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Abstract: The majority of cellular responses to external stimuli are mediated by receptors such as G
protein-coupled receptors (GPCRs) and systems including endoplasmic reticulum stress (ER stress).
Since GPCR signalling is pivotal in numerous malignancies, they are widely targeted by a number of
clinical drugs. Cancer cells often negatively modulate GPCRs in order to survive, proliferate and to
disseminate. Similarly, numerous branches of the unfolded protein response (UPR) act as pro-survival
mediators and are involved in promoting cancer progression via mechanisms such as epithelial to
mesenchymal transition (EMT). However, there are a few proteins among these groups which impede
deleterious effects by orchestrating the pro-apoptotic phenomenon and paving a therapeutic pathway.
The present review exposes and discusses such critical mechanisms and some of the key processes
involved in carcinogenesis.
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1. Introduction

G protein-coupled receptors (GPCRs) have emerged as key players in tumour growth and
metastasis and are regarded as suitable biomarkers for early diagnosis of cancer and in the
pharmacological designing of anti-cancer drugs. They are often activated by various factors like
chemokines, genetic mediators etc. [1]. Tumour progression is also associated with endoplasmic
reticulum (ER) stress. ER stress initiates unfolded protein response (UPR) because of challenging
conditions like hypoxia and other environmental perturbations. Activation of the UPR strongly
modulates tumour cells’ secretory switch during cancer development [2]. Epithelial to mesenchymal
transition (EMT), on the other hand is a long recognised mechanism in epithelial tumours where it aids
in increased motility and invasiveness. EMT is ideally initiated by oncogenic pathways modulated by
growth factors like Src, Ras, Ets, integrin, Wnt/β-catenin and Notch signalling [3].

GPCRs are a diverse super family of seven transmembrane proteins that comprise one of the
largest families in human genome [4]. GPCRs contribute to a number of physiological capabilities
during tumorigenesis [5] and are vastly involved in the control of virtually all cell types. Their structure
allows for binding of highly diverse ligands, thus they are considered to be the most druggable family of
proteins. Loss of balance in the activation of these receptors may result in triggering of conditions such
as carcinogenesis. Mechanisms such as GTP hydrolysis, second messenger related protein kinases (e.g.,
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PKA and PKC), G-protein-coupled receptor kinases (GRKs), and arresting prevent the malfunctioning
of GPCR signalling. GRKs in general phosphorylate their target GPCR in order to prevent excessive
cellular signalling. GRKs are considered to be negative regulators of GPCR activity and are involved
in tumorigenesis through processes such a cell death, proliferation, invasion and vascularisation [6].
Nearly 108 GPCR targets are available but fewer than eight are in the anti-cancer class [7]. Moreover,
understanding how GRKs regulate GPCR activity may greatly aid in understanding oncogenesis and
respected therapeutics.

Activation of GPCR expressed in various cells has been found to stimulate ER stress [8].
Arrestin-1(ARR-1), the GPCR protein in Caenorhabditis elegans, was found to control immune
homeostasisby controlling UPR and p38 MAPK signalling pathway [9]. Indeed, ARR-1 was essential
for GPCR signalling that controls UPR and various neural pathways associated with ER stress [9].
Furthermore, NPR-1, in a neural circuit setting, controls the p38/PMK-1 MAPK pathway required for
innate immunity proposing that GPCRs may engage in neural circuits that receive inputs from either
pathogens or infected sites and consolidate them to coordinate appropriate immune responses [10].
Similarly, OCTR-1 also regulates the p38/PMK-1 MAPK pathway and other UPR pathways [11]. GPCRs
were reported to be key players not only in cancers but also in inflammation-related diseases such
as ulcerative colitis and Crohn’s disease. OGR1 was identified as a classic example of GPCR protein
expressed in gut-related inflammatory diseases, where it regulates ER stress through the IRE1α-JNK
signalling pathway and blockage of autophagosomal degradation [8]. This body of evidence forms a
strong understanding between GPCR and ER stress.

The course of linkage of GPCR to EMT progression is of interest in cancer therapeutics (Figure 1).
EMT is a process whereby epithelial cells lose their apico-basal polarity and strong cell contact,
and acquire spindle-like morphology with greater motility [12]. This process is important during
physiological phenomena such as embryogenesis and wound healing, as well as pathological events
such as cancer metastasis and drug resistance [13,14]. Chemotactic migration is regarded as a key
aspect of EMT and cancer progression, has been found to be promoted by the activation of chemotactic
GPCRs via impairment of autophagosome biogenesis in U87 glioblastoma cells [15]. In addition, EMT
also plays an important role in the development of resistance to EGFR tyrosine kinase inhibitors,
such as gefitinib, in non-small-cell lung carcinoma (NSCLC) [16]. Fascinatingly, mesenchymal like
cells modulate, detour EGFR signalling and find ways to migrate. Mesenchymal-like NSCLC cells
evince aberrant PDGFR and FGFR expression and autocrine signalling through these receptors can
activate the MEK-ERK and PI3K pathways.Another GPCR family member, GPR171, identified as a
potential tumour-promoting gene, is also overexpressed in lung cancer [17]. Studies have shown that
GPR171 enhanced proliferation [17] and metastasis of lung cancer [17,18] in an EGFR-independent
manner. The functional crosstalk between GPCRs and EGFR linked to EMT could be a potential target
for inhibiting EMT-associated metastasis in lung cancer [19]. The interaction between GPCRs and
EGFR also contributes to the progression of other cancers, such as colon, breast, and head and neck
tumours [20,21]. In addition, GPCRs are also known to be involved in tumour progression by coupling
with the Gs-, Gi- and Gq- protein-signalling pathways. For instance, GPCRs (e.g., GPR78 [22,23]) could
interact with Rho GTPase (e.g., RhoA and Rac1) by coupling with the Gαq signalling pathway which
is involved in cell migration and invasion [24–26].GPR78 knockouts significantly suppressed the cell
migration in metastatic lung cancer cell linesbecause it affected the cell motility through the activation
of Gαq-RhoA/Rac1 pathway thereby notifying its role in cancer metastasis [23]. In colorectal cancer
cells, the activation of RhoA and Rac1 signalling was associated with the mTORC1 and mTORC2
activity in regulating EMT and metastasis [27]. GPCRs knockouts could also potentially suppress
EMT-associated metastasis in lung cancer via the Rho GTPase pathway, however further work is
needed in this direction.
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epithelial cells [30]. ER stress up regulated the EMT markers such as N-cadherin, vimentin, 
fibronectin and α-SMA [28]. Histone deacetylases (HDACs) participate in the regulation of dynamic 
equilibrium state of histone or non-histone acetylation/deacetylation. ER stress-inducing agents such 
as tunicamycin and bleomycin induced ER stress and EMT in lung epithelial cells via the up-
regulation of HDACs. Inhibition of HDACs attenuated ER stress and the activation of Smad pathway 
of EMT induction since tunicamycin and bleomycin, the inducers of ER stress were reported to induce 
EMT in lung epithelial cells via the upregulation of HDACs [31]. 

GPCRs, ER stress and EMT play key roles in cancer progression, metastasis, and treatment 
resistance individually and collectively. In this review, we intend to revisit some of the key candidates 
in the pathways of GPCRs, ER stress and EMT, which have been found to modulate various 
mechanisms in cancer progression, possess anti carcinogenic potential and have been tested in 
disease models. With the best of our knowledge this is the first review to summarize these three 
systems with regards to the endogenous candidates useful in cancer treatment. 

 

Figure 1. Target sites of the endogenous candidates of G-protein coupled receptors (GPCR), 
Endoplasmic reticular stress (ER) stress and epithelial mesenchymal transition (EMT). Mounting 
evidence suggests that GPCR activates unfolded protein response (UPR) in various cancers via 
mediators like inflammation. Sublethal UPR activation and signalling via IRE1a, PERK, and ATF6a 
sustain multiple cell-intrinsic and cell-extrinsic mechanisms of tumour progression. ER-stress-
mediated activation of central signalling hubs, such as HIF1a, STAT3, NRF2, and NFkB, aides cell 
survival under harsh microenvironmental conditions and preserves tumour-initiating cell function. 
Intrinsic cancer cell apoptotic resistance is likely crucial for harnessing ER stress to enhance tumour 
growth. GPCR protein LPA5 is to exhibit anti-cancer potential by inhibiting mechanisms like EMT. 
EMT pathways and genes like p53 and Beclin-1 play a positive role in cancer therapeutics. Likewise, 
certain modulations of ER dynamics and proteins aids in protecting cells from gaining pro survival 
capability and impeding mechanisms like inflammation. 

2. LPA5 is a Friend in Need among GPCRs 

Lysophosphatidic acid (LPA) vastly dictates embryonic development which is an indirect 
effector of tumour growth, angiogenesis and metastasis, and a serendipitous finding showed cell 
migration is impeded by LPA in B16F10 melanoma cells [31]. The expression between 
lysophosphatidic acid receptor-5 (LPA5) and cancer progression has been the subject of debate. LPA 
treatment was found to reduce cell survival, which has been proved via LPA5 knockdown. A 
secondary messenger, cAMP, has also been implicated widely in cell-death decisions, acting as a 
switch, and LPA5 facilitates cAMP accumulation, thereby reducing cell survival. LPA5-mediated 
signalling also reduced cell survival in MG-63 osteosarcoma cells. LPA5 combines with Gq and 

Figure 1. Target sites of the endogenous candidates of G-protein coupled receptors (GPCR), Endoplasmic
reticular stress (ER) stress and epithelial mesenchymal transition (EMT). Mounting evidence suggests
that GPCR activates unfolded protein response (UPR) in various cancers via mediators like inflammation.
Sublethal UPR activation and signalling via IRE1a, PERK, and ATF6a sustain multiple cell-intrinsic and
cell-extrinsic mechanisms of tumour progression. ER-stress-mediated activation of central signalling
hubs, such as HIF1a, STAT3, NRF2, and NFkB, aides cell survival under harsh microenvironmental
conditions and preserves tumour-initiating cell function. Intrinsic cancer cell apoptotic resistance is
likely crucial for harnessing ER stress to enhance tumour growth. GPCR protein LPA5 is to exhibit
anti-cancer potential by inhibiting mechanisms like EMT. EMT pathways and genes like p53 and
Beclin-1 play a positive role in cancer therapeutics. Likewise, certain modulations of ER dynamics
and proteins aids in protecting cells from gaining pro survival capability and impeding mechanisms
like inflammation.

On the other hand, the orchestrating role of ER stress in EMT initiation has been well established
(Figure 1). Hypoxia is a factor driving pro-EMT transcription factors, as well as the activation of ER stress
markers both in vivo in rat lungs and in vitroin alveolar epithelial cells (AECs) [28]. The involvement
of hypoxia and intracellular calcium in EMT induction of AECs was mainly through the activation
of ER stress and hypoxia-induced factor (HIF)-signalling pathways [28]. ER stress induced EMT in
AECs through Src-dependent pathways, results in fibroblast accumulation in pulmonary fibrosis [29].
Moreover, enhanced ER stress was responsible for induction of EMT in human lens epithelial cells [30].
ER stress up regulated the EMT markers such as N-cadherin, vimentin, fibronectin and α-SMA [28].
Histone deacetylases (HDACs) participate in the regulation of dynamic equilibrium state of histone or
non-histone acetylation/deacetylation. ER stress-inducing agents such as tunicamycin and bleomycin
induced ER stress and EMT in lung epithelial cells via the up-regulation of HDACs. Inhibition of
HDACs attenuated ER stress and the activation of Smad pathway of EMT induction since tunicamycin
and bleomycin, the inducers of ER stress were reported to induce EMT in lung epithelial cells via the
upregulation of HDACs [31].

GPCRs, ER stress and EMT play key roles in cancer progression, metastasis, and treatment
resistance individually and collectively. In this review, we intend to revisit some of the key candidates
in the pathways of GPCRs, ER stress and EMT, which have been found to modulate various mechanisms
in cancer progression, possess anti carcinogenic potential and have been tested in disease models.
With the best of our knowledge this is the first review to summarize these three systems with regards
to the endogenous candidates useful in cancer treatment.
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2. LPA5 Is a Friend in Need among GPCRs

Lysophosphatidic acid (LPA) vastly dictates embryonic development which is an indirect effector
of tumour growth, angiogenesis and metastasis, and a serendipitous finding showed cell migration
is impeded by LPA in B16F10 melanoma cells [31]. The expression between lysophosphatidic acid
receptor-5 (LPA5) and cancer progression has been the subject of debate. LPA treatment was found to
reduce cell survival, which has been proved via LPA5 knockdown. A secondary messenger, cAMP,
has also been implicated widely in cell-death decisions, acting as a switch, and LPA5 facilitates cAMP
accumulation, thereby reducing cell survival. LPA5-mediated signalling also reduced cell survival in
MG-63 osteosarcoma cells. LPA5 combines with Gq and G12/13 which in turn activates Rho-mediated
signalling resulting in reduced survival in MG-63 cells [32].

Interestingly, LPA5 mediated the inhibitory effect via rise in cAMP and co-activation of protein
kinase A (PKA). LPA5 was importantly considered to be an anti-migratory agent due toits ability to
elevate cAMP in both wild type and transfected cells [33]. Similarly, pancreatic cancer cell line PANC-1
was screened for similar effects. LPA5 absence stimulated cell motility, invasiveness and angiogenesis
which evidently showed the anti-cancer role of LPA5. Conversely, these effects were reversed by LPA6
knockdown. The role of LPA in the regulation of matrix metalloproteinase (MMP) is well documented.
The ATX-LPA-LPA1 signalling axis has been shown to induce MMP-9 expression in hepatocellular
carcinoma (HCC). The expression levels of the Mmp-2 gene in MFHL5-2 cells depleted for Lpar5 were
significantly higher than those in control MFHGFP cells [34]. LPA5 also reduced the cell motility and
MMP-9 activation in fibroblast 3T3 cells [35] and sarcoma cells [36].

On the other hand, angiogenesis, which is the process of producing new blood vessels to promote
metastasis, is regulated by various factors, including Vascular endothelial growth factor (VEGF). Cell
motility activity in endothelial cells is majorly regulated by LPA signalling. Recently a connection was
discovered between LPA signalling and VEGF. In an investigation, endothelial cells were cultured with
a conditioned medium from neuroblastoma cells expressing individual LPA receptors, and both LPA1
and LPA3 were shown to stimulate the cell motility of endothelial cells, correlating with the expression
levels of VEGF genes [37]. A later study found contrasting results where LPA5 decreased VEGF
expression and negatively regulated cell motility [34]. This theory not only explains the protective
nature of LPA5 in carcinogenesis but also the role of LPA in angiogenesis signalling establishing a
chemotherapeutic target in sarcomas.

Autotoxin is an ectonucleotide pyrophosphatase/phosphodiesterase (ENPP) family member which
produces LPA. Up-regulated in most of the metastatic cancers, autotoxin was also associated with
invasiveness and aggressive metastatic potential of cancers and was positively correlated to tumour
angiogenesis in colorectal cancer [38]. Furthermore, evidence has identified autotoxins as secretory
proteins in human melanoma cells, and the overexpression of autotoxins was co-relatable to increased
motility and invasiveness [39]. LPA and autotoxin expression differ vastly regarding in vitro and
in vivo settings. Autotoxin was found to be involved in facilitating B16F10 metastasis in C57BL/6
mice [40,41]. However, under in vitro conditions, there was a diminished cell invasion in similar cells
under the influence of LPA [42]. This finding further indicates that negative effects of LPA5 against cell
proliferation and migration, which also have been shown in melanoma and pancreatic cancer cells [36],
and the exogenous expression of LPA5 in intestinal epithelial cells MSIE lessened cell proliferation.
Such evidence greatly supports the role of LPA5 in cancer therapeutics.

Cancer immune editing is a process adapted by cancer cells in order to evade cell death and reside
in harsh environments. Some of the mechanisms employed by the tumours in order to escape harm
include CD8T cell response. The CD8T activation by tumour antigen is initiated through T cell antigen
receptor (TCR) signalling. Previous deleterious effects of LPA on migration, metastasis and therapeutic
resistance were underscored in a study by Oda et al., where LPA5 inhibits CD8 T cell receptor signalling,
activation and proliferation [43]. This study not only identified the requirement of LPA5 for negative
regulation of TCR-induced calcium mobilisation but also in attenuating antigen-mediated proliferation
in vivo.
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3. ER Stress: A Friend Apart from Foe?

Endoplasmic reticulum (ER) strives for homeostasis. When ER function becomes overwhelmed
with an excessive accumulation of misfolded proteins within the lumen, ER stress is triggered.ER stress
releases coping mechanisms to reduce the damage. The adaptation to a stress environment is achieved
by ER stress. If the recovery of cellular adaptation fails, long-standing ER stress triggers programmed
cell death or apoptosis. On the other hand, growing evidence suggests a novel pathway which helps
cells to survive extreme environmental conditions and escape cell death is via up-regulation of ER
adaptive measures. The million-dollar question here is whether ER stress is a survivor or a killer [44].

Cancer stem cells (CSC) are more resistant towards chemotherapy, consequently sensitising
these cells to chemotherapy is a means by which to render them prone to cell death. CSCs treated
with salubrinal, a specific inhibitor of eukaryotic translation initiation factor 2a (eIF2α) phosphatase,
followed by conventional chemotherapeutic agents resulted in sensitisation of CSC towards oxaliplatin
and 5-FU. A similar pattern was observed duringin vivo experiments. Mice treated with salubrinalled
to transient UPR activation which increased growth of xenografts derived from colon-CSCs, however
combinational treatment with chemotherapeutic agents suppressed the growth of the xenografts,
indicating the positive effect of UPR in vitro and in vivo [45].

Conditions such as hypoxia are essential for tumour survival. Several cancers up-regulate GRP78
and XBP1 splicing during hypoxia. In colon cancer, hypoxia induces PERK-dependent phosphorylation
of eukaryotic translation initiation factor 2a (eIF2a) and translation of ATF4. UPR is vital for tumour
growth under hypoxia. PERK inactivation, due to the generation of mutations in its kinase domain,
impairs cell survival under extreme hypoxia, and PERK promotes cancer cell proliferation by limiting
oxidative DNA damage through ATF4 [46].

On the other hand, the same ER stress is useful in promoting cell death. Tolfenamic
acid promotes ER stress, resulting in activation of the UPR-signalling pathway, of which
PERK-mediated phosphorylation of eIF2a induces the repression of cyclin D1 translation. Moreover,
the PERK-eIF2a-ATF4 branch of the UPR pathway plays a role in tolfenamic acid-induced apoptosis in
colorectal cancer cells, as silencing ATF4 attenuates tolfenamic acid-induced apoptosis [46].

Plant metabolites have been a promising source of cancer therapeutics for many decades. Esculetin,
a coumarin derivative, has been examined on colon cancer cells for its potential anti-cancer activity
via ER stress-mediated cell death. Esculetin-induced cell death via the ER stress-mediated pathway
increased mitochondrial Ca2+ overload and also escalated the level of ER stress response proteins.
It was also proven that the cell death was induced by a mechanism of UPR where CHOP is up-regulated
and caspase-12 is cleaved. This CHOP initiation mechanism hinders BCL2 family proteins and activates
BAK and BAX, thereby inducing apoptosis [47].

Activation of caspase-3, which is an intrinsic cell death pathway, is another mode of inducing
apoptosis. Andrographolide treatment leads to apoptosis in numerous cancer cells. One of the
pathways that has been elucidated and which has most potential is ER stress-mediated cancer cell
death. Upon treatment, there was a significant increase in IRE1-α and spliced XBP-1 which triggers
apoptosis. Surprisingly, the Andrographolide-mediated cell death was also dependent upon ER stress
given that Andrographolide up-regulated the expression of BAX and also major ER stress markers [48].

Triggering a transcription of heat shock proteins can lead to ER stress-mediated cell death. At the
same time, proteasome inhibitors were reported to initiate apoptosis in cancer cells, and functional or
mutational changes in some of the ER genes have been associated with malfunctions. XBP1 mutation
has been reported in rare myeloma and may be associated with resistance to proteasome inhibitors [49].
Hence, it is evident that this inhibition might play a key role in cancer therapeutics. For instance, PS-341,
a di-peptidyl boronic acid derivative, has shown impressive binding to 26 proteasome and has induced
cell death in numerous cancer cell lines. With the ability to target 26S proteasome, PS-341 has been
logically associated with targeting NF-kB. Traditionally, NF-kB was linked to chemotherapy resistance
and PS-341 was tested in order to check its ability in inhibiting NF-kB via chemotherapy-mediated cell
death [50]. Surprisingly, it was found that PS-341 could induce topoisomerase-1 inhibitor-mediated
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apoptosis. The potency of PS-341 was assessed in head and neck SCC (HNSCC) cells [51–53]. PS-341 not
only lessened NF-kB but also induced cell death via the ER stress pathway. As part of the involvement
of ER stress-modulated cell death in the PS-341 mechanism, caspase-4 played a crucial role. A study by
Fribley and Wang described the potential mediatory agents in ER stress-mediated cell death involving
PS-341. Their review found that the two major mechanisms involved are BH3-only members of the
Bcl2family interfering with the cytochrome-c release and via induction of BH3-only proteins Bik and
Bim [54].

Aspects that need to be emphasized regarding the induction of apoptosis in various tumours
include co-expressions or loss of genes such asp53and the time period of ER stress induction.
Conceptually, targeting UPR might block ER stress-induced apoptosis and unwittingly promote
carcinogenesis. There are few reports of UPR being involved in promoting cancer. Such mechanisms
might depend on the intensity and time of the ER stress which we recently proved via dynamics of
ER stress [55], where we identified the maximum deleterious effect of ER stress at the 6th hour of the
dynamics period in vitro. We even employed unconjugated bilirubin to impede ER stress-mediated
cancer progression in LS174T cells via similar time point [56]. This clearly indicates that the exposure
or the ER stress mediation in induction of cell death is critical.

4. Good Guys in the EMT Pathway

EMT is known to be an important factor associated with cancers’ progression, metastasis and
treatment resistance [57]. Polarised epithelial cells lose their cell-cell adhesion and apical-basal
polarity, andgain migratory potential as mesenchymal cells [58]. The transition process involves
numerous pathological changes. The cells gradually loose epithelial cell-cell junctional proteins, such as
E-cadherin, ZO-1 andcytokeratins, and gain mesenchymal proteins, such as N-cadherin, fibronectin
and vimentin [59,60]. EMT is a highly plastic process. Indeed, mesenchymal cells can revert to an
epithelial state in a process called mesenchymal to epithelial transition (MET), a process that is critical
during the clonal expansion of metastasised cells [12].

There are several signalling pathways driving EMT, including inflammation, transforming growth
factor beta (TGF-β), Wnts, NF-κB and Notch pathways [59]. The TGF-β pathway, as a primary
inducer of EMT, is activated by binding TGF-β ligands to their cognate TGF-β receptors. With
the active TGF-β receptors, TGF-βsignalling complies with Smad2 and Smad3 to lead to EMT [61].
In addition, TGF-βsignalling can also stimulate GTPases, PI3K and MAPK pathways to induce
EMT progression [62]. Other signalling pathways, such as Wnt, Notch, AKT-mTOR and NF-κB
pathways, induce EMT by activating EMT transcription factors (EMT-TFs) [59]. There are certain
transcription factors described as major regulators of EMT, such as Snail, Twist, β-catenin, ZEB1 and
ZEB2. EMT-TFs suppress the expression of epithelial proteins [63]. For instance, Snail inhibits the
expression of the key epithelial protein E-cadherin, therefore epithelial cells lose the cell-cell junction
formation, leading to mesenchymal transition [64]. The EMT process in normal tissues is managed
through a complicated regulation of EMT-TFs, with applied regulatory networks operating at different
transcriptional and post-translational levels, such as alternative splicing, non-coding RNAs, epigenetic
regulatory mechanisms and protein stability [65]. Studies have shown that the role of EMT-TFs in
cancer progression is not only to regulate the invasion and dissemination of cancer cells, canbecome a
target of interest for anti-cancer therapy [66].

Autophagy is another principal biological process involved in the development of cancer, and there
is a complex link between autophagy-corresponding and EMT-corresponding signalling pathways
(Figure 2). Studies have shown that EMT signalling pathways can trigger or inhibit autophagy. As well
as being associated with the initiation and suppression of EMT, autophagy also supports EMT in
the viability of potentially metastasis of cancer cells [67]. For instance, autophagy deterioration was
demonstrated by suppressing autophagy-related genes 5 (ATG5), ATG7 or Beclin-1, resulting in an
increase of cell motility and invasiveness with the up-regulation of Snail and Slug, two of the major
EMT-TFs [68]. On the other hand, autophagy prevents EMT, and the autophagy activation may decrease
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the gaining of the EMT phenotype in cancer cells. Autophagy is regulated by PI3K/AKT/mTOR, Beclin-1,
p53 and JAK/STAT signalling pathways, which have a dramatic impact on the EMT process [66].
EMT-correlated signalling pathways, such as integrin, Wnt, NF-κB, and TGF-β signalling pathways,
also play an essential role in autophagy [66].
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expression of EMT transcription factors, such as ZEB1/ZEB2, Snail. 
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Figure 2. Cross-link between EMT-induced signalling pathways and Autophagy-inducedsignalling
pathways. EMT-mediated signalling pathway includes Notch, TGF-β, receptor tyrosine kinases, Wnt,
and inflammatory pathways. TGF- β signalling complies with SMAD2 and SMAD3to lead to EMT. TGF-
β signalling also activates PI3K-mTOR-AKT-GSK3b pathway to induce EMT. Wnt signalling drives
EMT through GSK3β inhibition and β-catenin stabilization. Wnt, Notch and inflammatory pathways
induce EMT by activation of EMT transcription factors, including SNAI1, β-catenin, Twist and Slug.
Receptor tyrosine kinases activate PI3K-ATK pathway via activation of growth factors, such as EGF,
VEGF and FGF. Autophagy triggers EMT by up-regulating mesenchymal markers including vimentin
and Twist and down regulating epithelial marker E-cadherin through Beclin-1 pathway. Beclin-1
pathway can activate autophagy to suppress EMT via down-regulating EMT transcription factors, such
as ZEB1 and inhibiting Wnt and NF-κB pathway. P53 inhibits EMT by decreasing the expression of
EMT transcription factors, such as ZEB1/ZEB2, Snail.

Beclin-1 activates autophagy and accelerates EMT by up-regulating vimentin and Twist expression
and decreasing E-cadherin expression [69]. In contrast, Beclin-1 activated autophagy down-regulates
MMPs’ expression to inhibit EMT and also inhibit EMT via down-regulating ZEB1, Wnt1 and NF-κB.
NF-κB activation is associated with aggressiveness and the metastatic potential of carcinomas [70].
The NF-κB pathway promotes EMT by up-regulating related EMT markers, including Snail1, Slug
and Twist1 [71], and inhibits autophagy by down-regulating the Beclin-1 pathway [66]. In addition,
the study also indicated that Beclin-1 gene knockout may promote EMT and carcinogenesis by activating
the Wnt1 and NF-κB pathways resulting in cancer cell metastasis. However, knockdown of Beclin-1
via small interfering RNA (siRNA) suppressed the autophagy activation, consequentially suppressing
EMT and the invasiveness of colon cancer cells through cooperating down-regulation of vimentin
and Twist and up-regulation of E-cadherin [72]. This result suggests that inhibiting Beclin-1 induced
autophagy would be an effective anti-cancer strategy.

P53 is an important suppressor protein of cancer. P53 mediates cancer inhibition by
down-regulating autophagy-correspond signalling pathways PI3K/AKT/mTOR via interaction with
PTEN, which furthers the up-regulation of autophagy [66]. P53 can also mediate cancer suppression
by regulating EMT inhibition through decreasing the expression of EMT-TFs, including ZEB1, ZEB2
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and Snail, via activation of the relevant micro RNA of EMT inhibition [73,74]. Interestingly, mutant
p53 can promote EMT and mitochondrial fission that in turn promotes autophagy [75].

Autophagy and EMT both play an important role in the biological processes of induction and
development of cancer. Understanding the complicated link between autophagy and EMT is necessary
for designing a cancer therapy strategy. Autophagy activation not only supports the cells’ survival
during the EMT, but also functions as the tumour-suppressive signal, which inhibits the early phase of
metastasis and activation of the EMT. Hence, regulating EMT by targeting autophagy is a promising
potential strategy for cancer therapy. Currently, translational applications of autophagy activators such
as rapamycin, and autophagy inhibitors such as chloroquine and 3-methyladenine to regulate the EMT
process, have been utilised in anti-cancer therapy [67,76,77].

Table 1 shows the endogenous candidates which play an active role in cancer therapeutics.

Table 1. Endogenous anti-cancer agents.

Endogenous
Candidates System Action Outcome or Drug

Development References

Beclin-1 EMT
Activates autophagy, down
regulates MMPs expression

to reduce EMT.

Pathway for novel
drug discovery [68,69]

P53 EMT
Down regulates

PI3K/AKT/mTOR via
interaction with PTEN

Pathway for novel
drug discovery [73]

LPA5 GPCR

Aids in inhibiting
carcinogenesis and

attenuating cell migration
and proliferation

Essential pathway
in drug discovery [42,43]

EMT-epithelial mesenchymal transition; GPCR-G-protein coupled receptor.

Table 2 enlists the various drugs and metabolites with essential anti-cancer activities in their
respective systems which are widely useful for cancer therapeutics.

Table 2. Anti-cancer agents developed from ERS and EMT.

Drugs System Action Outcome or Drug
Development References

Salubrinal ERS eIF2α inhibitor for chemo
sensitising CSC.

Useful in
chemotherapy [43]

Tolfenamic acid ERS PERK-mediated
phosphorylation of eIF2a Anti-cancer drugs [44]

Esculetin ERS

Increases mitochondrial
Ca2+overload and

inducing ERS mediated cell
death of cancer cells.

Anti-cancer drugs [45]

Andrographolide ERS
Increase in IRE1-α and

spliced XBP-1 leading to
ERS mediated cell death

Anti-cancer drugs [46]

PS-341 ERS
Topoisomerase-1

inhibitor-mediated
apoptosis.

Anti-cancer drugs [52]

Chloroquine EMT Autophagy inhibitors Anti-cancer drugs [76,77]

3-methyladenine EMT Autophagy inhibitors Anti-cancer drugs [76,77]

ERS-Endoplasmic reticular stress.
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5. Conclusions

Some of the malfunctions in GPCR genes are associated with misfolding mutant receptors in the
ER. Understanding the GPCR-mediated mechanisms in cancer, identifying possible role of ER stress in
hampering of pro-survival mechanisms would be extremely important. These hallmarks of events
regulate crucial mechanisms such as EMT which is the most pivotal step in metastasis. Hence, a proper
elucidation of these candidates would help in identifying potent molecular targets for regulation or
modulation of tumour progression in numerous cancers.

Author Contributions: R.G. designed, conceptualized and drafted the review. I.A. helped in correcting the
manuscript. W.L. helped in designing and drafting areas like EMT. W.L. also aided in designing Figure 2. R.E.
helped in checking and finalizing the review. I.A. helped in reviewing the manuscript. S.S.S. helped in checking
and finalizing the review. All authors have read and agreed to the published version of the manuscript.

Funding: SSS is thankful to the Clifford Craig Foundation Launceston General Hospital, Rebecca L. Cooper
Medical Research Foundation and Cancer Council Tasmania.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the decision to
publish the results.

Abbreviations

GPCR G protein coupled receptors
EMT Epithelial mesenchymal transition
EGFR Epidermal growth factor receptor
LPA Lysophosphatidic acid
ERS Endoplasmic reticular stress
UPR Unfolded protein response
GRK G protein coupled receptor kinase
ARR Arabidopsis type B cytokinin
NSCLC Non small cell lung carcinoma
ENPP Ectonucleotide pyrophosphatase/phosphodiesterase
MAPK Mitogen activated protein kinase
AEC Alveolar epithelial cells
HDAC Histone deacetylases
STAT Signal transducer and activator of transcription proteins
NRF Nuclear receptor factor
MMP Matrix metallopeptidases
HCC Hepatocellular carcinoma
VEGF Vascular endothelial growth factor
CSC Cancer stem cells
GRP78 78-kDa glucose-regulated protein
XBP1 X-Box Binding Protein 1
CHOP C/EBP homologousprotein
TGF Transforming growth factor
PTEN Phosphatase and tensin homolog
FGF Fibroblast growth factor
EGF Epidermal growth factor
PKA Protein kinase
PDGF Platelet derived growth factor
EMT-TFs EMT transcription factors
PERK PKR-like ER kinase
Bax Bcl-2 associated X protein
HNSCC Head and neck squamous cell carcinoma
Zeb 1 Zinc finger E-box-binding homeobox 1



Biomedicines 2020, 8, 402 10 of 13

References

1. Dorsam, R.T.; Gutkind, J.S. G-protein-coupled receptors and cancer. Nat. Rev. Cancer 2007, 7, 79–94.
[CrossRef] [PubMed]

2. Avril, T.; Vauléon, E.; Chevet, E. Endoplasmic reticulum stress signaling and chemotherapy resistance in
solid cancers. Oncogenesis 2017, 6, e373. [CrossRef] [PubMed]

3. Larue, L.; Bellacosa, A. Epithelial–mesenchymal transition in development and cancer: Role of
phosphatidylinositol 3′ kinase/AKT pathways. Oncogene 2005, 24, 7443–7454. [CrossRef] [PubMed]

4. Pierce, K.L.; Premont, R.T.; Lefkowitz, R.J. Seven-transmembrane receptors. Nat. Rev. Mol. Cell Biol. 2002, 3,
639–650. [CrossRef] [PubMed]

5. Kastner, S.; Voss, T.; Keuerleber, S.; Glöckel, C.; Freissmuth, M.; Sommergruber, W. Expression of G
Protein-Coupled Receptor 19 in Human Lung Cancer Cells Is Triggered by Entry Into S-phase and Supports
G(2)-M Cell-Cycle Progression. Mol. Cancer Res. 2012, 10, 1343–1358. [CrossRef]

6. Yu, S.; Sun, L.; Jiao, Y.; Lee, L.T.O. The Role of G Protein-coupled Receptor Kinases in Cancer. Int. J. Biol. Sci.
2018, 14, 189–203. [CrossRef]

7. Wu, V.; Yeerna, H.; Nohata, N.; Chiou, J.; Harismendy, O.; Raimondi, F.; Inoue, A.; Russell, R.B.; Tamayo, P.;
Gutkind, J.S. Illuminating the Onco-GPCRome: Novel G protein–coupled receptor-driven oncocrine networks
and targets for cancer immunotherapy. J. Biol. Chem. 2019, 294, 11062–11086. [CrossRef]

8. Maeyashiki, C.; Melhem, H.; Hering, L.; Baebler, K.; Cosin-Roger, J.; Schefer, F.; Weder, B.; Hausmann, M.;
Scharl, M.; Rogler, G.; et al. Activation of pH-Sensing Receptor OGR1 (GPR68) Induces ER Stress Via the
IRE1α/JNK Pathway in an Intestinal Epithelial Cell Model. Sci. Rep. 2020, 10, 1438. [CrossRef]

9. Singh, V.; Aballay, A. Endoplasmic reticulum stress pathway required for immune homeostasis is neurally
controlled by arrestin-1. J. Biol. Chem. 2012, 287, 33191–33197. [CrossRef]

10. Styer, K.L.; Singh, V.; Macosko, E.; Steele, S.E.; Bargmann, C.I.; Aballay, A. Innate immunity in Caenorhabditis
elegans is regulated by neurons expressing NPR-1/GPCR. Science 2008, 322, 460–464. [CrossRef]

11. Sternberg, E.M. Neural regulation of innate immunity: A coordinated nonspecific host response to pathogens.
Nat. Rev. Immunol. 2006, 6, 318–328. [CrossRef] [PubMed]

12. Jing, Y.; Han, Z.; Zhang, S.; Liu, Y.; Wei, L. Epithelial-Mesenchymal Transition in tumor microenvironment.
Cell Biosci. 2011, 1, 29. [CrossRef] [PubMed]

13. Jolly, M.K.; Ward, C.; Eapen, M.S.; Myers, S.; Hallgren, O.; Levine, H.; Sohal, S.S. Epithelial-mesenchymal
transition, a spectrum of states: Role in lung development, homeostasis, and disease. Dev. Dyn. 2018, 247,
346–358. [CrossRef] [PubMed]

14. Aiello, N.M.; Kang, Y. Context-dependent EMT programs in cancer metastasis. J. Exp. Med. 2019, 216,
1016–1026. [CrossRef] [PubMed]

15. Coly, P.M.; Perzo, N.; Le Joncour, V.; Lecointre, C.; Schouft, M.T.; Desrues, L.; Tonon, M.C.; Wurtz, O.;
Gandolfo, P.; Castel, H.; et al. Chemotactic G protein-coupled receptors control cell migration by repressing
autophagosome biogenesis. Autophagy 2016, 12, 2344–2362. [CrossRef] [PubMed]

16. Thomson, S.; Petti, F.; Sujka-Kwok, I.; Epstein, D.; Haley, J.D. Kinase Switching in Mesenchymal-Like
Non-Small Cell Lung Cancer Lines Contributes to EGFR Inhibitor Resistance Through Pathway Redundancy.
Clin. Exp. Metastasis 2008, 25, 843–854. [CrossRef]

17. Dho, S.H.; Lee, K.-P.; Jeong, D.; Kim, C.-J.; Chung, K.-S.; Kim, J.Y.; Park, B.-C.; Park, S.S.; Kim, S.-Y.; Kwon, K.-S.
GPR171 expression enhances proliferation and metastasis of lung cancer cells. Oncotarget 2016, 7, 7856–7865.
[CrossRef]

18. O‘Hayre, M.; Degese, M.S.; Gutkind, J.S. Novel insights into G protein and G protein-coupled receptor
signaling in cancer. Curr. Opin. Cell Biol. 2014, 27, 126–135. [CrossRef]

19. Lu, W.; Sharma, P.; Eapen, M.S.; Sohal, S.S. Inhaled corticosteroids attenuate epithelial mesenchymal
transition: Implications for COPD and lung cancer prophylaxis. Eur. Respir. J. 2019, 54. [CrossRef]

20. Filardo, E.J.; Quinn, J.A.; Bland, K.I.; Frackelton, A.R., Jr. Estrogen-induced activation of Erk-1 and Erk-2
requires the G protein-coupled receptor homolog, GPR30, and occurs via trans-activation of the epidermal
growth factor receptor through release of HB-EGF. Mol. Endocrinol. 2000, 14, 1649–1660. [CrossRef]

21. Hart, S.; Fischer, O.M.; Prenzel, N.; Zwick-Wallasch, E.; Schneider, M.; Hennighausen, L.; Ullrich, A.
GPCR-induced migration of breast carcinoma cells depends on both EGFR signal transactivation and
EGFR-independent pathways. Biol. Chem. 2005, 386, 845–855. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nrc2069
http://www.ncbi.nlm.nih.gov/pubmed/17251915
http://dx.doi.org/10.1038/oncsis.2017.72
http://www.ncbi.nlm.nih.gov/pubmed/28846078
http://dx.doi.org/10.1038/sj.onc.1209091
http://www.ncbi.nlm.nih.gov/pubmed/16288291
http://dx.doi.org/10.1038/nrm908
http://www.ncbi.nlm.nih.gov/pubmed/12209124
http://dx.doi.org/10.1158/1541-7786.MCR-12-0139
http://dx.doi.org/10.7150/ijbs.22896
http://dx.doi.org/10.1074/jbc.REV119.005601
http://dx.doi.org/10.1038/s41598-020-57657-9
http://dx.doi.org/10.1074/jbc.M112.398362
http://dx.doi.org/10.1126/science.1163673
http://dx.doi.org/10.1038/nri1810
http://www.ncbi.nlm.nih.gov/pubmed/16557263
http://dx.doi.org/10.1186/2045-3701-1-29
http://www.ncbi.nlm.nih.gov/pubmed/21880137
http://dx.doi.org/10.1002/dvdy.24541
http://www.ncbi.nlm.nih.gov/pubmed/28646553
http://dx.doi.org/10.1084/jem.20181827
http://www.ncbi.nlm.nih.gov/pubmed/30975895
http://dx.doi.org/10.1080/15548627.2016.1235125
http://www.ncbi.nlm.nih.gov/pubmed/27715446
http://dx.doi.org/10.1007/s10585-008-9200-4
http://dx.doi.org/10.18632/oncotarget.6856
http://dx.doi.org/10.1016/j.ceb.2014.01.005
http://dx.doi.org/10.1183/13993003.00778-2019
http://dx.doi.org/10.1210/mend.14.10.0532
http://dx.doi.org/10.1515/BC.2005.099
http://www.ncbi.nlm.nih.gov/pubmed/16164409


Biomedicines 2020, 8, 402 11 of 13

22. Jones, P.G.; Nawoschik, S.P.; Sreekumar, K.; Uveges, A.J.; Tseng, E.; Zhang, L.; Johnson, J.; He, L.; Paulsen, J.E.;
Bates, B.; et al. Tissue Distribution and Functional Analyses of the Constitutively Active Orphan G Protein
Coupled Receptors, GPR26 and GPR78. Biochim. Biophys. Acta 2007, 1770, 890–901. [CrossRef] [PubMed]

23. Dong, D.-D.; Zhou, H.; Li, G. GPR78 promotes lung cancer cell migration and metastasis by activation of
Gαq-Rho GTPase pathway. BMB Rep. 2016, 49, 623–628. [CrossRef] [PubMed]

24. Lutz, S.; Shankaranarayanan, A.; Coco, C.; Ridilla, M.; Nance, M.R.; Vettel, C.; Baltus, D.; Evelyn, C.R.;
Neubig, R.R.; Wieland, T.; et al. Structure of Galphaq-p63RhoGEF-RhoA complex reveals a pathway for the
activation of RhoA by GPCRs. Science 2007, 318, 1923–1927. [CrossRef] [PubMed]

25. Momotani, K.; Artamonov, M.V.; Utepbergenov, D.; Derewenda, U.; Derewenda, Z.S.; Somlyo, A.V.
p63RhoGEF Couples Gα(q/11)-mediated Signaling to Ca2+ Sensitization of Vascular Smooth Muscle
Contractility. Circ. Res. 2011, 109, 993–1002. [CrossRef]

26. Hall, A. Rho Family GTPases. Biochem. Soc. Trans. 2012, 40, 1378–1382. [CrossRef]
27. Gulhati, P.; Bowen, K.A.; Liu, J.; Stevens, P.D.; Rychahou, P.G.; Chen, M.; Lee, E.Y.; Weiss, H.L.; O’Connor, K.L.;

Gao, T.; et al. mTORC1 and mTORC2 regulate EMT, motility and metastasis of colorectal cancer via RhoA
and Rac1 signaling pathways. Cancer Res. 2011, 71, 3246–3256. [CrossRef] [PubMed]

28. Delbrel, E.; Uzunhan, Y.; Soumare, A.; Gille, T.; Marchant, D.; Planès, C.; Boncoeur, E. ER Stress is Involved in
Epithelial-To-Mesenchymal Transition of Alveolar Epithelial Cells Exposed to a Hypoxic Microenvironment.
Int. J. Mol. Sci. 2019, 20, 1299. [CrossRef]

29. Zhong, Q.; Zhou, B.; Ann, D.K.; Minoo, P.; Liu, Y.; Banfalvi, A.; Krishnaveni, M.S.; Dubourd, M.; Demaio, L.;
Willis, B.C.; et al. Role of endoplasmic reticulum stress in epithelial-mesenchymal transition of alveolar
epithelial cells: Effects of misfolded surfactant protein. Am. J. Respir. Cell Mol. Biol. 2011, 45, 498–509.
[CrossRef]

30. Zhou, S.; Yang, J.; Wang, M.; Zheng, D.; Liu, Y. Endoplasmic reticulum stress regulates epithelial-mesenchymal
transition in human lens epithelial cells. Mol. Med. Rep. 2020, 21, 173–180. [CrossRef]

31. Liu, D.; Zhu, H.; Gong, L.; Pu, S.; Wu, Y.; Zhang, W.; Huang, G. Histone Deacetylases Promote ER Stress
Induced Epithelial Mesenchymal Transition in Human Lung Epithelial Cells. Cell Physiol. Biochem. 2018, 46,
1821–1834. [CrossRef] [PubMed]

32. Minami, K.; Ueda, N.; Ishimoto, K.; Tsujiuchi, T. LPA(5)-mediated signaling induced by endothelial cells
and anticancer drug regulates cellular functions of osteosarcoma cells. Exp. Cell Res. 2020, 388, 111813.
[CrossRef] [PubMed]

33. Jongsma, M.; Matas-Rico, E.; Rzadkowski, A.; Jalink, K.; Moolenaar, W.H. LPA is a chemorepellent for B16
melanoma cells: Action through the cAMP-elevating LPA5 receptor. PLoS ONE 2011, 6, e29260. [CrossRef]
[PubMed]

34. Araki, M.; Kitayoshi, M.; Dong, Y.; Hirane, M.; Ozaki, S.; Mori, S.; Fukushima, N.; Honoki, K.; Tsujiuchi, T.
Inhibitory effects of lysophosphatidic acid receptor-5 on cellular functions of sarcoma cells. Growth Factors
2014, 32, 117–122. [CrossRef]

35. Dong, Y.; Hirane, M.; Araki, M.; Fukushima, N.; Tsujiuchi, T. Lysophosphatidic acid receptor-5 negatively
regulates cellular responses in mouse fibroblast 3T3 cells. Biochem. Biophys. Res. Commun. 2014, 446, 585–589.
[CrossRef]

36. Ishii, S.; Hirane, M.; Fukushima, K.; Tomimatsu, A.; Fukushima, N.; Tsujiuchi, T. Diverse effects of LPA4,
LPA5 and LPA6 on the activation of tumor progression in pancreatic cancer cells. Biochem. Biophys. Res.
Commun. 2015, 461, 59–64. [CrossRef]

37. Kitayoshi, M.; Kato, K.; Tanabe, E.; Yoshikawa, K.; Fukui, R.; Fukushima, N.; Tsujiuchi, T. Enhancement of
endothelial cell migration by constitutively active LPA(1)-expressing tumor cells. Biochem. Biophys. Res.
Commun. 2012, 422, 339–343. [CrossRef]

38. Yun, C.C. Lysophosphatidic Acid and Autotaxin-associated Effects on the Initiation and Progression of
Colorectal Cancer. Cancers (Basel) 2019, 11, 958. [CrossRef]

39. Lee, S.C.; Fujiwara, Y.; Liu, J.; Yue, J.; Shimizu, Y.; Norman, D.D.; Wang, Y.; Tsukahara, R.; Szabo, E.; Patil, R.;
et al. Autotaxin and LPA1 and LPA5 receptors exert disparate functions in tumor cells versus the host tissue
microenvironment in melanoma invasion and metastasis. Mol. Cancer Res. 2015, 13, 174–185. [CrossRef]

40. Gotoh, M.; Fujiwara, Y.; Yue, J.; Liu, J.; Lee, S.; Fells, J.; Uchiyama, A.; Murakami-Murofushi, K.; Kennel, S.;
Wall, J.; et al. Controlling cancer through the autotaxin-lysophosphatidic acid receptor axis. Biochem. Soc.
Trans. 2012, 40, 31–36. [CrossRef]

http://dx.doi.org/10.1016/j.bbagen.2007.01.013
http://www.ncbi.nlm.nih.gov/pubmed/17363172
http://dx.doi.org/10.5483/BMBRep.2016.49.11.133
http://www.ncbi.nlm.nih.gov/pubmed/27697106
http://dx.doi.org/10.1126/science.1147554
http://www.ncbi.nlm.nih.gov/pubmed/18096806
http://dx.doi.org/10.1161/CIRCRESAHA.111.248898
http://dx.doi.org/10.1042/BST20120103
http://dx.doi.org/10.1158/0008-5472.CAN-10-4058
http://www.ncbi.nlm.nih.gov/pubmed/21430067
http://dx.doi.org/10.3390/ijms20061299
http://dx.doi.org/10.1165/rcmb.2010-0347OC
http://dx.doi.org/10.3892/mmr.2019.10814
http://dx.doi.org/10.1159/000489367
http://www.ncbi.nlm.nih.gov/pubmed/29705800
http://dx.doi.org/10.1016/j.yexcr.2020.111813
http://www.ncbi.nlm.nih.gov/pubmed/31904382
http://dx.doi.org/10.1371/journal.pone.0029260
http://www.ncbi.nlm.nih.gov/pubmed/22195035
http://dx.doi.org/10.3109/08977194.2014.911294
http://dx.doi.org/10.1016/j.bbrc.2014.03.016
http://dx.doi.org/10.1016/j.bbrc.2015.03.169
http://dx.doi.org/10.1016/j.bbrc.2012.05.012
http://dx.doi.org/10.3390/cancers11070958
http://dx.doi.org/10.1158/1541-7786.MCR-14-0263
http://dx.doi.org/10.1042/BST20110608


Biomedicines 2020, 8, 402 12 of 13

41. Gupte, R.; Patil, R.; Liu, J.; Wang, Y.; Lee, S.C.; Fujiwara, Y.; Fells, J.; Bolen, A.L.; Emmons-Thompson, K.;
Yates, C.R.; et al. Benzyl and naphthalene methylphosphonic acid inhibitors of autotaxin with anti-invasive
and anti-metastatic activity. ChemMedChem 2011, 6, 922–935. [CrossRef] [PubMed]

42. Lee, S.C.; Fujiwara, Y.; Tigyi, G.J. Uncovering unique roles of LPA receptors in the tumor microenvironment.
Recept. Clin. Investig. 2015, 2. [CrossRef]

43. Oda, S.K.; Strauch, P.; Fujiwara, Y.; Al-Shami, A.; Oravecz, T.; Tigyi, G.; Pelanda, R.; Torres, R.M.
Lysophosphatidic acid inhibits CD8 T cell activation and control of tumor progression. Cancer Immunol. Res.
2013, 1, 245–255. [CrossRef] [PubMed]

44. Wang, W.A.; Groenendyk, J.; Michalak, M. Endoplasmic reticulum stress associated responses in cancer.
Biochim. Biophys. Acta 2014, 1843, 2143–2149. [CrossRef] [PubMed]

45. Wielenga, M.C.B.; Colak, S.; Heijmans, J.; van Lidth de Jeude, J.F.; Rodermond, H.M.; Paton, J.C.; Paton, A.W.;
Vermeulen, L.; Medema, J.P.; van den Brink, G.R. ER-Stress-Induced Differentiation Sensitizes Colon Cancer
Stem Cells to Chemotherapy. Cell Rep. 2015, 13, 489–494. [CrossRef] [PubMed]

46. Vandewynckel, Y.P.; Laukens, D.; Geerts, A.; Bogaerts, E.; Paridaens, A.; Verhelst, X.; Janssens, S.;
Heindryckx, F.; Van Vlierberghe, H. The paradox of the unfolded protein response in cancer. Anticancer Res.
2013, 33, 4683–4694. [PubMed]

47. Kim, A.D.; Madduma Hewage, S.R.; Piao, M.J.; Kang, K.A.; Cho, S.J.; Hyun, J.W. Esculetin induces apoptosis
in human colon cancer cells by inducing endoplasmic reticulum stress. Cell Biochem. Funct 2015, 33, 487–494.
[CrossRef]

48. Banerjee, A.; Ahmed, H.; Yang, P.; Czinn, S.J.; Blanchard, T.G. Endoplasmic reticulum stress and IRE-1
signaling cause apoptosis in colon cancer cells in response to andrographolide treatment. Oncotarget 2016, 7,
41432–41444. [CrossRef]

49. Hong, S.Y.; Hagen, T. Multiple myeloma Leu167Ile (c.499C>A) mutation prevents XBP1 mRNA splicing.
Br. J. Haematol. 2013, 161, 898–901. [CrossRef]

50. Cusack, J.C., Jr.; Liu, R.; Houston, M.; Abendroth, K.; Elliott, P.J.; Adams, J.; Baldwin, A.S., Jr. Enhanced
chemosensitivity to CPT-11 with proteasome inhibitor PS-341: Implications for systemic nuclear factor-kappaB
inhibition. Cancer Res. 2001, 61, 3535–3540.

51. Denlinger, C.E.; Rundall, B.K.; Jones, D.R. Proteasome inhibition sensitizes non-small cell lung cancer to
histone deacetylase inhibitor-induced apoptosis through the generation of reactive oxygen species. J. Thorac.
Cardiovasc. Surg. 2004, 128, 740–748. [CrossRef] [PubMed]

52. Yeung, B.H.; Huang, D.C.; Sinicrope, F.A. PS-341 (bortezomib) induces lysosomal cathepsin B release and a
caspase-2-dependent mitochondrial permeabilization and apoptosis in human pancreatic cancer cells. J. Biol.
Chem. 2006, 281, 11923–11932. [CrossRef] [PubMed]

53. Pérez-Galán, P.; Roué, G.; Villamor, N.; Montserrat, E.; Campo, E.; Colomer, D. The proteasome inhibitor
bortezomib induces apoptosis in mantle-cell lymphoma through generation of ROS and Noxa activation
independent of p53 status. Blood 2006, 107, 257–264. [CrossRef]

54. Fribley, A.; Wang, C.Y. Proteasome inhibitor induces apoptosis through induction of endoplasmic reticulum
stress. Cancer Biol. Ther. 2006, 5, 745–748. [CrossRef]

55. Gundamaraju, R.; Vemuri, R.; Chong, W.C.; Myers, S.; Norouzi, S.; Shastri, M.D.; Eri, R. Interplay between
Endoplasmic Reticular Stress and Survivin in Colonic Epithelial Cells. Cells 2018, 7, 171. [CrossRef]

56. Gundamaraju, R.; Vemuri, R.; Chong, W.C.; Bulmer, A.C.; Eri, R. Bilirubin Attenuates ER Stress-Mediated
Inflammation, Escalates Apoptosis and Reduces Proliferation in the LS174T Colonic Epithelial Cell Line.
Int. J. Med. Sci. 2019, 16, 135–144. [CrossRef] [PubMed]

57. Pastushenko, I.; Blanpain, C. EMT Transition States during Tumor Progression and Metastasis. Trends Cell
Biol. 2019, 29, 212–226. [CrossRef]

58. Goossens, S.; Vandamme, N.; Van Vlierberghe, P.; Berx, G. EMT transcription factors in cancer development
re-evaluated: Beyond EMT and MET. Biochim. Biophys. Acta Rev. Cancer 2017, 1868, 584–591. [CrossRef]

59. Du, B.; Shim, J.S. Targeting Epithelial-Mesenchymal Transition (EMT) to Overcome Drug Resistance in
Cancer. Molecules 2016, 21, 965. [CrossRef]

60. Lamouille, S.; Xu, J.; Derynck, R. Molecular mechanisms of epithelial-mesenchymal transition. Nat. Rev. Mol.
Cell Biol. 2014, 15, 178–196. [CrossRef]

http://dx.doi.org/10.1002/cmdc.201000425
http://www.ncbi.nlm.nih.gov/pubmed/21465666
http://dx.doi.org/10.14800/rci.440
http://dx.doi.org/10.1158/2326-6066.CIR-13-0043-T
http://www.ncbi.nlm.nih.gov/pubmed/24455753
http://dx.doi.org/10.1016/j.bbamcr.2014.01.012
http://www.ncbi.nlm.nih.gov/pubmed/24440276
http://dx.doi.org/10.1016/j.celrep.2015.09.016
http://www.ncbi.nlm.nih.gov/pubmed/26456824
http://www.ncbi.nlm.nih.gov/pubmed/24222102
http://dx.doi.org/10.1002/cbf.3146
http://dx.doi.org/10.18632/oncotarget.9180
http://dx.doi.org/10.1111/bjh.12310
http://dx.doi.org/10.1016/j.jtcvs.2004.07.010
http://www.ncbi.nlm.nih.gov/pubmed/15514602
http://dx.doi.org/10.1074/jbc.M508533200
http://www.ncbi.nlm.nih.gov/pubmed/16446371
http://dx.doi.org/10.1182/blood-2005-05-2091
http://dx.doi.org/10.4161/cbt.5.7.2971
http://dx.doi.org/10.3390/cells7100171
http://dx.doi.org/10.7150/ijms.29134
http://www.ncbi.nlm.nih.gov/pubmed/30662337
http://dx.doi.org/10.1016/j.tcb.2018.12.001
http://dx.doi.org/10.1016/j.bbcan.2017.06.006
http://dx.doi.org/10.3390/molecules21070965
http://dx.doi.org/10.1038/nrm3758


Biomedicines 2020, 8, 402 13 of 13

61. Kaimori, A.; Potter, J.; Kaimori, J.Y.; Wang, C.; Mezey, E.; Koteish, A. Transforming growth factor-beta1
induces an epithelial-to-mesenchymal transition state in mouse hepatocytes in vitro. J. Biol. Chem. 2007, 282,
22089–22101. [CrossRef] [PubMed]

62. Moustakas, A.; Heldin, C.H. Non-Smad TGF-beta signals. J. Cell Sci. 2005, 118, 3573–3584. [CrossRef]
[PubMed]

63. Caramel, J.; Ligier, M.; Puisieux, A. Pleiotropic Roles for ZEB1 in Cancer. Cancer Res. 2018, 78, 30–35.
[CrossRef] [PubMed]

64. Wang, Y.; Shi, J.; Chai, K.; Ying, X.; Zhou, B.P. The Role of Snail in EMT and Tumorigenesis. Curr. Cancer
Drug Targets 2013, 13, 963–972. [CrossRef]

65. Santamaria, P.G.; Moreno-Bueno, G.; Portillo, F.; Cano, A. EMT: Present and future in clinical oncology.
Mol. Oncol. 2017, 11, 718–738. [CrossRef]

66. Chen, H.T.; Liu, H.; Mao, M.J.; Tan, Y.; Mo, X.Q.; Meng, X.J.; Cao, M.T.; Zhong, C.Y.; Liu, Y.; Shan, H.; et al.
Crosstalk between autophagy and epithelial-mesenchymal transition and its application in cancer therapy.
Mol. Cancer 2019, 18, 101. [CrossRef]

67. Singla, M.; Bhattacharyya, S. Autophagy as a potential therapeutic target during epithelial to mesenchymal
transition in renal cell carcinoma: An in vitro study. Biomed. Pharmacother. 2017, 94, 332–340. [CrossRef]

68. Catalano, M.; D’Alessandro, G.; Lepore, F.; Corazzari, M.; Caldarola, S.; Valacca, C.; Faienza, F.; Esposito, V.;
Limatola, C.; Cecconi, F.; et al. Autophagy induction impairs migration and invasion by reversing EMT in
glioblastoma cells. Mol. Oncol. 2015, 9, 1612–1625. [CrossRef]

69. Yang, M.; Zhao, H.; Guo, L.; Zhang, Q.; Zhao, L.; Bai, S.; Zhang, M.; Xu, S.; Wang, F.; Wang, X.; et al.
Autophagy-based survival prognosis in human colorectal carcinoma. Oncotarget 2015, 6, 7084–7103. [CrossRef]

70. Huber, M.A.; Kraut, N.; Beug, H. Molecular requirements for epithelial-mesenchymal transition during
tumor progression. Curr. Opin. Cell Biol. 2005, 17, 548–558. [CrossRef]

71. Pires, B.R.; Mencalha, A.L.; Ferreira, G.M.; de Souza, W.F.; Morgado-Díaz, J.A.; Maia, A.M.; Corrêa, S.;
Abdelhay, E.S. NF-kappaB Is Involved in the Regulation of EMT Genes in Breast Cancer Cells. PLoS ONE
2017, 12, e0169622. [CrossRef] [PubMed]

72. Shen, H.; Yin, L.; Deng, G.; Guo, C.; Han, Y.; Li, Y.; Cai, C.; Fu, Y.; Liu, S.; Zeng, S. Knockdown of Beclin-1
impairs epithelial-mesenchymal transition of colon cancer cells. J. Cell Biochem. 2018, 119, 7022–7031.
[CrossRef] [PubMed]

73. Chang, C.J.; Chao, C.H.; Xia, W.; Yang, J.Y.; Xiong, Y.; Li, C.W.; Yu, W.H.; Rehman, S.K.; Hsu, J.L.; Lee, H.H.;
et al. p53 regulates epithelial-mesenchymal transition and stem cell properties through modulating miRNAs.
Nat. Cell Biol. 2011, 13, 317–323. [CrossRef] [PubMed]

74. Kim, T.; Veronese, A.; Pichiorri, F.; Lee, T.J.; Jeon, Y.J.; Volinia, S.; Pineau, P.; Marchio, A.; Palatini, J.; Suh, S.S.;
et al. p53 regulates epithelial-mesenchymal transition through microRNAs targeting ZEB1 and ZEB2.
J. Exp. Med. 2011, 208, 875–883. [CrossRef] [PubMed]

75. Zhang, X.; Cheng, Q.; Yin, H.; Yang, G. Regulation of autophagy and EMT by the interplay between p53 and
RAS during cancer progression (Review). Int J. Oncol. 2017, 51, 18–24. [CrossRef]

76. Tong, H.; Yin, H.; Hossain, M.A.; Wang, Y.; Wu, F.; Dong, X.; Gao, S.; Zhan, K.; He, W. Starvation-induced
autophagy promotes the invasion and migration of human bladder cancer cells via TGF-β1/Smad3-mediated
epithelial-mesenchymal transition activation. J. Cell Biochem. 2019, 120, 5118–5127. [CrossRef]

77. Zong, H.; Yin, B.; Zhou, H.; Cai, D.; Ma, B.; Xiang, Y. Inhibition of mTOR pathway attenuates migration and
invasion of gallbladder cancer via EMT inhibition. Mol. Biol. Rep. 2014, 41, 4507–4512. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1074/jbc.M700998200
http://www.ncbi.nlm.nih.gov/pubmed/17513865
http://dx.doi.org/10.1242/jcs.02554
http://www.ncbi.nlm.nih.gov/pubmed/16105881
http://dx.doi.org/10.1158/0008-5472.CAN-17-2476
http://www.ncbi.nlm.nih.gov/pubmed/29254997
http://dx.doi.org/10.2174/15680096113136660102
http://dx.doi.org/10.1002/1878-0261.12091
http://dx.doi.org/10.1186/s12943-019-1030-2
http://dx.doi.org/10.1016/j.biopha.2017.07.070
http://dx.doi.org/10.1016/j.molonc.2015.04.016
http://dx.doi.org/10.18632/oncotarget.3054
http://dx.doi.org/10.1016/j.ceb.2005.08.001
http://dx.doi.org/10.1371/journal.pone.0169622
http://www.ncbi.nlm.nih.gov/pubmed/28107418
http://dx.doi.org/10.1002/jcb.26912
http://www.ncbi.nlm.nih.gov/pubmed/29738069
http://dx.doi.org/10.1038/ncb2173
http://www.ncbi.nlm.nih.gov/pubmed/21336307
http://dx.doi.org/10.1084/jem.20110235
http://www.ncbi.nlm.nih.gov/pubmed/21518799
http://dx.doi.org/10.3892/ijo.2017.4025
http://dx.doi.org/10.1002/jcb.27788
http://dx.doi.org/10.1007/s11033-014-3321-4
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	LPA5 Is a Friend in Need among GPCRs 
	ER Stress: A Friend Apart from Foe? 
	Good Guys in the EMT Pathway 
	Conclusions 
	References

