse with water to remove excess dye.

The colony numbers were counted by using an inverted

microscope.

Data analysis and statistics

Statistical analysis was performed using SigmaPlot. The

results of the in vitro experiments are expressed as

mean ± SEM. Statistical analysis was done with ANOVA

test followed by Kruskal–Wallis one-way analysis of

variance on Ranks with Tukey range test. Probability

values of less than 0.05 (P \ 0.05) were considered

significant.

Results and discussion

In recent years, the STAT3 have come to demand the

attention of more investigators due to its activation during

chronic inflammatory diseases and cancer. Current studies

deliver new perception into the biological and molecular

mechanisms for the anti-tumor activity of EGCG and

myricetin. Previously, it was reported that, inhibitors tar-

geting the SH2 domain of STAT3 obstruct the transcrip-

tional activity of STAT3. The disruption of the

translocation dimerization and protein–DNA interactions

has the potential to inhibit STAT3 dependent gene

expression and thus block its tumor-promoting functions in

cancer cells. Nonetheless, there has been less prominence

on targeting the STAT3 interface for drug design (Turkson

et al., 2004, 2005).

Molecular docking of compounds with SH2 domain

of STAT3

Recently, molecular docking study of SH2 domain of

STAT3 against selected natural compounds has been

Table 1 Lowest binding energy for the ligand–SH2 domain of STAT3 (PDB; 1BG1) protein interactions as detected by GLIDE molecular

docking

Molecules GScore LipophilEvdW HBond Electro Protein–ligand interactions

CID5337997 -4.11 -2.46 -1.04 -0.36 Gly583 and Glu681

CID252682 -4.01 -2.41 -1.52 -0.67 Glu582 and Tyr584

Control CID11210478 -3.42 -2.54 -1.19 -0.25 Arg518 and Gly583

CID114778 -3.11 -2.16 -0.48 -0.51 Glu582

CID160254 -2.52 -2.62 0 0.01

Anticancer agents CID252682 -5.45 -2.95 -1.63 -0.88 Ser521 and Gly583

CID5281670 -5.03 -2.74 -1.48 -0.71 Glu582 and Tyr584

CID5281672 -4.83 -2.29 -1.59 -0.82 Glu582 and Tyr584

CID72277 -4.82 -2.18 -2.07 -0.8 Glu582 and Tyr584

CID65064 -4.78 -1.82 -2.88 -1.17 Arg518, Glu582 and Tyr584

STOCK1N-43090 -6.46 -2.73 -2.37 -1.45 Trp580, Glu582, Gly583, and Ile585

IBS STOCK1N-66505 -6.35 -2.48 -2.64 -1.07 Ser521 and Gly583

STOCK1N-54303 -6.29 -3.08 -2.27 -1.16 Trp580, Gly583 and Ile585

STOCK1N-44634 -6.1 -3.27 -2.19 -0.8 Trp580, Glu582, and Ile585

STOCK1N-45027 -6.05 -3.15 -2.2 -0.97 Trp580, Gly583, and Ile585

STOCK1N-73784 -5.87 -3.36 -1.69 -0.74 Trp580, Gly583, and Ile585

STOCK1N-69597 -5.63 -3.26 -2.07 -0.64 Ser521, Gly583, and Tyr584

STOCK1N-73062 -5.44 -2.83 -1.47 -0.81 Arg 518, Ser521, and Trp580

STOCK1N-81915 -5.18 -2.1 -1.51 -0.91 Arg 518, Trp580, and Ile585

STOCK1N-70844 -5.1 -3.16 -1.6 -0.87 Ser521 Trp580, Gly583, and Ile585

Molecule CID, Pubchem IDs; Molecule STOCK, InterBioScreen’s library (IBS); GScore, Glide extra precision scores (kcal/mol); Lipophilic E

Vdw, Chemscore lipophilic pair term and fraction of the total protein–ligand vdw energy; HBond, Hydrogen-bonding term; Electro, electrostatic

rewards; Protein–ligands interactions, p–p stacking, p–cat interactions and hydrogen bond between the ligands and protein
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carried out. All natural compounds were docked with the

X-ray crystal structure of STAT3 (PDB; 1BG1) retrieved

from the protein data bank by using Maestro 9.6. Molecular

docking stratagem identifies the optimal energy value,

types of protein–ligand interactions, possible orientations

and conformations of the protein paired with the ligand.

The crystal structure of the STAT3 has been determined

with 2.25 Å resolutions. Molecular docking result of SH2

domain of STAT3 against natural compounds unveiled

that compounds CID252682, CID5281670 (Morin),

CID5281672 (Myricetin), CID72277 (Epigallocatechol)

and CID65064 (Epigallocatechin Gallate, EGCG) yielded

the best Gscore -5.45, -5.03, -4.83, -4.82 and

-4.78 kcal/mol, respectively. Moreover, IBS natural

compounds STOCK1N-43090, STOCK1N-66505,

STOCK1N-54303, STOCK1N-44634, STOCK1N-45027,

STOCK1N-73784, STOCK1N-69597, STOCK1N-73062,

STOCK1N-81915 and STOCK1N-70844 have better

Gscore -6.46, -6.35, -6.29, -6.1, -6.05, -5.87, -5.63,

-5.44, -5.18, and -5.1 kcal/mol, respectively. Notable

aspects of these compounds are their many pharmacoki-

netics and pharmacodynamics characteristics are accor-

dance with the lipinski rule of five. Further, in vitro works

are carried out to validation of our molecular docking

work. The molecular docking study done an aspire to

illustrate the protein–ligands interactions and to summarize

the various bonds such as hydrogen and electrostatic bond.

Protein–ligands interactions profile revealed that SH2

domain of STAT3 amino acid Tyr585, Met586, Leu673,

TYR674, Pro675, Ile677 and Ala682 involve in the

hydrophobic interactions. Furthermore, amino acid Ser521

and Glu582, involved in side chain hydrogen bond and

amino acid Gly583 and Tyr584 included in back-bone

hydrogen bond. Moreover, amino acid 518 and Tyr584

form pi-cation and pi–pi-cation interactions, respectively.

(Figures 1, 2, 3; Table 1). Molecular docking results

divulge that the hydrophobic interactions are the main

force for binding of compounds with the SH2 domain of

STAT3. Moreover, computer modeling of EGCG bound to

the SH2 domain of STAT3 support that the anticancer

Table 2 Evaluation of drug-like properties of the lead molecules by Qikprop Maestro 9.6 molecular docking suite

Molecule Q P log

P o/w

(-2.0 to 6.5)

Q P log

HERG

(acceptable range:

above -5.0)

QPP Caco

(nm/s)

\25—poor

[500—great

Q P log

BB

(-3 to 1.2)

QPP

MDCK

(nm/s)

Q Plog

Kp

(-8.0 to -0.1)

CID4477 3.081 -5.135 199.07 -1.038 439.272 -3.642

Control CID114778 3.547 -3.285 2,429.439 -0.105 1,291.327 -1.859

CID160254 2.775 -3.942 1,724.586 -0.135 891.617 -2.722

CID252682 0.982 -2.096 7.501 -2.023 3.192 -5.135

CID2779853 -0.192 -3.939 165.876 -1.007 72.222 -4.193

Anticancer agents CID252682 1.387 -3.76 6.538 -2.581 2.739 -5.077

CID5281670 0.371 -4.598 29.617 -2.048 11.022 -5.157

CID5281672 -0.279 -4.901 7.234 -2.857 2.402 -6.355

CID72277 -0.193 -4.584 20.527 -2.343 7.416 -5.566

CID65064 -0.335 -5.474 1.12 -4.172 0.32 -7.477

STOCK1N-43090 -0.192 -0.789 0.905 -3.134 1.086 -6.023

STOCK1N-66505 -0.273 -0.245 2.052 -2.198 2.78 -5.547

IBS STOCK1N-54303 1.478 -0.732 3.423 -2.483 4.338 -5.105

STOCK1N-44634 -0.337 -0.609 0.593 -3.467 0.602 -6.542

STOCK1N-45027 0.181 -0.562 3.206 -2.423 4.196 -5.119

STOCK1N-73784 1.507 -0.928 4.278 -2.269 11.633 -4.371

STOCK1N-69597 0.519 -3.39 2.319 -1.84 7.464 -5.486

STOCK1N-73062 -0.043 -4.191 44.06 -1.965 29.978 -4.124

STOCK1N-81915 1.457 -5.429 224.769 -1.382 98.549 -3.287

STOCK1N-70844 3.162 -6.229 238.588 -1.505 105.115 -2.813

Predicted IC50 value for blockage of HERG K ? channels; (acceptable range above -5.0)

Molecule CID, Pubchem IDs; Molecule STOCK, InterBioScreen’s library (IBS), Q P log Poct; was predicted partition coefficient of octanol/gas,

(8.0 to 35.0); QPP Caco, predicted apparent Caco-2 cell permeability in nm/s. Caco-2 cells is a model for the gut blood barrier (nm/s)\25—poor,

[500—great. Q P log BB, predicted brain/blood partition coefficient; QPP MDCK, predicted apparent MDCK cell permeability in nm/s. MDCK

cells are considered to be a good mimic for the blood–brain barrier; (nm/s)\25—poor,[500—great; Q P log KP, Predicted skin permeability; Q

P log Khsa Prediction of binding to human serum albumin; (acceptable range -1.5 to 1.5)
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Fig. 4 HepG2, A549, H460 and

PC3 cells showed a marked

decrease in mRNA expression

of STAT3 after the treatment of

80 lM EGCG and myricetin

(Myr) alone. Control (Crl)
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activity of green tea is the result of the inhibition of the

STAT3 signaling pathway (Wang et al., 2013). Seven

members of the STAT proteins have been recognized in

humans: STAT1, 2, 3, 4, 5a, 5b and 6. All of the STAT

proteins share six distinct structural domains, including the

N-terminal, coiled-coil, DNA-binding, Src homology 2

(SH2) and the transactivation domains. Present study, we

report a natural compound that binds to STAT3 and

selectively inactivates STAT3 translocation, dimerization

and STAT3 DNA binding (transcription factor activity)

that ultimately leads to suppresses of STAT3 dependent

malignant transformation.

ADME properties

Pharmacokinetic and pharmacodynamic properties of lead

natural compounds were appraised by using the Qikprop

application of Maestro 9.6. Compounds CID252682,

Morin, Myricetin, Epigallocatechol and EGCG yielded the

best Gscore. Most fascinating aspect of these compounds

are their admirable QPlogPo/w, QPlogHERGK ? chan-

nels, QPlogBB, QPlogKP and QPlogKhsa values which

satisfy the Lipinski’s Rule of Five (Table 2). Moreover,

activities such as QPPCaco, QPPMDCK and percentage

oral absorption are not satisfactory and structural

Table 3 Primer sequences used in study

S. No. Name of gene Forward primer (50 to 30) Reverse primer (50 to 30)

1 STAT3 ACCCAACAGCCGCCGTAG CAGACTGGTTGTTTCCATTCAGAT

2 b-Actin GTGGGGCGCCCCAGGCACCA CTCCTTAAGTCACGCACGATTTC

3 GAPDH ACGGATTTGGTCGTATTGGGCG CTCCTGGAAGATGGTGATGG

Fig. 5 EGCG and myricetin reduce the cell viability and growth of

the HepG2, and H460 cells in a dose-dependent manner determined

by the MTT assay (a, b). *P \ 0.05 and **P \ 0.01 versus control

Fig. 6 EGCG and myricetin significantly reduce the cell number on

the HepG2, A549, H460, and PC3 cells in a dose-dependent manner

determined by the trypan blue exclusion test of cell viability (a, b).

*P \ 0.05, and **P \ 0.01 versus control
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modification is required to enhance these activity. Polar

surface area, high oral bioavailability, H-bond donors, and

acceptors are imperative criteria for the development for

therapeutic agents. It is reported that compounds having 10

or fewer rotatable bonds, and polar surface area equal to or

less than 140 Å will have a high probability of good oral

bioavailability in the rat. Furthermore, it is also reported

that polar surface area inverse proposal to permeation rate

(Becker et al., 1998). Our best leads molecules EGCG and

myricetin have good SASA than control compounds. These

results indicate that these compounds will have better

permeation rate (Table 2).

A number of reports confirm that EGCG is an efficient

anticancer agent that induce apoptosis and decrease cell

proliferation via inhibiting STAT3 expression including

mesenchymal stromal cells, head and neck squamous cell

carcinoma cells and gastric cancer (Lin et al., 2012; Zgheib

et al., 2013; Zhu et al., 2011). Moreover, it is reported that

myricetin can directly bind to JAK1/STAT3 molecules and

modulate the biological signaling that led to inhibit cell

transformation in EGF-activated mouse JB6P? cells

(Kumamoto et al., 2009). Moreover, ex vivo and in vitro

pull-down assay unveiled that the myricetin bound to JAK1

and STAT3. However, detailed mechanisms are not dis-

closed in prostate and lung cancer.

Effect of EGCG and myricetin on STAT3 mRNA

expression in cancer cells

We investigated whether EGCG and myricetin could

impede STAT3 expression in HepG2, A549, H460 and

PC3cells. Cells were incubated for 48 h with EGCG and

myricetin and determine the mRNA expression by using

RTPCR. Interestingly, RTPCR shows that EGCG and

myricetin have a potential for robust inhibition of STAT3.

The RTPCR densitometric bands analysis showed that

compound EGCG reduced the mRNA expression of

STAT3 by 20 % in A549, H460 and PC3 cells at 80 lM

concentration, whereas myricetin reduced the mRNA

expression of STAT3 by 50 % in A549, H460, and PC3 at

80 lM concentration (Fig. 4). The primer Sequences used

in the study listed in Table 3.

Effects of EGCG and myricetin on cell growth

of cancer cells

To measure the cytotoxicity of EGCG and myricetin in

cancer cells, MTT assay was performed. Cells were cul-

tured with 5, 10, 20, 40 and 80 lM EGCG and myricetin

for 48 h. EGCG and myricetin exhibited a remarkable

reduction in cell proliferation against cancer cells in a

concentration-dependent manner. Consistently, it was more

pronounced at concentrations between 5 and 80 lM. The

mean 50 % inhibitory concentration of EGCG on cell

growth was at 80 lM in HepG2 cells and 20 lM in H460

cells for 48 hrs treatment. It was also observed that cell

growth inhibition to 80 lM EGCG in H460 for 48 hrs was

70 %. Furthermore, the mean 40 % inhibitory concentra-

tion of myricetin on cell growth was at 80 lM on HepG2

cells for 48 hrs treatment (Fig. 5). Moreover, trypan blue

exclusion test of cell viability was performed to determine

cell number after the treatments of EGCG and myricetin.

EGCG and myricetin revealed a significant reduction of

cell number in a concentration-dependent manner (Fig. 6).

The effects of EGCG and myricetin on nitroblue

tetrazolium (NBT) reduction on cancer cells

We assessed the ability of the EGCG and myricetin to

initiate the production of ROS in cancer cells by using

colorimetric nitroblue–tetrazolium (NBT) assay. NBT

test is based on the selective reduction in a yellow,

Fig. 7 EGCG and myricetin reduce the ROS on the HepG2, A549,

H460, and PC3 cells in a dose-dependent manner determined by the

NBT reduction assay (a, b). *P \ 0.05, and **P \ 0.01 versus

control
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water-soluble tetrazolium chloride to an insoluble violet

diformazan by superoxide. In cancer cells, the EGCG and

myricetin caused a reduction in ROS generation that led to

reduced cell proliferation. We noticed a lung cancer cells

are most sensitive for ROS production and reduction in

ROS on both lung cancer cells approximately 60 % on

above 20 lM concentration. Treatment of EGCG and

myricetin on cancer cell led to the significant reduction in

ROS (Fig. 7).

EGCG and myricetin reduce colony formation

of prostate cancer cell (PC3) in vitro

We next studied the ability of PC3 cells to form colonies on

6-well culture plates in the presence or absence of EGCG

and myricetin for 3 weeks. EGCG and myricetin reduced

colony formation at concentrations as 20–80 lM. The

number of colonies formed was reduced in a dose-depen-

dent manner. At the highest concentration of EGCG and

myricetin (80 lM), colony formation was reduced over

50 % as compared to the untreated controls (Figs. 8, 9).

EGCG has been reported to impede lipid peroxidation and

expression of colony-stimulating factors compromised in

several pathologic conditions by using membrane matrix

metalloproteinase (Zgheib et al., 2013).

A number of in vitro, in vivo and clinical studies have

reveal that EGCG can induce apoptosis, and inhibit inva-

sion and metastasis of prostate, lung and hepatic cancer

cells (Connors et al., 2012; Mereles and Hunstein, 2011;

Shim et al., 2010). Furthermore, proteasome inhibition

treating prostate cancer cell lines with EGCG led to the

accumulation of the cyclin-dependent kinase inhibitor,

which ultimately result in cell cycle arrest (Nam et al.,

2001). The study demonstrated that the combination of

myricetin with radiotherapy can enhance tumor radiosen-

sitivity of A549 and H1299 cells (Zhang et al., 2014).

Furthermore, treatment of EGCG modulate the activity of

phosphatidylinositol-3-kinase (PI3K) and mitogen-acti-

vated protein kinase (MAPK) pathways and found to

decrease the levels of PI3K and phospho-Akt in hepato-

cellular, prostate cancer cells (Shen et al., 2014; Siddiqui

et al., 2004). Myricetin acts as PI3K! inhibitor with

Fig. 8 EGCG inhibits colony formation of PC3 cells. PC3 was grown

in six-well plates (1,000 cells/well) in triplicates. After 24 h,

incubation removes the media and add FBS-free media (serum

starvation). The next day, the media were replaced the culture

medium containing 10 % FBS and 20, 40, and 80 lM EGCG. Culture

medium was changed once every 3 days for 3 weeks. The pictures of

six-well plates with colonies were taken by a Magnus inverted

microscope connected to Sony color video camera on day 21
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dissociation constants (Kd) of 0.17 lM (Walker et al.,

2000). Furthermore, it is reported that myricetin stimu-

late pancreatic cancer cell death in vitro via reducing

PI3K activity (Phillips et al., 2011). Our previous article

shows that compounds myricetin have the best Gscore

when docked with Akt, PDK1 and PI3K, whereas EGCG

have better Gscore when docked with PI3K and mTOR

(Singh and Bast, 2014b). Molecular docking between

EGCG with STAT3 SH2 shown that amino acid Lys591,

Lys591, Glu594, Arg609, Ser611, Glu612, Ser613,-

Ser613, Thr620, Val637, Glu638 and Pro639 involved in

protein–ligands interactions of EGCG with SH2 domain

of STAT3 (Wang et al., 2013). Previous report disclosed

that myricetin inhibited DNA-binding and transcriptional

activity of STAT3 via inhibited the phosphorylation of

STAT3 at Tyr705 and Ser727 (Kumamoto et al., 2009).

Schematic model representations for the inhibition of

STAT3 signaling by EGCG and myricetin shown on

Fig. 10. EGCG and myricetin bind to SH2 domain of

STAT3 that block the STAT3 translocation, dimerization

and STAT3-DNA binding (transcription factor activity)

that ultimately leads to suppresses of STAT3-dependent

malignant transformation.

Moreover, members of the STAT family range in size

from 750 to 900 amino acids and contain several structural

domains including SH2 domain coiled-coil, DNA-binding,

linker, tyrosine activation and transcriptional activation

domains. In this context, further molecular docking study

of DNA-binding domain of STAT3 against selected natural

compounds has been carried out. Molecular docking result

of DNA-binding domain of STAT3 against natural com-

pounds unveiled that EGCG and myricetin, STOCK1N-

50253 and STOCK1N-03390 compounds have better

Gscore -10.12, -9.54, -13.15 and -10.05 kcal/mol,

respectively. Protein–ligands interactions profile revealed

that DNA-binding domain of STAT3 amino acid Asp374,

Val375, Leu378, Arg379, Ser381, Arg382, Gln416,

Cys418, Asn420, Leu430, Arg423 and Glu435 involves in

the hydrogen bond and p–p stacking interactions in addi-

tion to hydrophobic interactions (supplementary table 2).

Further, in vitro and in vivo works are required for vali-

dation of our molecular docking work.

Fig. 9 Myricetin inhibits colony formation of PC3 cells. PC3 was

grown in six-well plates (1,000 cells/well) in triplicates. After 24 h,

incubation media were removed, and FBS-free media added (serum

starvation). The next day, the media were replaced the culture

medium containing 10 % FBS and 20, 40 and 80 lM myricetin.

Culture medium was changed once every 3 days for 3 weeks. The

pictures of six-well plates with colonies were taken by a Magnus

inverted microscope connected to Sony color video camera on day 21
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Conclusion

STAT3 pathway is a master regulator of many extracellular

cytokine signals, insulin, and IGF, which are involved in

maintaining growth and development. Constitutively acti-

vated STAT3 are involved in aberrant signaling pathways

which turn normal cellular processes to transformed state.

In this study, we aimed to identify STAT3 inhibitors by

using Maestro 9.6 molecular docking suite. Molecular

docking result of SH2 domain of STAT3 against natural

compounds disclose that compounds CID252682, Morin,

Myricetin, Epigallocatechol, and EGCG yielded the best

Gscore -5.45, -5.03, -4.83, -4.82, and -4.78 kcal/mol,

respectively as well as binding conformation. Moreover,

IBS natural compounds STOCK1N-43090, STOCK1N-

66505, STOCK1N-54303, STOCK1N-44634, STOCK1N-

45027, STOCK1N-73784, STOCK1N-69597, STOCK1N-

73062, STOCK1N-81915 and STOCK1N-70844 had better

binding energy -6.46, -6.35, -6.29, -6.1, -6.05, -5.87,

-5.63, -5.44, -5.18, and -5.1 kcal/mol, respectively.

Protein–ligand interactions are disclosed that SH2 domain

of STAT3 amino acid Tyr585, Met586, Leu673, TYR674,

Pro675, Ile677 and Ala682 involve in the hydrophobic

interactions. Furthermore, amino acid Ser521 and Glu582

involved in side chain hydrogen bond and amino acid

Gly583 and Tyr584 involved in back-bone hydrogen

bond. Moreover, amino acid 518 and Tyr584 form pi-cat-

ion and pi–pi-cation interactions, respectively. Foremost,

these compounds had excellent QPlogPo/w,

QPlogHERGK ? channels, QPlogBB, QPlogKP and

QPlogKhsa values which satisfy the lipinski’s rule of five.

Moreover, activities such as QPPCaco, QPPMDCK and

percentage oral absorption are not satisfactory, structural

modification is required to enhance the activity. EGCG and

myricetin reduce the STAT3 mRNA expression, as con-

firmed by RTPCR. Moreover, EGCG and myricetin reduce

cell proliferation and ROS generation after the 48 h treat-

ments of EGCG and myricetin alone. Interestingly, our

result also indicates that reduction in potential of colony

formation enhances anti-metastasis activity of EGCG and

myricetin. However, further in vivo and in vitro studies are

required for understanding detailed molecular mechanisms.
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Fig. 10 Schematic model

presentations for the inhibition

of STAT3 signaling by EGCG

and myricetin. EGCG and

myricetin bind to SH2 domain

of STAT3 that block the STAT3

translocation, dimerization and

STAT3-DNA binding

(transcription factor activity)

that ultimately leads to

suppresses of STAT3 dependent

malignant transformation
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