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Cell signalling mechanism plays a vital role in cell functioning. Imbalance and disregulation between these
signals, such as phosphatidylinositol-3-kinase/protein kinase B/mammalian target of rapamycin signalling
pathway may lead to uncontrolled cell proliferation. Generation of drug resistance is the hurdle in current
cancer treatment. Designing an effective combination therapy for inhibition of two or more proteins of a given
pathway might help to overcome the drug resistance and side effect related issues in cancer treatment. In this
regard, application of computational tools firstly to predict newer combinations against phosphatidylinositol-
3-kinase, protein kinase B and mammalian target of rapamycin involved in a single pathway have been
proposed. The results obtained using the computational tools were shortlisted based on GlideScore and
binding interactions of the drugs to the receptors of the pathway. One of the predicted combinations was
further subjected to biological evaluation using the Western blot assay. The experimental results revealed
synergistic effects that supported the predictions. The study also provided insights for the application and
development of computational tools to predict newer combinations in a given network pharmacology.
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synergistic effect

According to WHO’s global health repository data,
cancer is one of the major causes of mortality!l. In
2012, there were 14.1 million of new cancer cases
diagnosed in world and around 8.2 million deaths
were caused by cancer alone!?!. The recent advances in
targeted immunotherapies and cytotoxic chemotherapy
have led to an improved survival rate®®. However till
date the treatment of cancer is a major challenge for the
reasons associated with the complexity of cell signalling
pathways, heterogeneity of tumor cell, development
of resistance to current therapy!* and inevitable side
effectsil. Hence a need for the development of newer
and more effective therapies to treat cancer and reduce
side effects continues to exist.

In cancer, during the process of tumorigenesis,
alterations occur in cell signalling pathway and
cellular machinery. It induces cell to acquire capacity
to proliferate independently and invade other tissues
and metastasize to distant locations. This intricacy of
cellular signalling networks has major implications
for the understanding of tumour cell behaviour and
also helpful to design a novel cancer therapy!®.

B/mammalian target of rapamycin (PI3K/Akt/mTOR)
is a major signalling pathway, which involved in cell
cycle regulation as well as progression!’*,

PI3K is a primary signalling target from PI3K/Akt/
mTOR pathway and involved in diverse functions.
The PI3Ks phosphorylate phosphatidylinositol-4,5-
bisphosphate (PIP2) to PIP3, which leads to the
phosphorylation of Akt, which has an impact on cancer
cell survival, growth and cell cycle™. Phosphatase and
tensin homolog (PTEN) is a tumor suppressor and
PTEN has the opposite action, which dephosphorylates
PIP3 into PIP2!%, Akt-independent activation of the
PI3K pathway and that PIK3CA mutations can lead
to cancer!''2, The protein mTOR is a serine/threonine
protein kinase and has a downstream substrate of
PI3K and Akt. mTOR has two different complexes
mTORC1 and mTORC2, both of which have a different
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mechanism of action. mTORCI is better characterized
than the mTORC?2, and it has also been observed that
mTORC?2 is also inhibited by mTORCI inhibitors at
specific doses and it affects cell metabolism and leads
to cancer cell growth!!3!4,

The pathway specific target Akt catalyses the activation
of other targets, including mTOR and initiates cell
proliferation by the protein synthesis machinery!'>'¢.
Another approach is dual inhibition of PI3K/mTOR
using suitable PI3K/mTOR inhibitors that target
the common pll10 subunit. The advantage of dual
PI3K/mTOR inhibitors is the complete inhibition
of the PI3K/Akt/mTOR signalling pathway (fig. 1),
which improve the clinical efficacy!!®!. Several studies
have demonstrated the deregulation of PI3K/Akt/
mTOR pathway which is linked to around 12 types
of human cancers namely: breast cancer, ovarian
cancer, endometrial cancer!!”), prostate cancer, lung
cancer, gastric cancer, melanoma, pancreatic cancer'®,
glioblastoma multiform and acute myelogenous
leukaemia.
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Fig. 1: A schematic representation of the PI3K/Akt/mTOR
pathway

The PI3K/Akt/mTOR pathway is a major intracellular
network that leads to cell proliferation. EBP1-eukaryotic
initiation factor 4E binding protein 1; AKT-protein kinase B;
mTORC1/2-mammalian target of rapamycin complex 1/2;
PI3K-phosphatidylinositol 3 kinase; PTEN-phosphatase and
tensin homolog; PDK1-phosphoinositide-dependent kinase-1;
PIP3-phosphatidylinositol (3,4,5)-trisphosphate
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Combination therapy is of recent focus for treating
cancer" and other multifaceted disease condition such
asinfectious diseases*” and acquired immunodeficiency
syndrome (AIDS)?!. Clinically approved combination
therapies are mainly used to increase the therapeutic
efficacy, to minimize the dose-dependent side effects
and prevent development of drug resistance. The
evaluation of combination therapies are mainly
carried out using the traditional experimental drug
discovery approaches and recently include pathway or
network-based mathematical approach and integrated
approach®.,

Conventional laboratory-based cancer research
revolves around in vitro assays and in vivo trials.
These are expensive and time consuming methods!?*.
Therefore, pharmaceutical industries incorporate
computer-aided drug design tools to mainly identify
the hits and optimize them to the leads, which are then
subjected to in vitro screening against the receptors for
the therapeutic area under consideration4,

In this paper, we illustrate the application of the known
computational drug discovery tools mainly to predict
which of the known anticancer drugs can modulate
the activity of two receptors of the PI3K/Akt/mTOR
pathway in order to yield a combination therapy. The
predicted combinations were further subjected to
in vitro evaluation to confirm the predicted biological
activity of the combination.

MATERIALS AND METHODS

Virtual library generation:

A diverse set of 1803 FDA-approved drugs were
collated to generate a virtual library of drugs. The
approved drugs were considered, as the drugs have
been already evaluated for their safety concerns.
Additionally the approved drugs also have the optimal
ADME parameters.

Protein and ligand preparation:

The co-crystal structure of the proteins, PI3K, Akt
and mTOR (PDB ID: 4JPS, 3MV5 and 3QAR) were
used for carrying out the molecular docking studies.
The protein structures were downloaded from the
RCSB protein data bank>! and were prepared using
the Protein Preparation Wizard in Maestro version
10.2, Schrodinger, LLC, New York, 2015. Each of the
proteins under consideration was initially optimized
from its raw state with OPLS 2005 force field using
the Protein Preparation Wizard. The water molecules
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beyond the 5 A distances from the native ligands
were removed. This step was followed by bond order
assignment, hydrogen atom addition, determination of
atom type and correction of the charge and protonation
states.

All the FDA-approved drugs were downloaded
from the Approved drugs (Drug Bank Release
Version 5.0.1). The tautomers, ionization states, ring
conformations and stereochemistry for the drugs
under consideration were calculated using default
parameters. The OPLS 2005 force field was used
for energy minimization of all legends using LigPrep
v2.5 module (Schrodinger LLC, New York, 2015,
version 10.2). These prepared ligands were used for
molecular docking study mainly to identify which
of the drugs bind to the active site of PI3K, Akt and
mTOR proteins. The work flow diagram (fig. 2) depicts
the steps, which were carried out to determine the best
combinations of the known anticancer drugs for the
PI3K/Akt/mTOR pathway under consideration.

Molecular docking studies:

Molecular docking module of the proprietary software
used in the present analysis incorporates an automated
computer algorithm to determine the interaction
between a ligand with various amino acids present in
the active site of the protein under analysis®**"!. The
most promising ligands that can primarily bind to the
amino acids in the active site of the proteins under
consideration were identified using the molecular
docking tool using a structure-based drug design
approach®]. The molecular docking step also helped
to identify the orientation of the ligand towards the
protein, based on which a docking score for each of the
protein-ligand interaction was generated®-". It also
predicted the free molecular binding energy of ligand-
receptor complex as well as binding affinity of ligand
with the amino acid residues of the protein®!.,

Each of the 1805 FDA-approved drugs was subjected
to molecular docking against the three proteins under
consideration. The Glide module of the proprietary
software used in the current analysis provides three
different levels of docking precision; high throughput
virtual screening (HTVS), standard precision (SP) and
extra precision (XP).

In this current study, the ligands from the SP docking
level were shortlisted based on the docking score and
were further subjected to docking into each of the three
proteins under consideration by XP docking protocol.
The final GlideScore was ranked and the binding pattern
of each drug onto the active pocket of the proteins was
manually identified. The top ranked drugs based on the
docking score for each of the proteins are enlisted in
Table 1. The drugs which had a greater or comparable

FDA approved P13K/AKT/mTOR
database (1580) pathway
LigPrep Prolein preparalion
wizard
Ligand preparation Cavity indentification
Docking
Glide score and good
interactions
Identification of
leads
Toxicity
profiling
Biological

activity

Potential inhibitor

Fig. 2: Various approaches to identify leads using PI3K/Akt/
mTOR pathway

Workflow of various approaches used to identification of leads
for treatment of cancer using PI3K/Akt/mTOR pathway

TABLE 1: TOP FIVE DRUGS BASED ON THE GLIDESCORE FOR PI3K, Akt AND mTOR RECEPTORS

St no. PI3K Akt mTOR
Compound name GlideScore  Compound name  GlideScore Compound name GlideScore
1 Wortmannin -10.220 Mitoxantrone -9.455 178,18-Norestradiol -9.854
2 LY294002 -10.038 Vemurafenib -9.178 Riboflavin -9.522
3 Quinostatin -10.025 MK-2206 -9.211 Rapamycin -9.319
4 Sirolimus -9.921 Theophylline -9.150 5’ AMP -9.238
5 Pilaralisib -9.590 ATP -9.039 Everolimus -9.124
(2S)-N~1~-{4-methyl-
5-[2-(1,1,1-trifluoro- 1-(4-amino-6-methyl- (3R)-1-(5-methyl-
Reference 2-.m'ethylpropan-2'-yl) 9133 1,3,5-triazin-2-yl)-N- _8.975 7H-pyrrqlo[2,3-d] -8.586
ligand pyridin-4-yl]-1,3-thiazol- (1H-pyrazol-3-yl)-1H- pyrimidin- 4-yl)
2-y3pyrrolidine-1,2- benzimidazol-2-amine pyrrolidin-3-amine
dicarboxamide
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GlideScore to that of the reference ligand were selected
as the most promising combination.

Cell lysates preparation and western blot analysis:

Based on the commercial availability of the
compounds from the top 5 combinations as predicted
by the molecular docking method, the combination
vemurafenib and riboflavin were considered for
further evaluation using in vitro assay models.
Human malignant melanoma A375 cells were treated
with vemurafenib and riboflavin at 1 and 50 pM
concentrations, respectively for 48 h time period.
Cells were collected by centrifugation at 400xg at 4°,
washed with phosphate buffered saline (PBS) twice
and cell pellet collected were lysed with cold cell lysis
buffer (RIPA, Sigma) having protease inhibitors NaF
(50 mM), sodium orthovanadate (NaVO,; 0.5 mM),
phenylmethylsulfonyl fluoride (PMSF; 2 mM) and
protease inhibitor cocktail (1 % v/v) for 40 min and
centrifuged at 12 000 g for 15 min at 4°. After that,
supernatant was collected and proceed for Western
blot analysis. Protein measurement was done by using
Bio-Rad protein assay kit and equal amount of protein
lysates (50-70 mg) were subjected to sodium dodecyl
sulphate-polyacrylamide gel electrophoresis analysis.
Proteins were electro-transferred to PVDF membrane
for 1.40 h at 4° at 100 V using Bio-Rad electrode
assembly. After transfer of proteins, membrane was
blocked by incubation with 5 % non-fat milk in Tris-
buffered saline containing 0.1 % Tween-20 (TBST)
for 50 min at room temperature to prevent any non-
specific binding of desired antibody. Blots were
incubated with respective primary antibodies for 4 h
at room temperature. They are washed two times with
TBST and were incubated with horseradish peroxidase
conjugated secondary antibodies for another 1 h.
Membranes were washed three times with 15 min
interval with TBST buffer and signals were detected
using ECL plus chemiluminescence's kit on X-ray film.

RESULTS AND DISCUSSION

Recent drug discovery approaches for combating
cancer consist of combination therapy mainly to reduce
the side effects and drug resistance of a single drug?.
Amongst the pathways which play a role in the tumor
initiation and progression of cancer**24, the PI3K/
Akt/mTOR is one of the major signalling pathway
associated with the proliferation of tumor in many
human cancer™®. The proteins of this pathway are
hence considered as one of the important therapeutic
targets for the discovery of anticancer drugs.
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The role of molecular modelling and cheminformatics
in the development, research and drug design has
been proved to be significant in terms of developing
alternative  methodologies. =~ The computational
techniques such as pharmacophore-based
screeningl®*3"l e-pharmacophore-based screening!*®3%!
have been successfully incorporated into the drug
discovery process to firstly identify the hits followed
by the optimization step to discover the leads. However
none of the reported studies discuss the application of
computational techniques leading to the prediction and
discovery of drugs, which can be used in combination
therapy.

In the current study, known molecular docking tools
were evaluated to identify drugs, which showed a
potential binding interaction towards multiple proteins
involved in the PI3K/Akt/mTOR pathway. For the
study, the FDA-approved drugs were considered as the
data set to evaluate the binding interactions towards
each of the protein in the pathway under consideration.
The molecular docking studies resulted into around
19 drugs binding to PI3K protein, 31 to Akt while 27
to mTOR protein. Shortlisting the most potent drugs
for the pathway under consideration was done using
multiple filtration approaches such as, molecular
docking-based scoring, ADME property-based
screening and major toxicity endpoints. The top hits
obtained by molecular docking were further docked
into the active binding sites of the protein using XP
protocol of the computational tool.

The drugs which were well reported in the prior art with
respect to binding interaction to any of the three proteins
under consideration were excluded from further in vitro
evaluation. This step ensured the consideration of only
those drugs, which were reported as anticancer drugs,
but were not yet reported for modulating the enzymes in
the PI3K/Akt/mTOR pathway. The molecular docking
studies of these drugs using the XP docking protocol
resulted into top five combinations, which showed
possible molecular interactions with the amino acids in
the active site of the proteins under consideration.

Amongst the predicted combinations, vemurafenib
demonstrated good interactions with the binding
domain of Akt and revealed three hydrogen bond
interactions with the amino acid residues ALA230
(O-H...N: 2.35A), GLU226 (N...N-H: 1.58A) and
GLU234 (N-H...O: 2.09A) and one n-stacking
interaction with TYR272 at a distance of 4.76A
(fig. 3A). Other amino acid residues such as VAL164,
July-August 2018
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ALA177,1ILU800, THR291 and MET281 showed good
hydrophobic interactions. Riboflavin showed good
GlideScore as well as docking interactions with mTOR
receptor. It showed two hydrogen bonding interactions
(fig. 3B) with active site amino acid residues VAL882
and LYS890 at 1.82 A and 2.07 A, respectively.

Other drugs which showed interactions to two or more
proteins of the pathway included wotmannin and
MK-2206, LY-294002, mitoxantrone and rapamycin.
Based on the predicted binding interactions,
commercial availability, cost parameters and the
availability of the in vitro assay under consideration
the authors chose to experimentally evaluate
the effect of the combination of vemurafenib
and riboflavin from the predicted result set. The
anticancer activity of vemurafenib and riboflavin was
tested against PI3K/Akt/mTOR pathway using an
enzyme inhibition assay. The selected combination

showed good PI3K/Akt/mTOR inhibitory activity
(fig. 4). Combination of vemurafenib (1 puM) and
riboflavin (50 uM) showed high biological activity in
human malignant melanoma A375 cells at 48 h time
period. It is also well-known that PI3K/Akt/mTOR
pathway plays an important role in the cell proliferation
and survival of human malignant melanoma A375
cells. The in vitro experimental results thus support
that the predicted combination of vemurafenib and
riboflavin are effective in suppressing the expression
of tumours by targeting the Akt and mTOR proteins
of the pathway under consideration. The experimental
evaluation studies also reveal that vemurafenib was
effective in regulating Akt at lower concentrations
(1 uM), however the effect of the second therapeutic
compound riboflavin was at higher concentrations.
This provides further scope for research in terms of
optimising the predicted combination.

Fig. 3: Binding of vemurafenib to Akt receptor and riboflavin to mTOR receptor
Ilustration of the binding mode of (A) vemurafenib in the active binding pocket of Akt receptor and (B) riboflavin in the active
binding pocket of mTOR receptor. The hydrogen bonding interactions indicted by dotted pink lines and dotted sky green lines show

n-stacking interaction
July-August 2018
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