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Abstract: The endoplasmic reticulum (ER) is an interconnected organelle that is responsible for the
biosynthesis, folding, maturation, stabilization, and trafficking of transmembrane and secretory
proteins. Therefore, cells evolve protein quality-control equipment of the ER to ensure protein
homeostasis, also termed proteostasis. However, disruption in the folding capacity of the ER caused
by a large variety of pathophysiological insults leads to the accumulation of unfolded or misfolded
proteins in this organelle, known as ER stress. Upon ER stress, unfolded protein response (UPR) of the
ER is activated, integrates ER stress signals, and transduces the integrated signals to relive ER stress,
thereby leading to the re-establishment of proteostasis. Intriguingly, severe and persistent ER stress
and the subsequently sustained unfolded protein response (UPR) are closely associated with tumor
development, angiogenesis, aggressiveness, immunosuppression, and therapeutic response of cancer.
Additionally, the UPR interconnects various processes in and around the tumor microenvironment.
Therefore, it has begun to be delineated that pharmacologically and genetically manipulating strategies
directed to target the UPR of the ER might exhibit positive clinical outcome in cancer. In the present
review, we summarize recent advances in our understanding of the UPR of the ER and the UPR
of the ER–mitochondria interconnection. We also highlight new insights into how the UPR of the
ER in response to pathophysiological perturbations is implicated in the pathogenesis of cancer.
We provide the concept to target the UPR of the ER, eventually discussing the potential of therapeutic
interventions for targeting the UPR of the ER for cancer treatment.

Keywords: endoplasmic reticulum (ER) stress; unfolded protein response (UPR) of the ER; ER-associated
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1. Introduction

The endoplasmic reticulum (ER) is a specialized organelle composed of flattened discs and
elongated tubules. The ER is not only involved in biosynthetic processes, but also coordinates
signal-sensing, -integrating, and -transducing processes to maintain cellular homeostasis. The ER
orchestrates the synthesis, folding, maturation, and stabilization of proteins embedded in the plasma
membrane or destined to be secreted, which constitute around one-third of total proteins that are
synthesized in the cell [1,2]. Additionally, the ER is involved in a variety of cellular processes,
including the maintenance of Ca2+ homeostasis, detoxification, the biosynthesis of lipid species,
and the degradation of glycogen [3–5], indicating the involvement of the ER in signal transduction,
lipid metabolism, and cell–cell communications. A large variety of physiological and pathological
perturbations, including an increase in protein synthesis, impaired ubiquitin-proteasome system (UPS),
defects in autophagy, ER-Ca2+ depletion, hypoglycemia, energy deprivation, dysregulated redox
homeostasis, inflammatory stimuli, and hypoxia may interfere with ER homeostasis, thereby leading
to the accumulation of misfolded proteins in the ER, which is referred to as ER stress. In response to
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ER stress, the ER activates unfolded protein response (UPR) of the ER to integrate ER stress signals
(Figure 1) [6]. The activated UPR organizes the temporal decrease in protein synthesis in the company
with a subset of gene expression that is involved not only in the folding, maturation, and stabilization of
proteins, but also in protein degradation via ER-associated degradation (ERAD) to re-establish protein
homeostasis, also termed proteostasis. Intriguingly, deregulation of the UPR and a subsequent failure
in the re-establishment of proteostasis are closely linked with a various human diseases, including
cardiovascular diseases, neurodegenerative diseases, immune diseases, and cancer [7–9], implicating
the essential role of the UPR as a stringent protein quality-control machinery of the ER. Even with the
assistance of the dedicated UPR, if ER stress is severe and not resolved, the UPR activation switches
from an adaptive pro-survival to a toxic pro-death response [10].
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of a chaperone, binding immunoglobulin protein (BiP) to the luminal domain of the stress sensors. ER 
stress-induced release of BiP from the stress sensors leads to the activation of the UPR. ERAD is 
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Figure 1. The unfolded protein response (UPR) of the endoplasmic reticulum (ER) and ER-associated
degradation (ERAD). The UPR of the ER is an adaptive interplay of signal transduction pathways to
coordinate ER stress response and to relieve ER stress, resulting in the re-establishment of proteostasis.
The UPR consists of three stress sensors localized at the ER membrane, activating transcription factor
6 (ATF6), inositol-requiring protein 1 (IRE1), and protein kinase RNA (PKR)-like ER kinase (PERK).
Under normal conditions, these stress sensors are maintained in an inactive form via the direct binding
of a chaperone, binding immunoglobulin protein (BiP) to the luminal domain of the stress sensors.
ER stress-induced release of BiP from the stress sensors leads to the activation of the UPR. ERAD is
conserved protein degradation machinery of the ER to remove unfolded, misfolded, or unassembled
proteins by the cytosolic ubiquitin-proteasome system (UPS).

In this review, we not only highlight new insights into how protein quality control of the ER
to pathophysiological perturbations is implicated in the pathogenesis of cancer, involving tumor
development, angiogenesis, aggressiveness, immunosuppression, and therapeutic response of cancer,
but also discuss the current state of therapeutic interventions for targeting UPR of the ER in cancer.
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2. The UPR of the ER: A Complex Interplay between Three Transmembrane ER-Resident
Stress Sensors

The UPR of the ER is an elaborate interplay of signal transduction pathways, which senses ER stress
and transduces the ER stress signals from the ER to the nucleus and cytoplasm, thereby coordinating
ER stress response and restoring the capability of the ER to adequately fold or eventually eliminate
misfolded, unfolded, or unassembled proteins, which re-establishes ER homeostasis. The UPR is
composed of three major stress sensors localized at the ER membrane, including activating transcription
factor 6 (ATF6) α and β, inositol-requiring protein 1 (IRE1) α and β, and protein kinase RNA (PKR)-like
ER kinase (PERK) [11–13]. The expression of IRE1α is found in almost all of tissues, whereas the
expression of IRE1β is restricted to the epithelial cells of gastrointestine [14]. IRE1 and PERK belonging
to type I transmembrane proteins have a cytosolic Ser/Thr kinase domain and an ER luminal domain,
while ATF6 belonging to a type II transmembrane protein possess an ER luminal domain and a
cytosolic cyclic AMP response element-binding protein (CREB)-ATF basic leucine zipper domain [9].
Under normal condition, these three stress sensors are sequestered in an inactive form via the direct
interaction with a chaperone belonging to a heat shock protein 70 family, binding immunoglobulin
protein (BiP, also known as GRP78) [15]. Under the condition in which the accumulation of unfolded
or misfolded proteins are above a threshold of the folding capacity of the ER, known as ER stress, BiP
is dissociated from the ER stress sensors and is recruited to misfolded or unfolded proteins, resulting
in the priming of the stress sensors for activation [16,17]. The UPR sensors can also be regulated by
protein disulfide isomerases (PDIs) [18–20], suggesting the existence of a sophisticated interplay for
the activation of the UPR. Furthermore, direct interaction of misfolded or unfolded proteins with PERK
or IRE1 has been suggested to activate PERK or IRE1 [11,21–23].

2.1. PERK

PERK is a type I transmembrane Ser/Thr kinase with a luminal stress-sensing domain and a
cytosolic kinase domain [24]. ER stress-induced release of PERK from BiP leads to the homodimerization
and trans-autophosphorylation of PERK, which activates the kinase domain of PERK. Eukaryotic
translation initiation factor 2 α (eIF2α) and nuclear factor-E2-related factor 2 (Nrf2) are known to be
substrates for PERK [25]. The activated PERK phosphorylates the eIF2α at serine 51, which leads to
the inhibition of cap-dependent translation and the reduction in global protein translation, thereby
decreasing the amount of newly synthesized proteins inside the ER, which ensures the cell will relieve
the ER stress. In contrast, cap-independent translation can be facilitated by PERK-mediated eIF2α
phosphorylation [24,25]. Activation transcription factor 4 (ATF4, also known as CREB2) is favorably
translated under the condition of ER stress, thereby leading to the transactivation of various genes,
including growth arrest and DNA damage-inducible protein (Gadd34), ER oxidoreductin 1 (Ero1) and
CCAAT/enhancer-binding protein (C/EBP) homologous protein (Chop), all of which not only fine-tune
the redox and metabolic status of the ER, subsequently providing a suitable oxidative environment of
the ER for proper protein folding, but also promote autophagy and apoptosis [25–27].

PERK-mediated phosphorylation of Nrf2 in response to ER stress promotes the upregulation
of a number of genes involved in redox homeostasis by stimulating the release of Nrf2 from its
repressor, kelch-like enoyl-CoA hydratase (ECH)-associated protein 1 (KEAP1), in the cytoplasm and
the subsequent translocation of Nrf2 into the nucleus [28]. Therefore, these parallel PERK-eIF2α-ATF4
and PERK-Nrf2 pathways may resolve ER stress, restore the folding capacity of the, and facilitate
adaptation to oxidative stress.

2.2. IRE1

IRE1 is a type I transmembrane kinase and have both of an endoribonuclease activity and a
Ser/Thr kinase activity within its cytoplasmic domain, although IRE1 itself is the only known direct
substrate phosphorylated by IRE1 [29]. ER stress-mediated release of IRE1 from BiP facilitates the
oligomerization and trans-autophosphorylation of IRE1, thereby leading to a conformational change
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and subsequent activation of endonuclease domain of IRE1. Additionally, an ER chaperone, heat shock
protein 47 (HSP47), binds to the luminal domain of IRE1 and blocks the interaction between IRE1 and
BiP, subsequently promoting the activation of IRE1 [30,31]. IRE1 non-conventionally splices unspliced
X-box binding protein 1 (XBP1) mRNA (Xbp1u) and, therefore, a translational frameshift is formed to
generate spliced XBP1 mRNA (Xbp1s) [22,32]. As a potent transcription factor, XBP1s facilitates the
expression of a variety of genes involved in ER protein quality control, ERAD, ER/Golgi biogenesis,
redox homeostasis, and oxidative stress response [33,34].

2.3. ATF6

ATF6 is a type II transmembrane protein with a cytosolic bZIP transcription factor domain.
Upon ER stress, the dissociation of ATF6 from BiP results in its translocation to the Golgi apparatus, in
which ATF6 is cleaved by the Golgi enzymes site 1 protease (S1P) and S2P. This processing of ATF6
produces a cleaved cytosolic p50 fragment and as an active transcription factor, the cytosolic p50
fragment upregulates the expression of XBP1 and the genes implicated in protein folding and ERAD
processes, thereby leading to the improvement of the folding capacity of the ER, the elimination of the
unfolded or misfolded proteins, and the subsequent restoration of proteostasis [35,36]. Furthermore,
cytosolic p50 fragment of ATF6 is also responsible for ER expansion as well as lipid biogenesis [37,38].

3. ER-Mitochondria Interconnection and UPR

The ER is interconnected with almost all of other cellular organelles and operates with these
organelles to sense extrinsic and intrinsic perturbations, integrate the stress signals, and finetunes
cellular signal transduction processes, indicating that the ER is a central coordinator to ensure
cellular homeostasis [39]. Specifically, tight interconnection between the ER and mitochondria plays
a multifaceted roles in the regulation of fundamental physiological processes, involving cell fate
decisions, mitochondrial bioenergetics, proteostasis, and metabolism, which is closely associated
with tumorigenesis and therapeutic responses of cancer cells. The crosstalk between the ER and
mitochondria is tightly controlled by microdomains referred to as mitochondria-associated ER
membranes (MAMs) [40–43]. Intriguingly, MAMs are not only static physical bridges between
the ER and mitochondria, but also essential platforms for the exchange of molecular signals and the
formation of protein complex for critical decisions in response to perturbations of cellular homeostasis.
Further, over the past years, it has been demonstrated that oncogenes as well as tumor suppressors are
localized in MAMs and exert pro- and anti-apoptotic functions via the regulation of the transfer of
Ca2+ and the communications between the ER and mitochondria.

Accumulating evidence demonstrates that MAMs play a pivotal role not only in the control of
ER stress, but also in the intense and mutual crosstalk between the UPR of the ER and the complex
signaling processes of mitochondria [44–46]. It has been demonstrated that a variety of ER chaperones,
involving BiP, calnexin, calreticulin, and sigma 1 receptor (Sig1R) are localized in MAMs [47,48].
PERK has been shown to be an integral member of MAMs and PERK depletion has been known to
result in the weakness of ER-mitochondria contact sites, thereby leading to the increased resistance to
apoptosis upon ER stress [49]. Further, PERK-ATF4 axis is required for the induction of a truncated
variant of sarco/endoplasmic reticulum Ca2+ ATPase 1 (SERCA1), S1T, that is localized to MAMs,
increases the number of ER-mitochondria contact sites and mitochondrial Ca2+ overload, and attenuates
mitochondrial movement, which consequently promotes apoptosis, suggesting that PERK-ATF4 axis
reinforces MAMs [50]. Additionally, PERK-ATF4 axis upregulates the expression of E3 ubiquitin ligase
Parkin that is reported to increase ER-mitochondria interconnection, suggesting the key role of the
PERK-ATF4 axis in the upregulation of MAMs-resident proteins [51].

IRE1 has been also shown to be localized in MAMs. Upon ER stress, the association of IRE1 with
the MAMs-resident ER chaperone Sig1R promotes IRE1 dimerization [48]. Additionally, Sig1R and BiP
form a Ca2+-sensitive complex and prolong Ca2+ signaling by stabilizing inositol-1,4,5-triphosphate
receptor (IP3R) [48].
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Although the relationship between MAMs and tumorigenesis remains to be elucidated, given that
cancer cells are addicted to ER-mitochondria interconnections and ER-mitochondrial Ca2+ transfer,
targeting of MAMs structure, functions, and dynamics represents potential therapeutic strategy for the
treatment of cancer.

4. Cell Fate Decisions and UPR

The UPR of the ER is connected to cell fate decisions. Under tolerable ER stress, UPR activation
facilitates cell survival through the relief of ER stress and the restoration of homeostasis. However,
when the adaptive responses of the UPR is overwhelmed by severe and persistent ER stress and
ER homeostasis is not restored, the responses of the UPR change over from adaptive pro-survival
to toxic pro-death and/or premature senescence as two tier safety mechanisms via the release of
Ca2+, the upregulation of pro-apoptotic B cell chronic lymphocytic leukemia (CLL)/lymphoma 2
(BCL-2) family members, the production of reactive oxygen species (ROS), or the regulation of
microRNAs [11,52]. Although the exact switching mechanisms remain largely elusive and has begun
to be understood, potential mechanisms may be not only based on the modulation of mRNA stability
and differential expression of proteins involved in pro-survival and pro-death signals, but also tightly
regulated by anti- or pro-apoptotic BCL-2 proteins, which coordinate information about the strength
and the duration of ER stress, subsequently transducing the information to adaptive pro-survival or
toxic pro-death signaling pathway for cell fate decision [11,52] (Figure 2).
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Figure 2. The unfolded protein response (UPR) and its connection to cell death. Under severe
endoplasmic reticulum (ER) stress, sustained protein kinase RNA (PKR)-like ER kinase (PERK) activation
is required for the transition from protective to pro-apoptotic UPR function. Cell-surface binding
immunoglobulin protein (BiP) forms a complex with Kringle 5, enhancing caspase-7-mediated cell death.
In addition, extracellular prostate apoptosis response-4 (Par-4) binds to cell-surface BiP, thereby leading
to apoptosis via activation of Fas-associated protein with death domain (FADD)/caspase-8/caspase-3
pathway. Upregulated CCAAT/enhancer-binding protein (C/EBP) homologous protein (CHOP)
regulates the expression of pro-apoptotic and pro-survival genes, thereby leading to cell death. CHOP
also mediates cell death via the upregulation of the expression of ER oxidoreductin 1 (ERO1α) and growth
arrest and DNA damage-inducible protein (GADD34). As a molecular scaffold, inositol-requiring
protein 1 (IRE1) is responsible for the recruitment of an E3 ubiquitin ligase, tumor necrosis factor
(TNF) receptor-associated receptor 2 (TRAF2), and for the activation of mitogen-activated protein
kinase (MAPK) signaling pathways, triggering cell death. In addition, regulated IRE1-dependent decay
(RIDD)-mediated cleavage of miRNAs and mRNAs induces cell death.
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4.1. Cell Fate Decisions and BiP

BiP has been demonstrated to be located not only in the lumen of the ER, but also on the surface
of tumor cells, raising the possibility that BiP on the tumor cell surface may play a role as a cell surface
receptor in signal transduction pathways for cell fate decisions. BiP on the surface of prostate cancer
cells activates pro-survival MAPK and Rac-α serine/threonine-protein kinase (AKT, referred to as
protein kinase B (PKB)) signaling pathways [53]. On the contrary, a tumor suppressor protein, prostate
apoptosis response-4 (Par-4), is secreted from cancer cells and binds to cell surface BiP, subsequently
activating extrinsic apoptotic pathway [54]. Furthermore, angiogenesis inhibitor Kringle 5 (K5) interacts
with cell surface BiP and promotes apoptosis in tumor cells [55].

4.2. Cell Fate Decisions and PERK

Under mild ER stress, transient activation of PERK is involved in pro-survival gene expression.
Activated Nrf2 by PERK binds to antioxidant response element (ARE) on the promoter regions of
Bcl-xL and BCL-2 and induces the expression of Bcl-xL and BCL-2, thereby leading to the induction of
antioxidant defense system and subsequent inhibition of cell death [56–59]. Additionally, miR-211
induced by ATF4 facilitates histone methylation at the DDIT3 promoter and subsequently attenuates
the expression of CHOP [60].

Under severe ER stress, sustained activation of PERK is responsible for the switch from protective
pro-survival to toxic pro-death [61]. CHOP has been suggested to play a crucial role in ER stress-induced
cell death under excessive and sustained activation of PERK [27,62]. At early stages of ER stress, CHOP
expression is downregulated by Toll-like receptor (TLR) signaling and histone methylation [60,63].
However, if ER stress is prolonged and unresolved, upregulated CHOP increases the synthesis and
misfolding of proteins by upregulating the expression of tRNA synthetase, which evokes oxidative stress
and subsequent cell death [9,64]. Further, both of the treatment of antioxidant butylated hydroxyanisole
and RPL24 depletion not only decreases ROS production, but also protein translation, thereby preventing
cell death [64]. Under severe and prolonged ER stress, CHOP-mediated upregulation of ERO1α and
GADD34 accelerates cell death. GADD34 forms a feedback loop with protein phosphatase 1C (PP1C)
and mediates the dephosphorylation of eIF2α, resulting in the resumption of protein synthesis, which
can increase protein load in the ER and therefore amplify toxic pro-death signal [65]. Additionally,
CHOP-mediated ERO1α induction creates hyperoxidizing environment of the ER, which is detrimental
to adequate protein folding and consequently propagates pro-death signal [27]. ERO1α transfers
electrons to molecular oxygen in the course of disulfide bond formation, which generates hydrogen
peroxide and subsequently facilitates IP3R-mediated Ca2+ efflux from the ER and ROS production. Ca2+

influx into mitochondria through MAMs and its increase inside mitochondria trigger mitochondrial ROS
production, activate nitric oxide synthase and Krebs cycle dehydrogenases, and stimulate the release of
cytochrome c, suggesting that ER stress attenuates the function of mitochondria and mediates oxidative
stress response, potentiating cell death [66]. Additionally, CHOP downregulates the expression of
pro-survival BCL-2 and perturbs the cellular redox state, thereby sensitizing cells to apoptosis [67].
CHOP-mediated suppression of BCL-2 results in the release of BCL-2 homology domain 3 (BH3)-only
proteins, including BAD, PUMA, and NOXA, resulting in the induction of mitochondria-dependent
apoptosis [68–70]. Moreover, CHOP-mediated upregulation of BCL-2-interacting mediator of cell
death (BIM) induces apoptosis upon ER stress [71]. Additionally, CHOP upregulates death receptor 5
(DR5) and tribbles 3 (TRB3), which sensitizes cells to apoptosis [72,73]. These observations suggest
that sustained activation of PERK signaling operates to switch cells from adaptation for survival to
cell death.

4.3. Cell Fate Decisions and IRE1

IRE1-mediated activation of nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB) and
signal transducer and activator of transcription 3 (STAT3) has been shown to upregulate the expression
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of anti-apoptotic proteins, including myeloid cell leukemia 1 (MCL1) and inhibitor of apoptosis
(IAP), the caspase-8 inhibitor cellular FADD-like IL-1β-converting enzyme (FLICE)-inhibitory protein
(c-FLIP), and BCL-2 family members, which inhibits cell death [74].

Under tolerable ER stress, IRE1 plays a protective role by non-conventionally splicing Xbp1u
and generating Xbp1s. Interestingly, independent of the non-conventional splicing capability of
IRE1, IRE1 is responsible for a molecular scaffold in the formation of UPRosome, in which various
adaptor proteins and regulators assemble to modulate the amplitude and kinetics of IRE1 signaling and
coordinate the signals for cell fate decisions. UPRosome integrates downstream cellular stress responses,
involving protein quality control, ERAD, organelle biogenesis, and autophagy, and eventually decides
cell fate [75–78]. Actually, the amplitude of IRE1 signaling at the ER membrane is modulated
by the formation of protein complex composed of BCL-2 family members, regulator and adaptor
proteins, and the cytosolic domain of IRE1. IRE1 associates with apoptosis signal regulating kinase 1
(ASK1)-interacting protein 1 (AIP1), resulting in the stimulation of IRE1 signaling [79]. Additionally,
ER-resident protein phosphatase 1B (PTP1B) [80] and HSP72 [81] physically interact with IRE1, thereby
potentiating IRE1 signaling. As a molecular scaffold, IRE1 is responsible for the recruitment of an
E3 ubiquitin ligase, tumor necrosis factor (TNF) receptor-associated receptor 2 (TRAF2), and the
activation of its downstream kinase, ASK1, which activates p38 mitogen-activated protein kinase
(MAPK) and c-Jun N-terminal kinase (JNK) signaling pathways and subsequently mitochondrial
apoptosis [82,83]. C-Jun N-terminal inhibitory kinase (JIK) has been also known to interact with and
modulate IRE1-TRAF2 complex [84]. Additionally, IRE1-mediated MAPK activation in turn not only
activates pro-apoptotic BH3-only proteins such as BIM, but also attenuates the anti-apoptotic activity
of BCL-2 [85]. Furthermore, the direct association of IRE1 with pro-apoptotic BCL-2-associated X
protein (BAX) and BCL-2-antagonist/killer (BAK) regulates IRE1 activity and stimulates mitochondrial
apoptosis mediated by ER stress [86]. Interestingly, the expression of BAX in BAX and BAK-deficient
mouse embryonic fibroblasts (MEFs) could reconstitute IRE1-TRAF2 signaling pathway and BH3-only
proteins-facilitated mitochondrial apoptosis [87], suggesting that the crosstalk between BCL-2 protein
family members and IRE1 might be a key player of cell fate decisions upon ER stress.

Prolonged ER stress has been shown to inactivate UPRosome signaling pathway. IRE1 signaling
pathway is downregulated via a direct interaction between the cytosolic region of IRE1 and BAX
inhibitor 1, BI-1, in different settings [88]. For example, BI-1 displaces BAX and BAK from the
UPRosome or alternatively interacts with BAX and BAK and subsequently inhibits the association of
BAX and BAK with IRE1, resulting in the inactivation of UPRosome signaling [88–91]. Interestingly,
it has been shown that ER-associated E3 ubiquitin ligase, bifunctional apoptosis regulator (BAR),
associates with BI-1, which leads to the proteasomal degradation of BI-1 and the sustained activation
of IRE1 signaling [92].

Under non-resolvable ER stress, a large variety of ER-bound mRNAs involving IRE1 can be
degraded by regulated IRE1-dependent decay (RIDD). RIDD is a well-conserved mechanism, in
which IRE1 cleaves mRNA transcripts possessing the consensus sequence, CUGCAG, in the company
of a stem-loop structure [93–96]. In addition, under severe and prolonged ER stress, IRE1 can be
hyperactivated and cleave microRNAs such as miR-17, miR-34a, miR-96, and miR125b that normally
repress pro-apoptotic targets including pro-apoptotic caspase-2, which activates caspase-2 and induces
caspase-2-mediated cleavage of BH3 interacting-domain death agonist (BID), thereby facilitating BAX
and BAK-dependent apoptosis [97–99].

4.4. Cell Fate Decisions and ER-Associated Caspases

Several ER-related caspases have been suggested to be implicated in ER stress-induced
apoptosis [84,100]. Although caspase-12 has been shown to be involved in ER stress-induced apoptosis
in rodents, it is not likely that this mechanism operates in humans [100–103]. ER membrane-localized
human caspase-4 is cleaved and activated in response to ER stress [104,105]. Cleavage of caspase-4 is
not influenced by BCL-2 that inhibits signal transduction pathway of mitochondria, indicating that
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caspase-4 is dominantly involved in ER stress-promoted apoptosis not in mitochondrial apoptosis [105].
Interestingly, the cleavage of an integral ER membrane protein, B-cell receptor-associated protein
31 (BAP31) by caspase-8, generates a p20 fragment, which facilitates the release of Ca2+ from
the ER, concomitant accumulation of Ca2+ in mitochondria, thereby leading to the recruitment of
dynamin-related protein 1 (Drp1) into mitochondria [106]. Drp1 recruited into mitochondria promotes
mitochondrial fission and mitochondrial apoptosome-mediated apoptosis, suggesting the importance
of the crosstalk between the ER and mitochondria for cell fate decisions.

5. UPR and Cancer

In the course of tumor development, tumor cells are continuously exposed to a variety of extrinsic
and intrinsic perturbations, including an increase in protein synthesis and secretion, deregulated protein
degradation, genomic instability, changes in the activation status of tumor suppressors and oncogenes,
nutrient deprivation, hypoxia, and acidosis, all of which induce ER stress and subsequently activate the
UPR. [107–109]. The activated UPR has been demonstrated to be closely linked to tumor development,
remodeling of tumor microenvironment, angiogenesis, aggressiveness, immunosuppression, and
therapeutic response of cancer [109,110]. Interestingly, the sustained activation of UPR at later stages
of tumor development could trigger the tumor to adapt to extrinsic and intrinsic insults and enable
the tumor to not only resist to ER stress-mediated apoptosis, but also to survive by facilitating
epithelial-to-mesenchymal transition (EMT), metastasis, and angiogenesis, while transient UPR at
early stages of tumor development could attenuate tumor progression [110–112]. Further, cancer
patients with the UPR deregulation have been demonstrated to be associated with poor prognosis,
suggesting the potential of the UPR deregulation signature for diagnosis as well as prognosis of cancer
patients [113]. However, the UPR in cancer remains to be elusive. To establish the role of the UPR in
the course of cancer pathogenesis, it is required to clarify the tumor context-dependent differences in
the role of the UPR, the alterations in the expression pattern of UPR components, and the interplay of
three arms of the UPR.

5.1. UPR and Tumorigenesis

5.1.1. Tumorigenesis and BiP

Cancer cells are often characterized by augmented rates of protein synthesis, resulting in an
increase in the expression of chaperones and folding enzymes. Increased expression of BiP has
been reported to promote tumorigenesis in various tumors, to regulate therapy resistance, and to
be associated with poor outcome and recurrence [114–119]. BiP-deficient fibrosarcoma cells show
attenuated formation of tumors once xenografted in mice [120]. Interestingly, BiP has been shown to
be highly expressed in various tumors due to the ER stress induced by oxygen- and nutrients-deprived
tumor microenvironment and to be correlated with tumor growth, invasion, and metastasis, suggesting
that ER stress-induced upregulation of BiP in tumors is closely related with the adaptation and the
improved tolerance of tumor cells to altered tumor microenvironment [117]. Elevated expression
of BiP has been found to be associated with higher pathological grade and aggressive phenotypes
of breast cancer [121], indicating that BiP might be used to predict poor prognosis. In addition,
circulating antibodies against BiP has been found in sera of prostate cancer patients with aggressive
phenotype [122].

On the contrary, upregulation of BiP has been also demonstrated to induce dormancy or
senescence. Oncogenic HRASG12V-driven ER stress promotes premature senescence through the
increased expression of BiP [123]. Further, BiP expression has been shown to be associated with
favorable prognosis in lung cancer and neuroblastoma patients [124,125]. Therefore, it is likely that
in early stages of tumorigenesis, upregulation of BiP attenuates tumor progression via senescence or
dormancy, while in more advanced stages of tumorigenesis, increased expression of BiP facilitates
tumor progression via pro-survival or pro-metastatic signals.
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5.1.2. Tumorigenesis and IRE1

IRE1 has been demonstrated to be linked with tumor progression. XBP1s has been reported
to be elevated in a variety of tumors, involving breast cancer, hepatocellular carcinoma, lymphoma,
and multiple myeloma [126–129]. XBP1s facilitates tumorigenesis and relapse of tumor in triple
negative breast cancer (TNBC) [130]. TNBC cells injected into mice have been demonstrated to
develop resistance to chemotherapeutic drugs, doxorubicin and paclitaxel, while XBP1 depletion has
been shown to attenuate the resistance and tumor recurrence [130,131]. Proto-oncogene MYC has
been shown to interact with XBP1 and potentiate the transcriptional activity of XBP1 in TNBC [132].
Furthermore, MYC also binds to the promoter region of IRE1 and upregulates the expression of
IRE1 and subsequent splicing of XBP1 [132]. Patient-derived TNBC cells transplanted into mice
form fewer tumors when XBP1 was depleted, while patient-derived TNBC cells form more tumors
when XBP1 was overexpressed [130], suggesting that XBP1 is important for TNBC tumor initiation
and progression. Interestingly, it has been shown that IRE1 not only regulates production, but also
secretion of pro-inflammatory cytokines in TNBC cells [133]. Inhibition of IRE1 endonuclease activity
attenuates the secretion of pro-inflammatory cytokines and enhances chemotherapeutic drug-mediated
tumor suppression, suggesting that inhibition of IRE1 can potentiate the efficacy of chemotherapeutics
for TNBC treatment [133]. Further, XBP1 upregulation promotes the expression of nuclear receptor
coactivator 3 (NCOA3) and induces resistance of luminal type of breast cancers to anti-hormonal
agents [134]. Additionally, elevated expression of XBP1 in multiple myeloma patients is associated
with poor survival and clinical outcome [135], suggesting that XBP1 is implicated in tumor progression
and response to therapies.

IRE1 has been found to be mutated in some tumors [97,136,137]. Some mutant forms of IRE1 are
positively correlated with tumor development, despite their intact endonuclease and kinase activities.
Additionally, IRE1 is positively correlated with poor prognosis in pre-B acute lymphoblastic leukemia
and glioblastoma [138–141]. Further, XBP1 forms a transcriptional complex with hypoxia-inducing
factor 1α (HIF1α), a key regulator of vascular endothelial growth factor (VEGF), and stimulates
angiogenesis in TNBC [130].

5.1.3. Tumorigenesis and PERK

PERK has been shown to be linked with hematological as well as solid tumor development. PERK
depletion facilitates tumor development [142,143]. Accelerated protein synthesis and ROS production
by PERK trigger cell death, while decreases in protein synthesis and ROS production by RPL24
depletion as well as the treatment of antioxidant inhibit cell death, suggesting the tumor-suppressive
role of PERK signaling [64]. In contrast, PERK accelerates tumor progression by stabilizing Nrf2 and
regulating redox homeostasis [142,144–147]. Furthermore, PERK facilitates angiogenesis and tumor
development not only by upregulating the expression of VEGF, interleukin-6 (IL-6), fibroblast growth
factor 2 (FGF2), platelet-derived growth factor receptor β (PDGFRB), and type I collagen inducible
protein (VCIP), which are involved in the generation, growth, and stabilization of vessels, but also by
downregulating anti-angiogenic cytokines [143,148].

5.1.4. Tumorigenesis and ATF6

Compared to IRE1 and PERK, ATF6 in cancer is largely unknown. ATF6 has been found to be highly
expressed in Hodgkin lymphoma and hepatocellular carcinoma patients [128,149]. Interestingly, ATF6
and eIF2α have been shown to play a pivotal role in the activation of mammalian target of rapamycin
complex 2 (mTORC2), subsequently promoting angiogenesis in endothelial cells [150]. Further, ATF6
has been known to be involved in the regulation of cancer cell dormancy. The characteristics of cancer
cell dormancy involve cell cycle arrest in the G0/G1 phase, termination of cell division, and entry into
quiescence [151]. The reactivation of dormant cancer cells by the resumption of optimal circumstances
for cancer cells has been suggested to be a main reason for cancer recurrence after therapies [152].
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ATF6 modulates cancer cell dormancy via the activation of Ras homolog enriched in brain (RHEB)
and mTOR, in which ATF6 not only plays a role as a key survival factor for quiescent squamous
carcinoma cells, but is also pivotal for the adaptation of dormant cells to chemotherapy [153]. Moreover,
high expression of ATF6 has been found in recurrent tumors and to be correlated with increased
chemoresistance [20,154], suggesting a functional link between ATF6 and cancer cell dormancy and
subsequent resistance to treatment.

5.2. UPR and Metastasis

It has been shown that BiP depletion attenuates lung metastasis of TNBC cells xenografted in
mice, whereas BiP overexpression promotes metastasis [155,156].

IRE1 has been shown to be associated with metastasis. The transcriptional complex of XBP1 with
HIF1α elevates the expression of pyruvate dehydrogenase kinase 1 (PDK1) and glucose transporter
1 (GLUT1) that are the downstream genes of HIF1α, which facilitates tumor development and
invasiveness of TNBC [130]. In contrast, IRE1 significantly attenuates the expression of proteins related
to EMT and invasiveness of glioma, including thrombospondin-1, secreted protein acidic and rich in
cysteine (SPARC) and decorin, while IRE1 is positively associated with pro-angiogenic factors such as
VEGF-A, IL-1β, IL-6, and IL-8 in malignant glioma [157,158], suggesting that a comprehensive analysis
of IRE1 arm of the UPR is pivotal for the adequate elucidation of its role in modulating angiogenesis
and invasiveness.

PERK has been demonstrated to be involved in EMT [159]. Moreover, PERK arm of the UPR
facilitates the metastasis of breast cancer cells by activating lysosome-associated membrane protein
3 (LAMP3) [160]. Additionally, the upregulation of ATF4 has been shown to modulate matrix
metalloproteinases in esophageal squamous carcinoma, promote metastasis, and be closely associated
with poor prognosis in cancer patients [161].

5.3. UPR and Cancer Immunogenicity

Tumor microenvironment is the environment surrounding tumors and includes signaling
molecules, infiltrating immune cells, fibroblasts, endothelial cells, extracellular matrix, and blood
vessels. Importantly, the complex interplay of UPR signal transduction pathways in and around
the tumor microenvironment has begun to be elucidated and demonstrated to be involved in
tumor development and tumor immunosurveillance [159]. Elevated expression of CHOP has been
found in tumor-infiltrating myeloid-derived suppressor cells (MDSCs) [162]. CHOP depletion in
tumor-infiltrating MDSCs is linked to a decrease in immunosuppression toward T cells. Interestingly,
TNF-related apoptosis-inducing ligand receptor (TRAIL-R)-induced cell death is stimulated by CHOP in
tumor-infiltrating MDSCs [163], suggesting that PERK-ATF4-CHOP axis is essential for the modulation
of cancer immunogenicity.

Persistent activation of IRE1-XBP1 axis has been demonstrated in ovarian tumor-infiltrating
dendritic cells (DCs) [164]. Intriguingly, the ovarian tumor-infiltrating DCs promotes ROS
production and subsequently disrupts ER homeostasis, thereby leading to the modulation of cancer
immunogenicity. Additionally, XBP1 depletion in tumor-infiltrating DCs confers immunostimulatory
and anti-tumoral characteristics on tumor-infiltrating DCs in vivo [165–167]. Furthermore,
pharmacological inhibition of IRE1 in IL-6 and IL-4-stimulated bone-marrow-derived macrophages
downregulates macrophage-mediated cell invasion in vitro [168]. ER stress induced by pharmacological
application upregulates the expression of lectin-type oxidized LDL receptor-1 (LOX-1) in neutrophils
and confers immunosuppressive characteristics on neutrophils [169,170], suggesting that IRE1 arm
of the UPR modulates tumor-associated myeloid cells. However, the role of the UPR in cancer
immunogenicity has begun to be elucidated and many key issues remain to be clarified for the
improvement of immune-based anti-cancer therapies.
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6. Targeting the UPR in Cancer

Targeting the UPR has been considered to be a promising therapeutic approach, since the UPR is
deregulated in various human tumor types [171]. Therefore, it has begun to emerge to be valuable
not only to identify molecules that efficiently modulate three arms of UPR, but also to investigate
approaches for therapeutic targeting of three arms of UPR for cancer treatment. Given that in a
context-dependent manner, the UPR not only promotes adaptive pro-survival, but also toxic pro-death,
identification and development of UPR-targeting compounds that trigger severe ER stress-induced cell
death or inhibit the protective cell survival could be potential therapeutic approaches for the treatment
of cancers. Additionally, manipulations of ER stress has been shown to possess therapeutic potential in
preclinical models of cancer [172]. Intriguingly, therapeutic strategies to target the UPR may synergize
the effects of conventional chemotherapies. However, there are conflicting literatures considering the
impact of modulating discrete UPR signaling. Inhibition of one arm of the UPR may result in the
alteration of the other arms of the UPR. Therefore, there is a need to define UPR signaling networks and
the mechanisms that finetune the crosstalk between three arms of UPR in detail for the development of
promising compounds to target the UPR in cancer.

6.1. Modulation of PERK

PERK has been suggested as a promising therapeutic target for cancer treatment. GSK2606414 is a
first-in-class PERK inhibitor that selectively binds to the kinase domain of PERK and traps its kinase
domain in its inactive conformation [173]. Interestingly, GSK2606414 has been shown to be orally
active and attenuate tumor growth of pancreatic cancer in vivo [173]. Additionally, it has been shown
that GSK2656157, an optimized version of GSK2606414, has favorable pharmacokinetics and passes
the blood–brain barrier through oral delivery. GSK2656157 inhibits PERK autophosphorylation and
modulates amino acid metabolism, vascular perfusion, and blood vessel density, thereby preventing
tumor growth in vivo [174]. PERK inhibition also sensitizes hypoxic radioresistant glioblastoma
and colon cancer cells in vivo [175], suggesting that UPR targeting may counteract adverse effects of
conventional anti-cancer therapies. Further, PERK-mediated activation of Nrf2 has been demonstrated
to be involved in the development of multidrug resistance [146].

Salubrinal and guanabenz have been demonstrated to target the complex of GADD34 and PP1C
and inhibit eIF2α dephosphorylation, thereby leading not only to the activation of caspase and
subsequent apoptosis, but also the suppression of cell proliferation and invasion [176–179].

The integrated stress response inhibitor (ISRIB) is a symmetric bisglycolamide that renders cells
resistant to eIF2α phosphorylation, which attenuates the activation of ATF4, although its role in the
modulation of tumor progression is yet to be elucidated [180].

6.2. Modulation of IRE1

Compounds targeting IRE1 bind to the catalytic core of the endonuclease domain or the ATP-binding
pocket of the kinase domain of IRE1. Compounds identified by high-throughput screening for IRE1
endonuclease activity bind to the catalytic core of its endonuclease domain and include salicylaldehyde
(3-methoxy-6-bromosalicylaldehyde), MKC-3946, 4µ8C, and STF-083010 [140,141,172,181,182]. Reversible
binding of 3-methoxy-6-bromosalicylaldehyde to IRE1 attenuates IRE1-mediated non-conventional
splicing of XBP1u as well as RIDD in vitro [182]. Further, 3-methoxy-6-bromosalicylaldehyde attenuates
tunicamycin-induced XBP1 mRNA splicing in the kidney, liver, and spleen in vivo [182]. It has been
demonstrated that MKC-3946 combined with the proteasome inhibitor bortezomib synergistically
inhibits the tumor formation of multiple myeloma in vivo, suggesting that MKC-3946-inhibited splicing
of XBP1u potentiates the ER stress induced by bortezomib [140]. The binding of 4µ8C to lysine 907
residue in the catalytic core of the endonuclease domain leads to the formation of a stable imine,
which attenuates IRE1-mediated splicing of XBP1u and RIDD [141,181]. STF-083010 has been shown
to attenuate the growth of multiple myeloma xenografted in mice [183]. Interestingly, STF-083010
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significantly decreases the resistance of breast cancer to tamoxifen in combination with tamoxifen [184].
N9-(3-(dimethylamino) propyl)-N3,N3,N6,N6-tetramethylacridine-3,6,9-triamine (3,6-DMAD) blocks
IRE1 oligomerization as well as its RNase activity, subsequently leading to cytotoxicity in multiple
myeloma cell lines [185]. Additionally, B-I09 has been shown to modulate the aggressiveness of chronic
lymphocytic leukemia cells in vivo [170].

A class of molecules, referred to as hydroxy-aryl-aldehydes (HAA) has been shown to selectively
inhibit IRE1 RNase activity, suggesting the potential of HAA for cancer treatment [186].

Toyocamycin, produced by an Actinomycete strain, has been identified as a potent inhibitor of IRE1
RNase activity by using an XBP1 luciferase activity assay [187]. Similar to MKC-3946, toyocamycin
shows synergistic effects with bortezomib not only on apoptosis of multiple myeloma cells, but also on
the retarded tumor growth of multiple myeloma in vivo [187].

Compounds that bind to the ATP-binding pocket within the kinase domain of IRE1 and inhibit its
kinase activity include sunitinib, APY29, quercetin, and compound 3 [97,188]. As type I IRE1 kinase
inhibitors, sunitinib and APY29 stabilize ATP-binding pocket of IRE1 as in an active conformation,
whereas as type II kinase inhibitors, compound 3 and quercetin stabilize IRE1 as in an inactive
conformation by competing with ATP for the binding to IRE1, which inhibits the oligomerization,
endonuclease activity, and kinase activity of IRE1 [189]. However, there is no evidence that these
inhibitors have a potential as anti-cancer drugs, despite their inhibitory effects on IRE1.

Resveratrol, a natural phenol found in multiple berries, has been shown to reduce the DNA-binding
capacity of XBP1, thereby promoting the death of multiple myeloma cells and hepatocellular carcinoma
models [190,191].

It has been indicated that XBP1s can be regulated by several posttranslational modifications,
involving phosphorylation, acetylation, ubiquitination, and SUMOylation [192], suggesting that
targeting of the posttranslational modifications could be potent pharmacological approaches to
modulate XBP1.

6.3. Modulation of ATF6

ATF6 has been shown to be an important survival factor in dormant squamous carcinoma
cells [153]. ATF6 induces the expression of RHEB, which activates mTOR signaling and renders
therapeutic resistance to dormant cancer cells, suggesting targeting ATF6 might be one of the valuable
therapeutic strategies.

Ceapins belonging to pyrazole amides have been demonstrated to specifically inhibit the ATF6 by
blocking ATF6 processing and its nuclear translocation [193].

6.4. Modulation of ERAD

ERAD is the sophisticated protein degradation machinery of the ER to eliminate unfolded,
misfolded, unassembled, or tightly regulated proteins by the cytosolic UPS [115,194–196]. Targeting
ERAD has been demonstrated to induce severe ER stress, to inhibit cell survival, and to stimulate
cell death in tumors, suggesting the inhibitors of ERAD might be used as valuable anti-cancer
drugs. The first Food and Drug Administration (FDA)-approved proteasome inhibitor, bortezomib,
is known to trigger ER stress and is used as an anti-cancer drug for the treatment of lymphoma and
multiple myeloma. Bortezomib directly inhibits the proteasome and facilitates cell death [197,198].
Additionally, the cytotoxic effects of bortezomib have been confirmed in different types of malignant
cells, including lung, breast, prostate, and colon cancer [199,200]. Further, bortezomib induces the
activation of the UPR and cell death by promoting pro-apoptotic ROS signaling pathways [201].
Interestingly, bortezomib has been demonstrated to potentiate not only doxorubicin-induced cell
death in hepatoma and large B cell lymphoma in mice, but also the anti-cancer effect of cisplatin via
JNK-dependent mechanism, indicating that bortezomib improves the efficacy of chemotherapeutic
agents [199,202,203]. Additionally, bortezomib attenuates the secretion of IL-6 and VEGF by endothelial
cells [204] and decreases vessel density in xenografts of squamous cell carcinoma [205], suggesting
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that bortezomib may target tumor-associated angiogenesis. Bortezomib treatment has been shown to
reduce microvessel density in six of nine patients with multiple myeloma, which is positively correlated
with a better prognosis [206], suggesting that bortezomib negatively modulates angiogenesis and
the anti-angiogenic activity could be used as a prognostic marker for the evaluation of therapeutic
effectiveness of bortezomib.

Given that toxicities and drug resistance have been demonstrated in bortezomib-treated patients,
despite the clinical success of bortezomib [207], a second generation of proteasome inhibitors were
designed and generated. BU-32 was shown to have cytotoxic efficacy in multiple myeloma as well as
breast cancer cells [208,209]. Further, carfilzomib, marizomib, MLN9708, and salinosporamide have
also been developed as proteasome inhibitors and are under clinical trials for the treatment of chronic
lymphocytic lymphoma, myeloma bone disease, and multiple myeloma [200,210–215]. Interestingly,
carfilzomib was applied in combination with carboplatin and etoposide in a clinical trial for relapsed
small-cell lung cancer [216].

The inhibition of proteasome by the protease activity of nelfinavir itself leads to the accumulation
of polyubiquitinated proteins and subsequent cell death [217].

It has been demonstrated that a series of plant-derived polyphenols, involving epigallocatechin
gallate (EGCG), genistein, luteolin, apigenin, chrysin, quercetin, curcumin, and tannins, target UPS
in cancer and improve chemotherapeutic responses [218–223]. EGCG inhibits the chymotrypsin-like
activity of proteasome b5 subunit [170,224,225].

Combination of proteasome inhibitors with targeted therapies has been demonstrated to be
promising for cancer treatment. Hydroxychloroquine, an autophagy inhibitor in combination with
bortezomib, has been suggested as a promising strategy for the treatment of refractory and relapsed
multiple myeloma [226,227]. Bortezomib in combination with monoclonal antibodies, daratumumab
and elotuzumab, BCL-2 inhibitor venetoclax, and histone deacetylase (HDAC) inhibitor panobinostat
shows synergistic effects in refractory and relapsed multiple myeloma [228–232]. Preclinical studies
have shown that ACY-1215, an HDAC inhibitor, potentiates the activity of bortezomib against multiple
myeloma cells [233,234]. Interestingly, TNBC cells have been shown to be sensitive to proteasome
inhibitors, suggesting that proteasome inhibition may be an effective strategy for the treatment of
TNBC patients [235]. The combination of lapatinib, a dual tyrosine kinase inhibitor with proteasome
inhibitors, has been suggested to be promising for the treatment of TNBC patients [236].

In spite of the success for cancer treatment, bortezomib has been demonstrated to be associated
with certain toxicities, involving peripheral neuropathy, hematologic toxicity, gastrointestinal toxicity,
cardiovascular toxicity, and herpes zoster reactivation, indicating the adverse impacts of bortezomib
on patients [237–240]. Additionally, cafilzomib has been shown to be associated with adverse
cardiovascular toxicity [241–243].

Inhibitors for valosin-containing protein (VCP, also known as p97) ATPase that is responsible for
the retrotranslocation of ERAD substrates include eeyarestatin, DbeQ, ML240, ML241, NMS-873, and
CB-5083 [244–250]. Eeyarestatin has been demonstrated to activate ATF3 and ATF4 and to induce
the expression of the pro-apoptotic NOXA in malignant melanoma cells, indicating its anti-cancer
activity [251,252]. Additionally, CB-5083 has been shown to activate the UPR and to induce apoptosis
in various hematological and solid tumors in vitro as well as in vivo [253–255].

6.5. Modulation of Chaperones

Modulation of chaperone has been suggested as a promising approach for cancer treatment. Given
that BiP is closely associated with tumor stages as well as the therapeutic responses of cancers, BiP
inhibitors have been identified and developed for the treatment of cancers [5]. Honokiol inhibits BiP
and induces apoptosis in brain tumors [256]. Additionally, AB5 subtilase (SubAB) cytotoxin inhibits
BiP by specific cleavage [257]. Interestingly, the recombinant form of the subtilase catalytic subunit
(SubA) with human epidermal growth factor (EGF) for more enhanced action promotes a non-typical
apoptosis when combined with photodynamic therapy [258,259]. Further, HA15 belonging to thiazole



Cancers 2019, 11, 1793 14 of 30

benzensulfonamides inhibits BiP and induces apoptosis in a variety of chemoresistant cancer cell
lines in vitro as well as in vivo [260]. Interaction of HA15 with BiP leads to the dissociation of BiP
from three arms of the UPR, thereby leading to the activation of the UPR signaling. Additionally,
epigallocatechin-3-gallate (EGCG) has been shown to bind and inhibit the ATP-binding domain of
BiP, thereby leading to the sensitization of glioma cells to chemotherapy [261]. Overexpressed BiP
forms an inhibitory complex with caspase-7 and causes the inactivation of caspase-7, resulting in
cancer progression and drug resistance. Interestingly, EGCG attenuates the complex formation of BiP
and caspase-7, thereby preventing the anti-apoptotic effects of BiP. Versipelostatin downregulates the
expression of BiP at the transcriptional levels and inhibits the expression of ATF4 and XBP1 [262].
In combination with cisplatin, versipelostatin inhibits BiP in stomach cancer xenograft [263].

ORP150 is an ER-resident HSP70 chaperone that is induced by ER stress as well as hypoxia [264].
Berberine, a natural alkaloid, has been shown to decrease the expression of ORP150 in liver cancer cell
lines [265].

Geldanamycin targets GRP94, the ER resident homologue of HSP90, and induces apoptosis in
B chronic lymphocytic leukemia cells [266,267]. OSU-03012, an inhibitor of GRP94 and GRP78, has
been demonstrated to exhibit anti-cancer effects in combination with sildenafil, a well-known selective
phosphodiesterase type 5 (PDE5) inhibitor [268,269]. 17-allylamino-17-demethoxygeldanamycin
(17-AAG), a derivative of geldanamycin, binds to the amino-terminal ATP-binding domain of HSP90
and inhibits HSP90, resulting in cell death [270,271]. 17-AAG induces XBP1 mRNA splicing and
upregulates CHOP, thereby leading to cell death. Further, other HSP90 inhibitors, involving radicicol,
SNX-2112, and retaspimycin, have been demonstrated to induce cell death via the activation of the UPR
in cancer cells [272]. Interestingly, it has been shown that a combination of rapamycin with retaspimycin
induces massive ER stress and regression of aggressive RAS-driven tumors [273]. Radamide, a chimeric
compound containing quinone moiety from geldanamycin and resorcinol from radicicol, possesses
high affinity for GRP94 and antiproliferative activities on a variety of cancer cell lines [274,275].

It has been demonstrated that PDIA1 inhibitors attenuate the pro-survival effects of the UPR in
cancer and possess potent anti-cancer activity in melanoma and malignant glioma [276,277].

6.6. ER Stress and Immunogenic Cell Death

It has been demonstrated that anti-cancer agents, involving anthracyclines, bortezomib, and HDAC
inhibitors and radiotherapy not only induce death of cancer cells, but also increase immunogenicity
of cell death, thereby leading to the modulation of anti-tumor immunity in and around the tumor
microenvironment [278–281]. This kind of cell death is referred to as immunogenic cell death
(ICD). The immunogenicity of dying cells is delineated by the secretion or exposure of a variety
of molecules, which is termed damage-associated molecular patterns (DAMPs). DAMPs include
ATP secretion, passive release of high-mobility group box 1 (HMGB1), and surface exposure of
calreticulin [110,281,282]. Once released from dying cells, DAMPs acquire pro-inflammatory and
immunostimulatory activities, suggesting that DAMPs may transduce danger signals and activate
immune systems to evoke anti-tumor immunity. In fact, a complex interconnection between autophagy,
ER stress, and oxidative stress has been shown to regulate DAMPs [283–287]. DAMPs not only prime
cancer-killing CD8+ T cells for the secretion of interferon γ (IFNγ), but also anti-cancer CD4+ T cells
for the secretion of IFNγ and IL-17A [288].

PERK has been shown to be involved in the exposure of calreticulin in non-small-cell lung
carcinomas (NSCLCs), thereby leading to ICD and anti-tumor immunity [289]. Furthermore,
PERK activation by photodynamic therapy induces ATP secretion and the surface exposure of
calreticulin, resulting in the clearance of human bladder carcinoma cells by DCs [283]. Interestingly,
anthracyclines-induced ER stress promotes the partially active caspase-8-mediated cleavage of BAP31,
which triggers the surface exposure of calreticulin at the plasma membrane and subsequent ICD [284].
Moreover, radiation and anthracycline treatment induce lethal ER stress, the excessive activation
of the UPR, and an increase in the level of cytosolic Ca2+, thereby leading to the activation of
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inflammasome and ICD [290,291]. Therefore, ER stress-associated ICD might have pro-inflammatory
and pro-immunological properties and combine physiological cell death with anti-tumor immunity,
resulting in the induction of anti-cancer vaccine effect.

7. Conclusions and Future Perspectives

The UPR was classically demonstrated to be restricted to the maintenance of proteostasis in
specialized secretory cells such as pancreatic β cells, plasma B cells, and salivary glands with the
characteristics of accelerated protein synthesis and secretion and continuous generation of ER stress.
However, it has been recently demonstrated that the UPR is also involved in a variety of physiological
processes that are not restricted to protein synthesis and secretion, involving cell differentiation,
inflammation, energy production, and lipid metabolism [39,292]. In the course of tumor development,
tumor cells are continuously exposed to a variety of intrinsic as well as extrinsic perturbations, which
result in ER stress and the subsequent activation of the UPR. The ability of tumor cells to restore
homeostasis by resolving ER stress and to survive dominantly depends on the appropriate activation
of the UPR, suggesting that the UPR is a central player in tumor development [293]. Furthermore,
a variety of studies have revealed that tumors are “addicted” to the UPR. Intriguingly, not only the
interaction of the UPR with other cellular processes, but also the crosstalk between ER stress and cell
fate decisions via the communications of ER with mitochondria are pivotal for tumor development and
therapeutic responses. Therefore, developing therapeutic strategies not only to modulate the UPR, but
also to potentiate the crosstalk between ER stress and mitochondrial cell death have become desirable
approaches of late.

Given that ER stress and the UPR is implicated in the etiology of cancer, the UPR could be
potential therapeutic targets for cancer treatment. Inhibitors targeting the UPR of the ER have been
successfully developed and shown to attenuate the growth of tumors alone or in combination with
other pharmaceutical drugs and to reduce therapeutic resistance in combination with chemotherapeutic
drugs in vivo. However, in spite of the success of proteasome inhibition in multiple myeloma, many
patients have shown to develop resistance to the proteasome inhibitors. Furthermore, the disadvantage
of bortezomib is its high toxicity [294,295]. Additionally, targeting the UPR has been demonstrated to
have unpredictable side effects, mainly due to the opposing pro- and anti-survival roles of the UPR.
Further, inhibition of one arm of the UPR may result in the alteration of the other arms of the UPR
as well as other pathways in tumors, conferring adverse effects on cancer treatment. In conclusion,
identification of novel molecules and mechanisms that are involved in the activation and persistence
of the UPR in cancer can help us understanding how organisms cope with ER stress and developing
new therapeutic strategies. Furthermore, it could be promising to develop novel strategies targeting
cancer-intrinsic defects in combination with the UPR-targeting therapy for cancer treatment.
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