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ABSTRACT

Treatment for cancer has been improved over the past few years with the introduction of new approaches to treat
various types of tumours, but majority of cancers are still treated with conventional cytotoxic drugs which may be used
alone or in combination to improve the cytotoxic effect. However, there is no significant difference in the clinical
efficacy among these combinations due to the development of chemoresistance. Drug resistance is the major cause of
cancer treatment failure carries a huge burden to patients, healthcare providers and produces a great challenge to the
drug developers to overcome this problem. The resistance of cancer cells to powerful chemotherapeutic drugs has
become an area of intense investigation. The cancerous cells that develop resistance to chemotherapy over expressed
growth factors receptors undergoes mutation resulting in activation of an alternative cell signaling pathways like MAP
Kinase, mTOR, Nf-xB which allow them to develop chemaresistance similarly the over expression of anti-apoptotic
proteins and escape them from apoptotic cell death contribute to chemoresistance. Objective of this review is to
highlight the role of cell signalling pathways to understand the mechanisms underlying chemoresistance and
summarizes the potential application of various signalling modulators in combination with chemotherapeutic agents
as a novel therapeutic strategy to fight against cancer resistance.

Key words: Chemoresistance, MAP kinase, mTOR, Nf-xB, chemotherapy
Pharmacologia 4 (6): 414-427, 2013

INTRODUCTION chemotherapy. In other cases, response rates are lower;
Treatment for cancer has been improved over the  10-20% of patients with renal cell carcinoma, pancreatic
past 20 years with the introduction of new drugs and  and oesophageal cancers respond to treatment’. Drug
approaches to treat various type of cancer such as targeted resistance mechanisms are either innate or acquired.
drug delivery system, gene therapy, immunotherapy, Innate resistance is developed due to some inherent
siRNA delivery and use of monoclonal antibodies'.  factors where the cancer cells do not respond to standard
Chemotherapy is the major part of treatment in all type ~ chemotherapy from the beginning. Some cancers such as
of malignancy and majority of cancers are still treated ~ non-small cell lung cancer and rectal cancer shows
with conventional cytotoxic drugs’. At present, the  intrinsic resistance called primary resistance or natural
common treatrnent for cancer is combinational — resistance, whereas acquired resistance occurs due to
chemotherapy, generally platinum based drug such as  adaptive changes in response to therapy at the beginning
cisplatin or carboplatin, coupled with paclitaxol. ~ tumour cells give response to therapy but slowly they
Although these approaches shows significant effects ina ~ Starts to dgvelop resistance gnd the same drug become
high percentage of cases’. Acquisition of chemoresistance ineffective ..Drug resistance is the major cause of cancer
by the cancer cells has become the major hurdle in cancer ~ treatment failure which carries a huge burden to patients
treatment, a very serious problem that may lead to and produces a great challenge to heallthclare prov1de1js
recurrence of disease or even death!, Chemotherapy play and drug developers to overcome this dilemma. It is
a vital role in reduction of tumour during postsurgical estllmated .that Multlglrug Res‘.lstance? (MDR) plays a
treatment and in many common cancers (non-small cell 4T role in up to 50% of cancer cases’,
lung, colorectal and ovarian cancers) significant tumour
reduction can be expected in more than 50% of cases with

PROPOSED MECHANISMS OF CELLULAR
RESISTANCE
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excretion) is responsible for drug resistance®. Another
important cause which especially responsible for multi
drug resistance (MDR) as a result of over expression of
drug transporter such as P-glycoprotein  (P-gp).
multidrug resistance associated protein (MRP1), theses
pumps block the entrance anticancer drugs in to cancer
cells”. Tt is observed that these drug transporters have
broad spectrum of drug specificity and produce a cross
resistance to many drugs with structurally and
functionally distinct. Likewise increase detoxification of
drug and its active metabolites is another cause of drug
resistance which is due to activation of metabolic
enzymes such as glutathione S-transferases, altered
apoptosis mechanisms or deregulation of cell cycle check
point and improve DINA damage'®.

Cancer resistance associated with cell signalling
pathways: In addition to the following mechanisms
cancer resistance is reported to be associated with
deregulation of growth signalling via different pathways
or increase in anti-apoptotic proteins'. Signalling
cascades regulate cell growth, differentiation and survival
as a function of complex extracellular triggers,
dysregulation of various cell signalling pathways resulting
in hyper proliferation of tumour cell to developed
resistance to chemotherapeutic agents'”. The fate of cells
(growth,  differentiation and  proliferation) s
synchronized by various signalling pathways against
particular extracellular trigger and these pathways have
heen reported in cell signalling mediated cancer
resistance that mainly arise due to the over expression of
oncogenes that can lead to dysfunction of a variety of
signalling pathways which regulate the growth of cancer
cells®, Defect in signalling pathways would possibly
disturb the balance between cell growth and cell death
(apoptosis), that will further associated with disease
progression and drug resistance against chemotherapy
induced cellular stress. Thus, the understanding of
signalling pathways involved in chemoresistance will
provide novel tool for cancer cell survival during
chemotherapy". Currently the focus has shifted to
synthesise new drug molecule that target specific
signalling pathways controlled inappropriate cell growth
and survival which contributing more specificity along
with reduced systemic toxicity. For confirmation and
selection of signalling pathway and molecular target as
therapeutic approach against cancer resistance is depend
upon the frequency with which a particular target or a
pathway undergoes mutation or deregulation'®. Tt acts as
a valuable indicator for the potential use of a drug that
acts on that target or pathway. Currently many survival
pathways have been demonstrated as key target in cancer
resistance. Hence investigation of various signalling
pathways has become the challenging task to discover and

develop molecularly targeted agents with the potential to
revert the resistant tumour to chemotherapy'®. This
review sumimaries the role of various signalling pathways
in the development of cancer rsistance and a novel
therapeutic approach to enhance tumor cell sensitivity to
chemotherapy utilizing various signalling modulators.

CELL SIGNALLING PATHWAYS AND CANCER
RESISTANCE

MAP kinase signaling pathways: Mitogen-activated
Protein Kinase (MAPK) pathwavs represents kinase
family that generate response to the extracellular signals
and represent the machinery which control fundamental
cellular processes such as growth, proliferation,
differentiation, migration and apoptosis”. The three
subfamilies of MAPK signal pathway (Fig. 1) regulate
different cellular responses are the extracellular
signal-regulated kinase (HRK), the p38 MAPK and the
stress-activated protein (c-Jun NH2-terminal kinase
(JNK)/stress-activated protein kinase)'®. The ERK
pathway of the mammalian MAPK pathways is regulate
the cell proliferation but it is now clear that the
deregulation of this pathway is linked to many type of
cancer”. ERK signalling is activated by numerous
extracellular signals like drug molecule and growth
factors. The pathway where by growth factors and
mitogens activate ERK signalling is one of particular
relevance to cancer and linked to ERK signalling
activation is due to over expression of mutated receptor
tyrosine kinases, Ras mutations and B-Raf mutations.
Involvement of ERK signalling in cancer is depend upon
the cell type which predominantly regulating the
processes such as proliferation, differentiation, survival,
migration, angiogenesis and chromatin remodelling®.
The JNK family of MAFP kinases is mostly activated by
cytokines, UV radiation, growth factor deprivation,
DINA-damaging agents and certain G-protein coupled
receptors™. JNK activity and phosphorylation of this
cascade has been reported to involve in Ras-induced
tumour formation and c-Jun role in cellular
transformation. Various inhibitors of JINK pathway has
been used for cancer therapy since it interfere with DINA
repair in response to cytotoxic drugs®:. Tn mammals p38
isoforms are strongly activated by environmental stresses
and inflammatory cytokines p38 primarily involve in
tumor suppressive effect mediated in several ways by
activation of pb3 and p53 induced apoptosis and acts as
negative regulator of cell cycle evolution™.

Role RAF-MEK-ERK in cancer and
chemoresistance: RAF-MEK-ERK cascade is a primary
regulator of cell regulation, proliferation and survival,
previous study evidences the deregulation of this pathway
in many tumours that make it a crucial target for
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Fig. 1. Simplified representation of MAP Kinase (Mitogen activated protein kinase) pathway in cancer cells where
every level of transduction from plasma membrane to the nucleus is regulated by specific enzyme exhibit the
various targeted sites to block the cell proliferation and facilitate tumour cell death. The extracellular-signal
regulated kinases Erk-1/2, the p38 and the c-Jun amino-terminal kinases JINK represent three major MAP-kinase
pathways. Upstream regulatory kinases include MAP-kinase kinases MEK-1/2 for ERK-1/2 and MEK-3/6 for

p38, respectively and MEK 4/7for [INKs

development in cancer®. The therapeutic approach of
selectively targeting deregulated kinases has proven to be
an important part of the treatment of a variety of cancers.
Determination of constituent of this pathway as a most
valuable therapeutic target is difficult task, but it is
believe that, the mutational activation of this pathway in
tumours leads to a therapeutic window that reflects more

reliance on tumor cells comparative to normal cells”.
The association of MAP Kinase in different cancers is
listed in the Table 1 according to their rate of occurrence.

The RAF induced chemoresistance to doxorubicin
and paclitaxol in breast cancer reproduce the influence of
MAPK pathway in the growth of chemoresistance.
Mutations at B-Raf have been often detected in some
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malignancies including melanoma and thyroid cancer".
In certain cancers like breast cancer and colorectal cancer
the expression of Raf/MEK/ERK pathway also leads to
over expression of drug pumps and modulation in
anti-apoptotic molecules such as Bel-2. It is observed
that the mutation in Raf component of MAP Kinase will
increase the levels of both the Mdr-1 drug pump and the
anti-apoptotic Bcl-2 protein in cancer resistant cells”.
Increased expression of Mdr-1 and Bcl-2 is also
associated with the drug resistance of these breast cancer
cells. The RAF/MEK/ERK pathway induce the
expression of growth factors by phosphorylating many
transcription factor located on the promoter regions of
various growth factors. Thus induced expression of these
growth factors would contribute to both the prevention
of apoptosis as well as chemotherapeutic drug
resistance®,

Role of MAP kinase inhibitors in chemoresistance:
Various inhibitors of MAPK signalling pathway have
become an important part of cancer treatment either as a
single drug or in combination with other chemotherapy
agents. These inhibitors are recognised as cytostatic as
they selectively inhibit the activity of their respective
target; suppress the growth of tumor cells in which
abnormal activation of the corresponding target molecule
occurs”. MAPK signalling inhibitors have been suggested
to boost the lethal action of diverse cytotoxic anticancer
agents such as cisplatin, paclitaxol, vincristine and

Table 1: Association of MAP Kinase cascades in various cancer®®
Type of cancer Mutation in map kinase  Rate of occurrence (%)

Pancreatic cancer Ras mutation 90
Lungadenocarcinoma Ras mutation 35
Eladder liver Ras mutation 10
Kidney Ras mutation 10
Acute myelogenous Kas mutation 30
leukaemia

Colon BRAF mutation 20
Ovary BRAF mutation 30
Melanoma BRAF mutation 70
Ereast carcinoma EREE? 30
Muost carcinomas EGFR 50

PHARMACOLOGIA

vinblastine®™**, List of some selected kinase inhibitors in
Table 2 under various clinical trials currently used to
circumvent chemoresistance.

So selectively target the signalling pathways with the
help of signalling inhibitors, both protein and lipid
kinase inhibitors will offer a new window for killing
tumour cells at sub toxic dose and sensitizing them to
toxic therapies®. However, due to adaptable nature of
signalling processes within a tumour cell, the inhibition
of any one growth factor receptor or signalling pathway
is insufficient to revert the resistance tumour to given
chemotherapy. So to surmount this kind of hurdle the
need is to develop rational drug combinations that
simultaneously inhibit multiple inter-linked signal
transduction and survival pathways®. This approach will
reduce the ability of tumour cells to adapt parallel
survival signalling pathways and help them to develop
resistance during cancer treatment. The synergistic
combination of signalling inhibitors approaches have
been taken to combine signal transduction modulators
with cytotoxic drugs to enhanced tumour cell killing
efficiency and to revert the chemoresistance behaviour of
cancer cells.

NFE-xB SIGNALLING PATHWAY

Mammalian NF-xB signalling pathway represent the
dimmer family formed by several proteins: NF-xB1
(p50/p105), NE-xB 2 (p52/p100), REL, RELA (P65/NF-
KB 3) and RELB. The homologous subunits held
together in the cytoplasm by a specific protein known as
IxBs and are important for the maintenance of Nf-xB in
the cytoplasm (Fig. 2)*.

Nuclear factor kB (NF-kB) is a transcription factor
that regulates the expression of the klg gene in B
lymphocytes. INF-kB pathway activation leads to
translocation of nuclear factor which act as central
coordinators of innate and adaptive immune responses®.
Moreover, it also plays a crucial role in cancer
development and progression. The role of immunity
regulation work as mechanistic relation between
inflammation and cancer and it is one of the important

Table 2: Selected RAF and MEK small molecule kinase inhibitors under clinical trials in combination therapy

Agent Target Development stage
ISIS 2503 (Tsis Pharmaceuticals Antisense oligonucleotide® Ras Inhibitors Phase I
R115777 (Johnson and Johnson) Farnesyl transferase inhibitor® Ras Inhibitors Phase IIFTIT
SCH#66336 (Schering-Plough) Farnesyl transferase inhibitor™ Ras Inhibitors Phase I
BMS214662 (Bristol-Myers Squibb) Farnesyl transferase inhibitor® Kas Inhibitors Phase [
MEK PD 184352/CI-1040) (Pfizer) Small-molecule kinase Inhibitor® MEK Inhibitors Phase IT
U-0126 {Promega)Small-molecule kinase Inhibitor® MEK Inhibitors Phase I
PD0325901 kinase Inhibitor Srall-molecule™ MEK Inhibitors Phase I
AZD6244 kinase Inhibitor Small-molecule™ MEK Inhibitors Phase I
IMC-C225 cetuximab (Erbitux; Imelone) Monoclonal antibody™ EGFR Inhibitors Phase 11T
ABX-EGF (Abgenix) Monoclonal antibody™ EGFR Inhibitors Phase IT
EMD 72000 (Merck KgaA Darmstadt) Monoclonal antibady®™ EGFR Inhibitors Phase [
Sorfanib Kinase Inhibitor® RAF, VEGFR-2, VEGFR-3 Phase III
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Fig. 2: A scheme of nuclear factor-kB signalling pathway induced activation in chemoresistance. Activation of Nf-xB
pathway through nuclear factor-INf-kB translocation consequently activation of Nf-kB genes such as HER-2
(human epidermal growth factor receptor-2), cyclin-B1 (G2/Mitotic protein encoded by CCINBlgene), cyclin-
D1 {G1/S specific protein encoded by CCND1), HIAP-1 (human inhibitor of apoptosis protein-1), BCL-2 (B-
cell lymphoma-2 antiapoptotic protein), BCL-XL (extra large B-cell lymphoma-antiapoptotic protein), XIAP
(X-linked inhibitor of apoptosis protein), C-FLIP (FLIC-linked apoptosis inhibitory protein) which control
cell cycle regulation and inhibition of apoptosis through expression of genes encoding anti-apoptotic proteins,
respectively. All these effects develop chemoresistance

factor which contribute to protect both pre-neoplastic  regulation of tumour angiogenesis and invasiveness
and malignant cells from apoptosis-based tumour- — which is mostly accountable for secondary tumor
surveillance mechanisms®. INEF-kB also govern the  formation and proliferation, so the signalling pathways
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that mediate the activation of NF-xB offer a significant
target to develop new chemotherapeutic approaches in
the treatment of cancer®’.

The activity of NF-xB is regulated by two major
pathways known as classical (central) and non-classical
NFE-xB activation pathway. Classical pathway plays a
major role in the control of innate immunity and
inflammation®, While the second pathway also called
alternative pathway is stimulated by specific category of
cytokines that all belong to the TINF super family {e.g..
BAFF, CD40L and L'TP). This pathway activates [KK,
by this means leading to the phosphorylation and
proteasome-dependent processing of IKB the main
inhibitor of transcription factor (RelB) thus resulting in
nuclear translocation and DINA binding of RelB: p65 and
RelB: p50*. and transcript the genes that control some
important attributes of cancerous cells like independence
in growth signals, inattentiveness to growth-inhibitors,
evasion of apoptosis, unlimited replicative potential,
tissue invasion and metastasis and  sustained
angiogenesis. Moreover, the tumour-suppressor gene
CYLD which is reported as negative regulator of NF-xB
undergo mutation loss its function promote cancer
development*. Loss of ING 4 leads to NF-kB activation
which involve in glioma tumor proliferation by
stimulating angiogenesis. Substantial evidences indicate
that activation of NF-kB is known to inhibit apoptosis
through induction of anti-apoptotic proteins and/or
suppression of pro-apoptotic genes®. Constitutive
NF-xB activation, observed in many malignant tumours,
protects the cells from apoptotic stimuli, including
anticancer treatments. Intriguingly, several anticancer
agents stimulate NF-kB activation, which can potentially
lead to chemoresistance.

Role of NF-xB in cancer resistance: Like other
signalling pathways INF-kB is also found to be potentially
emerged in chemoresistance developed by various
tumour cells during treatment with cytotoxic drugs due
to the overexpression of anti-apoptotic proteins regulated
by NF-«B signalling, for example taxanes, Vinca alkaloids
and topoisomerase inhibitors*’. Various anticancer drugs
develop resistance by Nf-xB activation are mentioned in
Table 3.

Different in vitro and in vivo studies using various
cancer cell lines and cancer model have shown the role
of Nf-xB in cancer promotion as well as cancer

resistance. So inhibition of INf-xB using various
inhibitors might be a potential approach to induce
chemosensitization of various anticancer drugs and
prevent tumor cell to develop resistance®.

Nf-xB inhibitors for cancer therapy: Currently
several target sites are now being explored to block
Nf-xB activation which clearly evidences that these
agents sensitize various tumours to chemotherapy. It has
been reported that the use of various inhibitors of
NE-kB pathway increase chemosnstizing effect various
cytotoxic drugs upon treatment that produce resistance
due to genetic alterations leads to constitutive INF-xB
activation promote the expression of anti-apoptotic
proteins which help in survival of cancer cells upon
treatment hence enhance the tumor growth and cancer
resistance™. So inhibition of NF-xB pathways would be
an emerging approach to induce chemosensitization of
various anticancer drugs and a new hope to revert cancer
resistance. Recently, proteasome inhibitors that have
shown promising anticancer responses have been
introduced in the treatment of cancer”. These
proteasome pathways involve in the dysregulation of
certain proteins such as cycling, cyclin-dependent kinase
and Nf-xB transcription factors which regulate the cell
cycle progression and inhibition of proteasome pathway
results in deregulation of cellular proteins such as
cyclins,  cyclin-dependent  kinase and  INf-xB
transcription factors which involve in cell-cycle control,
promotion of tumour growth and induction of
apoptosis®. PS-1145 and bortezomib are the proteasome
inhibitor have demonstrated significant cytotoxic activity
against various human tumour cell lines and have well
accepted in Phase I/l clinical trials in patients with
multiple myeloma®. Another proteasome inhibitor,
MG132, have also shown an excellent induction in
chemosnstizing effect of etoposide or doxorubicin on
Capan-1 and A818-4 cells, human pancreatic cancer cell
lines that are fairly resistant doxorubicin inhibition by
inhibiting NF-xB lead to increase the apoptosis™.
NE-kB  inhibition by MGI132 also  diminished
gemcitabine resistance in various cell lines. NF-xB plays
a crucial role in development of resistance so it might be
possible that inhibition of this pathway can divert the
death survival balance towards apoptosis™®. The
formerly reported data has been showed the increase
level of NF-xB activation in cisplatin resistant ovarian

Table 3: Different Anticancer drugs activate nuclear factor-xB to develop resistance to chemotherapeutic agent

Anticancer drugs

INF-«B in resistance

Cell line used

Irinotecan and SIN3g**

Daunorubicin, doxorubicin vinblastine, vincristine®!
Actinmycin D, cisplatin daunorubicn, etoposide™
Paclitaxel, gemcitabine™

Mobilization and stimulation of the IKK complex.
Phosphorylation and degradation of protein kinase C  A549 human lung, adenocarcinoma cells
Increased INF-KB activation

Stimulated the activation of NF-xB and increased

Hela cells, colon cancer cells, MCE-7

ACH-Z cellsand CEM T leukaemia cell lines
MIA-PaCa-2 human pancreatic cancer cells.

its activation of the BCL2 promaoter
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Table 4: Summary of natural compound inhibits NfxB activation

Compounds Source Mechanism of action

Curcumin®™*** Cureuma longa thizome Inhibit IKK activity

Benzyl isocynate™ Cruciferous vegetable Decrease nuclear translocation of INf-xb
Resveratol ™ Extract of Polygonum cupsidatum Inhibit IKK activity

Guggulsterone™ Commiphora mukul
Genistein™ Isoflavonoid
Panepoxydone™ Fungi
Cyeloepoxydon™ Fungi

Suppresses Nf-xB DINA binding activity

Mediated through AKT activity

Inhibits TINFr-induced phosphorylation and 83degradation of IkBe
Inhibits TINFe-induced phosphorylation and 83degradation of IkBe

cancer cells {Caov-3 cells) than those in cisplatin-
sensitive cells (A2780 cells)®. Over expression of the
INF-xB p65 subunit at the mRINA and protein level in
concert with the expression of the anti-apoptotic FLIP
protein was detected in 5-fluorouracil (5-FU)-resistant
colorectal and breast cancer cells. The 5-FU-resistant
cells showed high INF-xB DNA-binding activity.
Furthermore, co-transfection of NF-xB p50 and p65
c¢DINA induced 5-FU resistance in MCF-7 breast cancer
cells”. The recent data have indicated that the Nf-kB has
a consensus binding site for the human multidrug
resistance genel which further providing an evidence of
its involvement in resistance™. The current approach that
has been made by the pharmaceutical industry not to
block only the translocation of NF-xB factors but also
develop the new entities which target the other
components of pathways like IIKKs and TKB inhibitors®.
BAY11-7082 and BAY11-7085 (F) 3-(4-
methylphenylsulphonyl) -2 -propenenenitrile and (H)-3-
[ (4-t-butylphenyl) sulphonyl]-2-propenenitrile,
respectively are two NNF-xB inhibitors which have
previously reported to inhibit the phosphorylation of
IKB hence prevent the translocation of Nf-xB factors in
to the nucleus®. Moreover, in vive administration of BAY
11-7085 with cisplatin inhibit cisplatin-resistant in
ovarian cancer cells (Caov-3 cells)®. In addition,
inhibition of NF-kB activity by BAY 11-7082 resulted in
the enhancement of paclitaxel sensitivity and paclitaxol
mediated induction of apoptosis in NSCLC and
oesophageal cancer cells®. Overall, these two drugs show
promise for the future in combination with conventional
chemotherapy agents. Recently various natural products
have been proven to inhibit Nf-xB activation and
induced apoptosis in tumor cell are listed below in
Table 4.

The recent study has documented the evidences of
their efficacy in triggering the apoptosis in cancer cells
and enhancement of chemosnstizing effect of cytotoxic
drugs during combination therapy in resistance cancer™.
It has been well known that there is activation of NF-xB
signalling cascade in resistant cells during treatment by
many chemotherapeutic agents such as nucleosides
analogs and anthracyclines™. Furthermore, it seems to be
an auspicious approach to target the NF-kB pathways by
using inhibitors along with chemotherapeutic drugs to
fight against chemoresistance.

THE MAMMALIAN TARGET OF RAPAMYCIN
SIGNALING PATHWAY (mTOR)

The mammalian target of rapamycin (mTOR), also
recognized as rapamycin-associated protein [FRAP] and
rapamycin target [RAFT1]®, MTOR is a member of the
large phosphatidylinositol 3-kinase (PI3K) and represent
a highly conserved structure is about 289 kDa
serine/threonine kinase. Akt interact with the membrane
lipid phosphatidylinositol-triphosphate (PIP3) (Fig. 3)
produced by PI3-K which is activated by growth factor
receptors receptor tyrosine kinase (RTK).

AKT is an indirect positive regulator of mammalian
target of rapamycin (mTOR) and activation of AKT is
inhibhited physiologically by PTEN. The mammalian
target of rapamycin (mTOR) regulate some essential
cellular functions such as cell proliferation, cell cycle
progression, DINA damage checkpoints and maintenance
of telomere length”. The signalling pathways which
govern the activation of mTOR are found to be over
expressed in many human cancers.Various evidences have
been documented that clearly indicates the deregulation
of different component of this signalling pathway like
PI3K/AKT in various cancers (ovarian, cervical, gastric,
ovarian, breast cancer). Moreover mTOR engage in
cancer proliferation may be conducted independently
and through between PI3K/AKT and Mitogen activated
protein kinase (MAPK). Both these pathways are able to
regulate the activity of mTOR**, The negative regulator
of mTOR signalling pathway PTEN is commonly found
to be mutated in different type of cancers like ovarian,
colorectal, non small cell lung cancer and breast cancer.
PTEN is a tumor suppressor gene and decreasing level of
PTEN expression resulting in poor prognosis of cancer™.
Since these changes lead to constitutive activation of AK'T
and consequently mTOR signalling, so these are the
important sites to target the AKT activation in different
cancer.

Role of mTOR signalling pathway in drug
resistance: Cancer resistance developed by the cancer
cells during treatment remains an important issue to
successful chemotherapy and mTOR signalling pathway
has been reported predominantly activated in multiple
anticancer drug resistance. Mutation in different
components like Ras, FI3K, AKT and growth factors
receptor such as EGFR award survival signals and
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Fig. 3: Schematic representation of mTOR signalling pathway regulation: When ligand bind to their receptor tyrosine
kinases (RTKs) resulting in phosphorylation of tyrosine sites. The phosphorylated tyrosine residues serve as
docking sites for downstream pathways including phosphatidylinositol 3-kinase (PISK)/AKT. AKT translocates
to the cytoplasm and nucleus and phosphorylates various downstream substrates like mTORC1 which involved

in the regulation of a range of cellular functions

ant-apoptotic effects involve in cancer resistance
mediated by mTOR signalling pathway™. Recent
evidences have been showed PISK activation in breast
cancer resistance either through loss of tumor suppressor
PTEN or via amplification of PI3K encoding gene®.
Deregulations of PI3K mediate the expression of MDR1
which is a transmembrane drug transporter constitutes
multidrug resistance®™. It has also been reported that the
Raf/NMAPK pathway lead to activation of mTOR pathway
is usually associated with cell proliferation and drug
resistance in different tumours”. Some examples of
mTOR pathway involvement in specific drug resistance
mechanisms are summarized in Table 5.

The contribution of mTOR pathway in
chemoresistance encourages the drug developer to target
this pathway and the use of different inhibitors in
combination with chemotherapeutic agents to
circumvent the resistance. The potential applications of

Table 5: Summary of drug shows resistance due to mTOR pathway

mutation
Drug resistance Mutation Type of cancer
Taxol® PI3K/AKT GITstornal cancer
Vincristing® mTOR activation Breast cancer
Trastuzumah™ Loss of PTEN function Breast cancer
Antiestrogen agent' PI3K/AKT activation Breast cancer
Cisplatin® Loss of PTEN function Ovarian cancer
Doxorubicin® PI3K/AKT activation Prostate cancer
Etoposide™ Loss of PTEN function Lung cancer

mTOR inhibitors for treating various types of cancer
have been aggressively studied under different phases of
clinical research on various cancers™. A current study has
shown that the mTOR inhibitor enhanced overall
survival among patients with metastatic renal-cell
carcinoma and decline in intrinsic resistance develop due
to activation of mTOR using rapamycin®. So like other
signalling inhibitors mTOR inhibitors also synergize the
effect of chemotherapeutic agents and provide a new way
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Table 6: Various mTOR inhibitors shows synergistic effects in resistance cancer

Agent Target

Synergistic effect with drug

Resistant cancer

Temsirclimus CCI-779%
Evarolimus RAD001*
Defrolimus AP-23573%

mTOR inhibition
mTOR inhibition
PTEN-deficient cancer cell

Temoxifen and radiation
Temoxifen and Radiation
Temoxifen and Cisplatin

Renal cell carcinoma, glioblastoma,
Renal cell carcinoma, glioblastoma,
Prostate, breast, pancreas, lungand colon cancer cells

LY 294002% mTOR inhibition Imatinib and Cisplatin lung tumor
RADOO1* PTEN-deficient Trastuzumab breast tumours
Rapamycin® mTOR inhibition Rutaximab, letrozole cetuximab  Breast, renal and lung cancer.

mTOR inhibition
PTEN-deficient cancer cell

Evarolimus'™
Defrolimus AP23573"

Geftinib, Erlotinib, Paclitaxel
Doxorubicin

prostate, breast, pancreas, lungand colon cancer cells
Solid tumours

to relapse chemoresistance. List of various inhibitors are
discussed below and summarized in Table 6.

All inhibitors have been effectively evaluated by
means of various animal models for their cytostatic
activity alone and synergize with chemotherapeutics to
enhance cell death. Temsirolimus was recently shown
good activity in patients with different type of cancers in
phase TIT clinical trial'” Temsirolimus has also been
shown effective results in patients with renal cell
carcinoma and glioblastoma, who were previously treated
with standard therapy'™. Everolimus in clinical phase 1T
was recently shown to increase the efficacy of letrozole
in patients with breast cancer, prostate cancer, carocinoid
tumor, pancreatic and neurcendocrine  tumours.
Rapamycin and RADOOlhas showed synergistic effect
with imatinib in imatinib resistant patients'. Similarly
synergistic effect in combination treatment of imatinib
with the PI3K inhibitor, LY294002 or rapamycin as
compare to imatinib, LY294002 or rapamycin alone in
resistant cancer cells'”. There are various inhibitors that
inhibit the key component of PIZK-AKT-mTOR have
been successfully evaluated and many of these are already
in clinical trials. Thus these effective agents are required
to be carefully selected and brought promptly to
regulatory approval to achieve maximum patients benefit
with minimum toxicity. This type of combination will
offer more suitable approach to combat the resistance in
spite of irrational combination.

CONCLUSION

Based on our current understanding about cell
signalling physiology and their role in development of
cancer resistance. We have anticipated a promising
concept of cell signalling mediated drug resistance that is
more clearly explained when cytotoxic agents are used in
combination. The cancerous cells that develop resistance
to chemotherapy, over expressed growth factors
receptors and express mutated proteins that facilitate the
oncogenic phenotype resulting in activation of an
alternative cell survival pathways which permit them to
survive under multiple environmental and therapeutic
stresses induced by chemotherapy. Mutations in various
proteins that involve in apoptotic cell death also escape
them from chemotherapeutic induced apoptotic cell
death. Resistance developed by the various types of

cancerous cells against a particular chemotherapeutic
agent has showed a little or insignificant revert in
resistance by using combination therapy. Collectively
this implies that the use of highly specific targeted
therapy or use of signalling inhibitors in combination
with chemotherapy that act both to suppress the survival
signalling pathways that govern the growth and
proliferation of resistance cells and act to suppress the
expression of multiple anti-apoptotic proteins to induce
apoptotic cell death. This review focused on key role of
signalling pathways like MAP Kinase, mTOR, Nf-xB
pathways in cancer resistance and the use of inhibitors
with chemotherapeutic agent to sensitizing the
chemoresistnat cancers to the chemotherapy. On the
basis of accumulating evidences this review clear the
vision of understanding the physiology of signalling
mechanism that can have a great impact on our
therapeutic approach against cancer resistance.

ABBREVIATIONS
MAPK Mitogen activated protein kinase

ERK = Extracellular-signalling regulated kinase

JNK = ¢-Jun NH,-terminal kinase

MDR = Multidrug resistance

Bel-2 = B-cell ymphoma-2

EGFR = Epidermal growth factor receptor

VEGFR = Vascular endothelial growth factor receptor

Nf-kB = Nuclear factor kappa-b

TKK = Inhibitory kinase kinase

TNF = Tumor necroting factor

NIK = Nuclear factor-xB inducing kinase

mTOR = Mammalian target of rapamycin

PI3K = Phospholnositol 3 kinase

PTEN = Phosphatase and tension homologue
deleted from chromososme-10
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