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The endoplasmic reticulum (ER) is responsible for many housekeeping functionswithin the cell and is an impor-
tant site for pathways that regulates its state of homeostasis. When cellular states perturb ER functions, a
phenomenon termed “ER stress” activates a number of pathways to counteract the associated damages; these
pathways are together called the unfolded protein response (UPR). The UPR has a dualistic function; it exists
to alleviate damage associatedwith ER stress, however, if this is not possible, then it signals for cell death through
apoptosis. Cancer cells are shown to be very resilient under extreme environmental stress and an increasing
number of studies have indicated that this may be largely due to an altered state of the UPR. The role of ER stress
and the UPR in cancer is still not clear, however many components are involved and may prove to be promising
targets in future anti-cancer therapy. This article is part of a Special Issue entitled: Calcium Signaling inHealth and
Disease. Guest Editors: Geert Bultynck, Jacques Haiech, Claus W. Heizmann, Joachim Krebs, and Marc Moreau.
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1. Introduction

The optimum state of a cell is necessary for survival and is achieved
through a consistent and sustained level of homeostasis. The challenge,
however, lies in the fact that the cellular environment is constantly
undergoing change, disrupting the internal equilibrium of the cell. To
restore this balance cells have evolved numerousways to adapt to envi-
ronmental stress and, in cases where the damage is too great, ways to
remove the diseased cells, preventing toxicity.
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The endoplasmic reticulum (ER) is a major organelle housing many
cellular functions and is therefore an important site for maintaining ho-
meostasis. When pathways within the ER are disturbed, such as ones
that regulate protein folding, post-translational modifications, lipid
and steroid synthesis, gene expression, cellularmetabolism and calcium
signaling, ER functions become overwhelmed and the accumulation of
misfolded proteins within the ER lumen ultimately leads to ER stress
[1]. As a result, the ER launches various coping mechanisms to alleviate
the damage, allowing the cell to adapt to the environmental stress. On
the other hand, if the recovery of cellular adaptation is not achieved
prolonged ER stress triggers apoptosis [2]. Emerging evidence has
come to suggest a third pathway, one which allows cells to survive ex-
treme environmental insults and evade cell death through up-
regulation of ER adaptive measures [3]. The result is manifested at the
organismal level as a disease or disorder and in particular, cancer,
which has uniquemodifications that allow it to capitalize the third phe-
nomenon, allowing survival and growth.

The physiological environments of solid tumors differ from that of
normal tissues in many ways: it is hypoxic, low in pH and low in nutri-
ents [4]. These environmental factors all contribute to the activation of
ER stress and as a result, cancerous cells must possess ways to adapt
and prevent the fate of ER stress-induced apoptosis [2,5]. Recent studies
have shown the various ways in which cancerous cells utilize altered
states of ER stress responses in order to perturb ER associated cell
death signaling. The following reviewwill look at some of these studies,
ER stress associated responses and their components, as well as
targeting these pathways for developing cancer treatments.

2. Endoplasmic reticulum stress

The ER functions to regulate the quality, folding and secretion of
newly synthesized proteins. Under normal conditions, correctly folded
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proteins are sent through the secretory pathway to their designated cel-
lular location. If proteins are misfolded, they are retained in the ER for
further processing by ER protein chaperones, such as calreticulin,
calnexin and endoplasmic reticulum protein 57 (ERp57), until they
attain the correct conformation for secretion. However, if the correct
conformation cannot be achieved, the misfolded protein is sent for
ER-associated degradation (ERAD).When environmental factors greatly
perturb these processes that maintain ER homeostasis, the ER un-
dergoes stress and activates various ER stress responses termed as the
unfolded protein response (UPR).

2.1. Unfolded protein response

The UPR is composed of three different pathways that fall under the
control of three respective ER transmembrane proteins: protein kinase
RNA-like endoplasmic reticulum kinase (PERK), inositol-requiring
enzyme 1α (IRE1α) and activating transcription factor 6 (ATF6) [6–8].
Under normal cellular conditions, PERK, IRE1α and ATF6 form stable
complexes with the ER stress sensor binding immunoglobulin protein
(BiP) and remain in their inactive state [9]. BiP binds to the ER luminal
domains, preventing homodimerization and activity of PERK and
IRE1α [10,11]. The binding of BiP to ATF6 blocks its Golgi-localization
signals, retaining ATF6 to the ER membrane, which prevents further
processing of ATF6 to its active form [8,12]. In the presence of cellular
stress, accumulation of misfolded proteinswithin the ER binds BiP com-
petitively, causing dissociation of BiP from PERK, IRE1α and ATF6, thus
removing its inhibitory effects [9,10,12]. Release of BiP allows PERK to
dimerize and subsequently autophosphorylate, turning on its kinase ac-
tivity [10]. Activated PERK phosphorylates and inhibits the eukaryotic
initiation factor 2α (eIF2α), consequently turning off protein synthesis
but selectively increasing expression of ATF4 and C/EBP homologous
protein (CHOP) [7,10,13]. ATF4 is a transcription factor that regulates
pro-survival genes, such as those involved in oxidative stress, amino
acid synthesis, protein folding and differentiation [14]. Similarly, upon
dissociation from BiP, IRE1α undergoes dimerization and autophospho-
rylation, activating its endonuclease activity for mRNA processing
[10,15–19]. A particularly important target of IRE1α is the mRNA
encoding X-box binding protein 1 (XBP1). IRE1α splices a 26 base pair
region from the XBP1 mRNA, resulting in an active XBP1 transcription
factor which functions to up-regulate gene encoding proteins involved
in protein folding, quality control and ERAD [19]. In the case of ATF6,
the release of BiP unmasks its Golgi-localization signals, which allows
ATF6 to translocate to the Golgi. ATF6 is then sequentially cleaved by
the site-1 and site-2 proteases, releasing an N-terminal fragment that
acts as a transcription factor to increase transcription of XBP1 and
ERAD associated proteins [12,19,20].

2.2. Apoptosis

Under moderate ER stress, the UPR can function as a pro-survival
mechanism and return the cell to its state of homeostasis. However,
when cellular damage exceeds the capacity of this adaptive response,
ER stress is prolonged and continued activation of the UPR signals the
cell for apoptosis [21,22]. CHOP is a major pro-apoptotic transcription
factor that mediates ER-stress induced apoptosis and is a target for up-
regulation by all three arms of the UPR pathway [23]. CHOP induces
cell death through regulating expression of various genes. In particular,
CHOP suppresses expression of the anti-apoptotic B-cell lymphoma-2
(Bcl-2) protein, which increases production of reactive oxygen species
and causes injury to the cell [22,24]. Furthermore, CHOP increases the
burden of misfolding in the ER by re-establishing protein folding and it
increases the expression of growth arrest and DNA damage-inducible
protein (GADD34), a regulatory subunit of protein phosphatase 1
(PP1), which allows dephosphorylation and activation of eIF2α [25].
CHOP induces ER oxidoreductin 1α (ERO1α), hyperoxidizes the ER en-
vironment and further commits the cell to apoptosis [25].
Activated IRE1α binds tumor necrosis factor (TNF) receptor associ-
ated factor 2 (TRAF2) through its cytosolic domain, recruiting apoptotic
signal-regulating kinase 1 (ASK1) into complex formation and commu-
nicating ER stress by c-JUN amino-terminal kinase (JNK) activation, a
major mediator of apoptosis [26,27]. The association of IRE1α to
TRAF2 also leads to clustering, cleavage and activation of caspase 12, an-
other pro-apoptotic protein that responds only to ER stress [28,29].
There is currently much discrepancy in the activation and role of cas-
pase 12 between humanand rodent [30]. Although further investigation
is needed to confirm the above pathway in humans and rodents, cas-
pase 12 likely plays a role in ER-stress induced apoptosis through inhib-
itory effects on NF-κB, a transcription factor involved in the immune
response and apoptosis [31].

Lastly, additional targets of the IRE1αRNase activity have been found
[15,17,32,33]. Apart from XBP1 splicing, activated IRE1α is also respon-
sible for regulated IRE1α dependant decay (RIDD) ofmanymRNAs asso-
ciatedwith theER [15,17]. RIDDplays an important factor in thedecision
for cellular apoptosis and induction of XBP1 splicing by IRE1α in the
absence of RIDD activity increased cellular survival against tunicamycin
induced ER stress and apoptosis [34]. Moreover, IRE1αmay cause cleav-
age of selective microRNAs responsible for repression of caspase-2
mRNA translation, and this enhances the level of caspase-2 expression
resulting in cellular apoptosis [32]. However, the role of ER stress in ac-
tivation of caspase-2 to initiate apoptosis has been recently challenged
[35]. MiR-17, a thioredoxin-interacting protein destabilizing microRNA,
is another microRNA target of IRE1α RNase activity and implicates the
role of IRE1α in inflammation and programmed cell death induced by
prolonged UPR activity [33].

3. Cancer

The dualistic response of the UPR initiated by ER stress initially
serves as an adaptive measure to protect the cell from irreversible dam-
age.When this damage becomes too great, theUPR then becomes a self-
destructive signal to rid the organism of the diseased cell and prevent
further toxicity. The metabolic condition of cancer, being highly prolif-
erative under a low vascularized state, creates an unfavorable microen-
vironment consisting of low pH, low oxygen, and low glucose and other
nutrient supply [4]. Low glucose availability affects protein glycosyla-
tion and ATP production leading to accumulation of misfolded proteins
within the ER [36]. As well in hypoxic conditions, lack of oxygen puts a
demand on protein folding, as oxygen is an electron carrier required for
disulphide bond formations, contributing to protein misfolding [37].
Under normal conditions, these are all factors that contribute to ER
stress mediated cell death, but cancer cells have evolved ways to
adapt to this environmental stress and escape the fate of apoptosis.

3.1. GRP78/BiP

The ER protein chaperone BiP, also known as 78-kDa glucose-
regulated protein (GRP78), plays a major role in the adaptive response
to ER stress and is commonly found to be highly expressed in breast
cancer, lung cancer, prostate cancer and other malignancies [38–42].
The elevated expression of BiP plays a major role in the pro-survival
and cytoprotective response of cancer cells to major environmental
stress through a variety of mechanisms. Overexpression of BiP was
found to protect human breast cancer cells from estrogen-starvation in-
duced apoptosis through complex formation and inhibition of BIK, a
pro-apoptotic BH3-protein [43]. The ATP binding site of BiP was found
to interact with and suppress the activation of caspase-7, preventing
apoptotic induction by topoisomerase inhibitors such as etoposide,
doxorubicin and camptothecin [44]. Recently, it has been found that
clusterin, an ER-stress induced protein chaperone, promotes survival
of hepatocellular carcinoma cells under extreme ER stress through in-
teractions with and increased expression of BiP [45]. In contrast, mole-
cules that bind to and inhibit BiP increase cellular susceptibility to ER
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stress induced cell death [46]. When BiP expression was reduced with
small interfering RNA (siRNA) in HeLa cells, expression of GRP94,
CHOP, ERdj4 and P5 increased, suggesting that another mechanism by
whichBiP prevents cell death is regulation of theUPR [47]. Furthermore,
BiP is positively regulated by the mitogen-activated protein kinase
(MAPK) pathway. Inhibition of the MAPK pathway in melanoma cells
decreased expression of BiP, resulting in increased caspase-4 mediated
ER-stress induced apoptosis [48].

The study of BiP in cancer has increased significantly and has proven
to be a highly relevant therapeutic target. Many anticancer treatments
function through activation of ER stress and as a result, induce BiP activ-
ity. BiP activation has been shown to contribute to resistance of cancer
to these anti-cancer therapies. As previously mentioned, BiP expression
plays a role in chemoresistance to topoisomerase inhibitors and subse-
quently, examining BiP expression in breast cancer prior to treatment
can predict the prognosis of chemotherapy [44,49]. On the other hand,
BiP expression is a positive indicator of therapeutic benefit from adju-
vant chemotherapy in patients with colorectal cancer and this discrep-
ancy may be due to differences in treatment or tissue [50]. In addition
to acting as a biomarker for predicting treatment outcomes, BiP can be
targeted for inhibition during traditional anti-cancer therapy to reduce
its cytoprotective effects. Subtilase cytotoxin catalytic subunit fused
with epidermal growth factor (EGF-SubA) is a BiP inhibitor and when
used to treat cancer cells during photodynamic therapy, can prevent
BiP mediated resistance [51]. Similarly, gastric cancer multidrug resis-
tance cell-specific binding peptide (GMBP1) binds the surface of gastric
cancer cells and preventsmultidrug resistance through interactingwith
and decreasing expression of BiP [52].

3.2. IRE1α and XBP1

The role of IRE1α and XBP1 signaling has been investigated in solid
tumors, breast cancer, hepatocellular carcinoma and multiple myeloma
[2,53,54]. XBP1 is amajor transcriptional factor involved in the adaptive
response to ER stress and is required for solid tumor growth and
survival under hypoxic stress [55]. An increase in XBP1 expression and
splicing was observed in hepatocellular carcinoma and breast cancer,
which may result from the regulatory function of XBP1 towards BiP
[56,57].

Numerous reports have shown the importance of the IRE1α and
XBP1 signaling pathway in multiple myeloma [54]. Notably, XBP1 is
overexpressed in plasma cells from myeloma and is an important tran-
scription factor known to be required for plasma cell differentiation
[58–61]. The overexpression of XBP1 may be a critical component that
induces multiple myeloma [61]. Blimp-1, another transcription factor
involved in plasma cell differentiation functions upstream of and up-
regulates XBP1 which in turn induces the secretory pathway, enlarges
the size of the ER and increases protein synthesis [60]. Furthermore,
IRE1α induces cellular proliferation through XBP1 splicing, increasing
expression of genes that encode for ER-Golgi, plasmamembrane, secre-
tory proteins and in particular, cyclin A1 a cell cycle regulatory protein
[62]. In addition, the IRE1α-XBP1 pathway appears to be regulated by
a family of Bcl-2 proteins. BAX and BAK were necessary to activate
IRE1α through a direct interaction with the cytosolic domain [63]. Bim
and PUMA were also identified as IRE1α interacting Bcl-2 family pro-
teins that modulate XBP1 splicing activity [64]. These studies suggest a
direct association between theUPR and the apoptotic pathway and pro-
vide a new regime in cancer therapy.

Studies indicate that the IRE1α-XBP1 pathway is amajor therapeutic
target in treatment of cancer, more prominently in multiple myeloma
[65]. Inhibition of XBP1 splicing byMKC-3946 reduced growth of multi-
plemyeloma cells and enhanced the pro-apoptotic effects of drugs such
as Bortezomib and 17-AAG [66]. Specific inhibition of IRE1α endonucle-
ase activity by STF-083010 sensitized multiple myeloma cells to ER
stress and reduced survival [67]. A small molecule, 4u8C, that binds
and blocks the active site of IRE1α RNase activity inhibited XBP1
splicing and RIDD leading to disrupted ER mediated expansion and se-
cretion [68]. Another inhibitor, toyocamycin, was found to specifically
target and prevent splicing of XBP1 by IRE1α, inhibiting XBP1 expres-
sion and induction through ER stress [69]. Analogs of 4-phenylbutyric
acid that inhibit IRE1α and XBP1 splicing have been developed and
show strong therapeutic promise in their ability to block IRE1α signal-
ing pathways [70].

3.3. PERK, eIF2α and ATF4

The activity of the PERK/eIF2α pathway contributes greatly to the
growth and survival of cancer under hypoxic stress [2,71]. Hypoxia
has been shown to greatly down-regulate protein synthesis through
an increase in PERK inhibition and phosphorylation of eIF2α at Ser51.
When the PERK/eIF2α pathway is abolished, whether through PERK
knockout or transfection with mutant alleles of PERK or eIF2α, the
cells experienced a decrease in protein synthesis inhibition and toler-
ance to hypoxic conditions [72,73]. Moreover, a microarray analysis of
PERK+/+ and PERK−/− mouse embryonic fibroblasts under aerobic and
hypoxic conditions revealed mechanistically that PERK is responsible
for activation of many angiogenic genes as well as an adhesion protein,
vascular endothelial growth factor (VEGF) and type 1 collagen inducible
protein [74].

While PERK inhibits general protein synthesis through eIF2α phos-
phorylation, there is still active translation of ATF4, a transcription factor
that regulates pro-survival genes, such as those involved in oxidative
stress, amino acid synthesis, protein folding and differentiation
[2,75,76]. ATF4 is overexpressed in many human solid tumors and is in-
volved in promoting proliferation and survival of nutrient deprivation
through regulating expression of asparagine synthetase [77]. Another
mechanism by which ATF4 expression contributes to cancer formation
is through negatively regulating genes involved in cellular senescence,
while ATF4 repression inducing cellular senescence and preventing
oncogenic transformation [78]. Furthermore, ATF4 mediates survival
during severe hypoxia through up-regulation of LC3B [79]. LC3B is a
component of the autophagosomal membrane, and up-regulation
induces autophagy, a process by which cells increase lysosomal degra-
dation of unnecessary cellular components, thereby conserving energy
for survival under nutrient deprivation [79]. As well, the lysosomal-
associated membrane protein 3 (LAMP3), which promotes hypoxia-
driven metastasis, is highly expressed in primary human cervix tumors
and is induced through the PERK/ATF4 pathway [80]. Lastly, induction
of tumorigenesis by forced expression of myc, a transcription factor
that controls cell growth and protein synthesis, requires activation of
theUPR [81]. Myc-transformed cells create intrinsic stress, such as accu-
mulation of unfolded proteins, which under normal conditions, lead to
cell death. Activation of UPR is therefore necessary to deal with myc-
induced stress, by activation of autophagy through the PERK/eIF2α/
ATF4 pathway [81,82].

Hypoxia is a very common stress factor in cancer and as a result, the
PERK/eIF2α/ATF4 pathway is a highly promising therapeutic target.
When compared with inhibition of IRE1α signaling, the PERK inhibitor,
GSK-compound 39 was more effective in reducing adaptation and
survival of cells to hypoxia-induced ER stress [83]. A potent and selective
inhibitor of PERK activity, GSK2606414, was found to reduce tumor
growth in vitro and in vivo as demonstrated in cells and human tumor
xenographs inmice [84]. Similarly, GSK2656153, an ATP-competitive in-
hibitor of PERK, also exhibits anti-tumor effects, inhibiting growth of
human tumor xenographs in mice in a dosage dependant manner [85].
Moreover, the role of the PERK/eIF2α/ATF4 pathway in cancer progres-
sion is mediated by various mechanisms which can all be targeted for
therapeutic development. For example, sinulariolide, an effective anti-
tumor compound used to kill melanoma and bladder cancer cells,
works through activation of the PERK/eIF2α/ATF4/CHOP apoptotic path-
way [86]. The nonsteroidal anti-inflammatory drug tolfenamic acid sup-
presses progression of colorectal cancer cells through promotion of ER
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stress and activation of the PERK/eIF2α/ATF4 pathway [87]. In addition,
when the PERK/ATF4/LAMP3 pathway was inhibited, the DNA-damage
response was disrupted and breast cancer cells were sensitized to radio-
therapy [88]. More recently, the active, Ser 245 phosphorylated ATF4
was found to be overexpressed in non-small cell lung cancer cells and
could be further investigated as a potential biological marker for cancer
[89].

3.4. ATF6

In comparison with the PERK and IRE1α pathway, there have been
fewer studies on ATF6 in association with cancer. Nevertheless, it has
been shown that ATF6 does play a role in human cancers, that its expres-
sion is necessary for malignancy and that this is mainly dependant on
interaction with the other arms of the UPR [54]. In a recent study, a mis-
sense single nucleotide polymorphism (SNP) was identified in the ATF6
gene, correlating with a decrease in ATF6 mRNA and ATF6 target gene
expression, contributing to an increase in hepatocellular carcinoma sus-
ceptibility [90]. When ATF6 is knocked down in multiple myeloma cells,
PERK phosphorylation of eIF2α increases, which suppressed apoptosis
and induced autophagy [54,91]. Furthermore, ATF6 is responsible for
up-regulation of XBP1 expression [19] and the activity of both pathways
increases BiP expression, which is required for hepatocarcinogenesis [57].

The signaling pathway of ATF6 and its relation to the other two UPR
pathways may be complex and worth investigating as a target for anti-
cancer treatment. In a study that looked at the dependence of pancreatic
β-cells on active ATF6-p50 expression under non-stressed conditions,
knockdown of ATF6-p50 induced apoptosis through phosphorylation
of JNK, p38 and c-Jun [92]. SiRNA induced knockdown of C16-ceramide
was found to activate ATF6, increasing CHOP expression and leading
to an increase in ER stress mediated apoptosis in human head and
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through a caspase-dependent manner [99]. Furthermore, inhibition or
knockdown of sigma-1 receptors reduced tumor cell mass through
translational repression, revealing a role for sigma-1 receptors in protein
synthesis and providing a new avenue for anti-cancer therapy [100].

3.6. ERAD

Maintaining homeostasis between protein synthesis and degrada-
tion is another important factor of normal cellular metabolism. ERAD
is an integral part of the ER stress response responsible for the degrada-
tion of excess ormisfolded intracellular proteins. By itself, the disruption
of ERAD or the balance between protein synthesis and degradation can
lead to accumulation of misfolded proteins, cytotoxicity, ER stress and
eventual apoptosis. Therefore the effect of ERAD on ER stress and ER
stress mediated apoptosis has been utilized in the development of po-
tent anti-cancer drug treatments [65,101]. Proteasome inhibitors such
as MG-132 and Bortezomib can elicit a strong stress response followed
by apoptosis and specifically, Bortezomib has shown potential in clinical
trials against non-Hodgkin lymphoma, acute myeloid leukemia and
multiple myeloma [102–104]. In combination with Bortezomib, treat-
ment with ER stress inducer celebrex or ERAD inhibitor Eeyarestatin I
enhances the antitumor activity of Bortezomib and reveal the additive
toxicity of ERAD inhibition with ER stress [105,106].

The AAA ATPase molecular chaperone valosin containing protein
(VCP) or p97 has been shown to be up-regulated in many different
types of cancer andmay become a potential target in anticancer therapy
[107]. VCP is involved in a wide variety of biological functions such as
protein folding, cell cycle control and apoptosis but as a part of ERAD,
it controls ubiquitin mediated degradation of misfolded proteins
[107]. Development of VCP inhibitors has come under way and many
are potential candidates in treatment of cancer. Eeyarestatin I, as men-
tioned above, is an ERAD inhibitor and functions through interaction
with VCP, blocking its protein degradation activity [108]. VCP inhibition
with Eeyarestatin I suppressed tumor growth and induced apoptosis in
non-small cell lung carcinoma in vitro and in xenograft murine models
[109]. DBeQ is a potent small molecule inhibitor of VCP that targets its
ATPase activity and is effective in suppressing tumor growth and acti-
vating caspase-3 and caspase-7 in executing apoptosis [110]. Lastly, a
novel group of allosteric VCP inhibitors, alkylsulfanyl-1,2,4-triazoles,
were identified and may be further developed as a basis for future can-
cer therapy drugs [107].

4. Conclusion

Cancer cells deviate from normal cells in many aspects: they are
highly proliferative, anaerobic and they often outgrow their blood sup-
ply. These physiological differences result in a tumormicroenvironment
that is hypoxic, low in nutrients and low in pH, factors that can cause re-
sistance to anti-cancer therapy [4]. This microenvironment is unfavor-
able to cancer cells because it causes ER stress, a phenomenon that if
prolonged, can lead to cell death through apoptosis (Fig. 1). Before trig-
gering apoptosis, ER stress activates a number of adaptive responses,
termed the UPR, to bring the cell back to homeostasis. Many human
cancers have alterations in the UPR, and can therefore adapt to chronic
stress and avoid cell death. Whether changes in the UPR are the driving
force of or a consequence of malignancy is still unknown but compo-
nents of the UPR may become a useful therapeutic target for anti-
cancer therapies (Fig. 1).

References

[1] G.E. Stutzmann, M.P. Mattson, Endoplasmic reticulum Ca(2+) handling in excit-
able cells in health and disease, Pharmacol. Rev. 63 (2011) 700–727.

[2] F. Martinon, Targeting endoplasmic reticulum signaling pathways in cancer, Acta
Oncol. 51 (2012) 822–830.

[3] J. Groenendyk, L.B. Agellon,M.Michalak, Copingwith endoplasmic reticulum stress
in the cardiovascular system, Annu. Rev. Physiol. 75 (2013) 49–67.
[4] J.M. Brown, A.J. Giaccia, The unique physiology of solid tumors: opportunities
(and problems) for cancer therapy, Cancer Res. 58 (1998) 1408–1416.

[5] M. Moenner, O. Pluquet, M. Bouchecareilh, E. Chevet, Integrated endoplasmic retic-
ulum stress responses in cancer, Cancer Res. 67 (2007) 10631–10634.

[6] C.E. Shamu, P. Walter, Oligomerization and phosphorylation of the Ire1p kinase
during intracellular signaling from the endoplasmic reticulum to the nucleus,
EMBO J. 15 (1996) 3028–3039.

[7] H.P. Harding, Y. Zhang, A. Bertolotti, H. Zeng, D. Ron, Perk is essential for transla-
tional regulation and cell survival during the unfolded protein response, Mol.
Cell 5 (2000) 897–904.

[8] K. Haze, H. Yoshida, H. Yanagi, T. Yura, K. Mori, Mammalian transcription factor
ATF6 is synthesized as a transmembrane protein and activated by proteolysis in re-
sponse to endoplasmic reticulum stress, Mol. Biol. Cell 10 (1999) 3787–3799.

[9] C. Hetz, The unfolded protein response: controlling cell fate decisions under ER
stress and beyond, Nat. Rev. Mol. Cell Biol. 13 (2012) 89–102.

[10] A. Bertolotti, Y. Zhang, L.M. Hendershot, H.P. Harding, D. Ron, Dynamic interaction
of BiP and ER stress transducers in the unfolded-protein response, Nat. Cell Biol. 2
(2000) 326–332.

[11] K. Okamura, Y. Kimata, H. Higashio, A. Tsuru, K. Kohno, Dissociation of Kar2p/BiP
from an ER sensory molecule, Ire1p, triggers the unfolded protein response in
yeast, Biochem. Biophys. Res. Commun. 279 (2000) 445–450.

[12] J. Shen, X. Chen, L. Hendershot, R. Prywes, ER stress regulation of ATF6 localization
by dissociation of BiP/GRP78 binding and unmasking of Golgi localization signals,
Dev. Cell 3 (2002) 99–111.

[13] S. Luo, P. Baumeister, S. Yang, S.F. Abcouwer, A.S. Lee, Induction of Grp78/BiP by
translational block: activation of the Grp78 promoter by ATF4 through and up-
stream ATF/CRE site independent of the endoplasmic reticulum stress elements,
J. Biol. Chem. 278 (2003) 37375–37385.

[14] K. Ameri, A.L. Harris, Activating transcription factor 4, Int. J. Biochem. Cell Biol. 40
(2008) 14–21.

[15] D. Han,A.G. Lerner, L. VandeWalle, J.P. Upton,W. Xu, A. Hagen, B.J. Backes, S.A. Oakes,
F.R. Papa, IRE1alphakinase activationmodes control alternate endoribonuclease out-
puts to determine divergent cell fates, Cell 138 (2009) 562–575.

[16] C. Hetz, L.H. Glimcher, Fine-tuning of the unfolded protein response: assembling
the IRE1alpha interactome, Mol. Cell 35 (2009) 551–561.

[17] J. Hollien, J.H. Lin, H. Li, N. Stevens, P. Walter, J.S. Weissman, Regulated
Ire1-dependent decay of messenger RNAs in mammalian cells, J. Cell Biol. 186
(2009) 323–331.

[18] C. Sidrauski, P. Walter, The transmembrane kinase Ire1p is a site-specific endonu-
clease that initiates mRNA splicing in the unfolded protein response, Cell 90
(1997) 1031–1039.

[19] H. Yoshida, T. Matsui, A. Yamamoto, T. Okada, K. Mori, XBP1 mRNA is induced by
ATF6 and spliced by IRE1 in response to ER stress to produce a highly active tran-
scription factor, Cell 107 (2001) 881–891.

[20] H. Yoshida, T. Okada, K. Haze, H. Yanagi, T. Yura, M. Negishi, K. Mori, ATF6 activated
by proteolysis binds in the presence of NF-Y (CBF) directly to the cis-acting ele-
ment responsible for the mammalian unfolded protein response, Mol. Cell. Biol.
20 (2000) 6755–6767.

[21] T. Verfaillie, A.D. Garg, P. Agostinis, Targeting ER stress induced apoptosis and in-
flammation in cancer, Cancer Lett. 332 (2013) 249–264.

[22] R. Kim, M. Emi, K. Tanabe, S. Murakami, Role of the unfolded protein response in
cell death, Apoptosis 11 (2006) 5–13.

[23] S. Oyadomari, M. Mori, Roles of CHOP/GADD153 in endoplasmic reticulum stress,
Cell Death Differ. 11 (2004) 381–389.

[24] K.D. McCullough, J.L. Martindale, L.O. Klotz, T.Y. Aw, N.J. Holbrook, Gadd153 sensi-
tizes cells to endoplasmic reticulum stress by down-regulating Bcl2 and perturbing
the cellular redox state, Mol. Cell. Biol. 21 (2001) 1249–1259.

[25] S.J. Marciniak, C.Y. Yun, S. Oyadomari, I. Novoa, Y. Zhang, R. Jungreis, K. Nagata, H.P.
Harding, D. Ron, CHOP induces death by promoting protein synthesis and oxida-
tion in the stressed endoplasmic reticulum, Genes Dev. 18 (2004) 3066–3077.

[26] H. Nishitoh, A. Matsuzawa, K. Tobiume, K. Saegusa, K. Takeda, K. Inoue, S. Hori, A.
Kakizuka, H. Ichijo, ASK1 is essential for endoplasmic reticulum stress-induced
neuronal cell death triggered by expanded polyglutamine repeats, Genes Dev. 16
(2002) 1345–1355.

[27] F. Urano, X. Wang, A. Bertolotti, Y. Zhang, P. Chung, H.P. Harding, D. Ron, Coupling
of stress in the ER to activation of JNK protein kinases by transmembrane protein
kinase IRE1, Science 287 (2000) 664–666.

[28] T. Yoneda, K. Imaizumi, K. Oono, D. Yui, F. Gomi, T. Katayama, M. Tohyama, Activa-
tion of caspase-12, an endoplastic reticulum (ER) resident caspase, through tumor
necrosis factor receptor-associated factor 2-dependent mechanism in response to
the ER stress, J. Biol. Chem. 276 (2001) 13935–13940.

[29] T. Nakagawa,H. Zhu, N.Morishima, E. Li, J. Xu, B.A. Yankner, J. Yuan, Caspase-12me-
diates endoplasmic-reticulum-specific apoptosis and cytotoxicity by amyloid-beta,
Nature 403 (2000) 98–103.

[30] H. Fischer, U. Koenig, L. Eckhart, E. Tschachler, Human caspase 12 has acquired del-
eterious mutations, Biochem. Biophys. Res. Commun. 293 (2002) 722–726.

[31] Z.M. Bian, S.G. Elner, V.M. Elner, Regulated expression of caspase-12 gene in
human retinal pigment epithelial cells suggests its immunomodulating role, In-
vest. Ophthalmol. Vis. Sci. 49 (2008) 5593–5601.

[32] J.P. Upton, L.Wang, D. Han, E.S. Wang, N.E. Huskey, L. Lim, M. Truitt, M.T. McManus,
D. Ruggero, A. Goga, F.R. Papa, S.A. Oakes, IRE1alpha cleaves select microRNAs dur-
ing ER stress to derepress translation of proapoptotic Caspase-2, Science 338
(2012) 818–822.

[33] A.G. Lerner, J.P. Upton, P.V. Praveen, R. Ghosh, Y. Nakagawa, A. Igbaria, S. Shen, V.
Nguyen, B.J. Backes, M. Heiman, N. Heintz, P. Greengard, S. Hui, Q. Tang, A.
Trusina, S.A. Oakes, F.R. Papa, IRE1alpha induces thioredoxin-interacting protein

http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0005
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0005
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0005
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0010
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0010
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0015
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0015
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0020
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0020
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0025
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0025
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0030
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0030
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0030
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0035
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0035
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0035
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0040
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0040
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0040
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0045
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0045
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0050
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0050
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0050
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0055
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0055
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0055
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0060
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0060
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0060
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0065
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0065
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0065
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0065
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0070
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0070
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0075
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0075
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0075
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0080
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0080
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0085
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0085
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0085
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0090
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0090
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0090
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0095
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0095
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0095
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0100
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0100
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0100
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0100
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0105
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0105
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0110
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0110
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0115
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0115
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0120
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0120
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0120
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0125
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0125
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0125
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0130
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0130
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0130
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0130
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0135
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0135
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0135
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0140
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0140
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0140
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0140
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0145
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0145
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0145
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0150
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0150
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0155
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0155
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0155
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0160
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0160
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0160
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0160
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0165
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0165
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0165


2148 W.-A. Wang et al. / Biochimica et Biophysica Acta 1843 (2014) 2143–2149
to activate the NLRP3 inflammasome and promote programmed cell death under
irremediable ER stress, Cell Metab. 16 (2012) 250–264.

[34] M. Bouchecareilh, A. Higa, S. Fribourg, M. Moenner, E. Chevet, Peptides derived
from the bifunctional kinase/RNase enzyme IRE1alpha modulate IRE1alpha
activity and protect cells from endoplasmic reticulum stress, FASEB J. 25 (2011)
3115–3129.

[35] J.J. Sandow, L. Dorstyn, L.A. O'Reilly, M. Tailler, S. Kumar, A. Strasser, P.G. Ekert, ER
stress does not cause upregulation and activation of caspase-2 to initiate apoptosis,
Cell Death Differ. 168 (2013), http://dx.doi.org/10.1038/cdd.2013.

[36] H.R. Park, A. Tomida, S. Sato, Y. Tsukumo, J. Yun, T. Yamori, Y. Hayakawa, T. Tsuruo,
K. Shin-ya, Effect on tumor cells of blocking survival response to glucose depriva-
tion, J. Natl. Cancer Inst. 96 (2004) 1300–1310.

[37] B.P. Tu, J.S. Weissman, The FAD- and O(2)-dependent reaction cycle of Ero1-
mediated oxidative protein folding in the endoplasmic reticulum, Mol. Cell 10
(2002) 983–994.

[38] J. Li, A.S. Lee, Stress induction of GRP78/BiP and its role in cancer, Curr. Mol. Med. 6
(2006) 45–54.

[39] A.H. Schonthal, Pharmacological targeting of endoplasmic reticulum stress signal-
ing in cancer, Biochem. Pharmacol. 85 (2013) 653–666.

[40] L. Bini, B. Magi, B. Marzocchi, F. Arcuri, S. Tripodi, M. Cintorino, J.C. Sanchez, S.
Frutiger, G. Hughes, V. Pallini, D.F. Hochstrasser, P. Tosi, Protein expression profiles
in human breast ductal carcinoma and histologically normal tissue, Electrophore-
sis 18 (1997) 2832–2841.

[41] P.M. Fernandez, S.O. Tabbara, L.K. Jacobs, F.C. Manning, T.N. Tsangaris, A.M.
Schwartz, K.A. Kennedy, S.R. Patierno, Overexpression of the glucose-regulated
stress gene GRP78 in malignant but not benign human breast lesions, Breast
Cancer Res. Treat. 59 (2000) 15–26.

[42] X. Xing, M. Lai, Y. Wang, E. Xu, Q. Huang, Overexpression of glucose-regulated pro-
tein 78 in colon cancer, Clin. Chim. Acta 364 (2006) 308–315.

[43] Y. Fu, J. Li, A.S. Lee, GRP78/BiP inhibits endoplasmic reticulum BIK and protects
human breast cancer cells against estrogen starvation-induced apoptosis, Cancer
Res. 67 (2007) 3734–3740.

[44] R.K. Reddy, C. Mao, P. Baumeister, R.C. Austin, R.J. Kaufman, A.S. Lee, Endoplasmic
reticulum chaperone protein GRP78 protects cells from apoptosis induced by topo-
isomerase inhibitors: role of ATP binding site in suppression of caspase-7 activa-
tion, J. Biol. Chem. 278 (2003) 20915–20924.

[45] C. Wang, K. Jiang, D. Gao, X. Kang, C. Sun, Q. Zhang, Y. Li, L. Sun, S. Zhang, K. Guo, Y.
Liu, Clusterin protects hepatocellular carcinoma cells from endoplasmic reticulum
stress induced apoptosis through GRP78, PLoS One 8 (2013) e55981.

[46] S. Martin, H.K. Lamb, C. Brady, B. Lefkove, M.Y. Bonner, P. Thompson, P.E. Lovat, J.L.
Arbiser, A.R. Hawkins, C.P. Redfern, Inducing apoptosis of cancer cells using
small-molecule plant compounds that bind to GRP78, Br. J. Cancer 109 (2013)
433–443.

[47] T. Suzuki, J. Lu, M. Zahed, K. Kita, N. Suzuki, Reduction of GRP78 expression with
siRNA activates unfolded protein response leading to apoptosis in HeLa cells,
Arch. Biochem. Biophys. 468 (2007) 1–14.

[48] C.C. Jiang, L.H. Chen, S. Gillespie, Y.F. Wang, K.A. Kiejda, X.D. Zhang, P. Hersey, Inhi-
bition of MEK sensitizes human melanoma cells to endoplasmic reticulum
stress-induced apoptosis, Cancer Res. 67 (2007) 9750–9761.

[49] E. Lee, P. Nichols, D. Spicer, S. Groshen, M.C. Yu, A.S. Lee, GRP78 as a novel predictor
of responsiveness to chemotherapy in breast cancer, Cancer Res. 66 (2006)
7849–7853.

[50] M. Thornton, M.A. Aslam, E.M. Tweedle, C. Ang, F. Campbell, R. Jackson, E. Costello,
P.S. Rooney, N. Vlatkovic, M.T. Boyd, The unfolded protein response regulator
GRP78 is a novel predictive biomarker in colorectal cancer, Int. J. Cancer 133
(2013) 1408–1418.

[51] M. Firczuk, M. Gabrysiak, J. Barankiewicz, A. Domagala, D. Nowis, M. Kujawa, E.
Jankowska-Steifer, M. Wachowska, E. Glodkowska-Mrowka, B. Korsak, M.
Winiarska, J. Golab, GRP78-targeting subtilase cytotoxin sensitizes cancer cells to
photodynamic therapy, Cell Death Dis. 4 (2013) e741.

[52] J. Kang, G. Zhao, T. Lin, S. Tang, G. Xu, S. Hu, Q. Bi, C. Guo, L. Sun, S. Han, Q. Xu, Y. Nie,
B. Wang, S. Liang, J. Ding, K. Wu, A peptide derived from phage display library ex-
hibits anti-tumor activity by targeting GRP78 in gastric cancer multidrug resistance
cells, Cancer Lett. 339 (2013) 247–259.

[53] A.C. Koong, V. Chauhan, L. Romero-Ramirez, Targeting XBP-1 as a novel anti-cancer
strategy, Cancer Biol. Ther. 5 (2006) 756–759.

[54] S. White-Gilbertson, Y. Hua, B. Liu, The role of endoplasmic reticulum stress in
maintaining and targeting multiplemyeloma: a double-edged sword of adaptation
and apoptosis, Front. Genet. 4 (2013) 109.

[55] L. Romero-Ramirez, H. Cao, D. Nelson, E. Hammond, A.H. Lee, H. Yoshida, K. Mori,
L.H. Glimcher, N.C. Denko, A.J. Giaccia, Q.T. Le, A.C. Koong, XBP1 is essential for sur-
vival under hypoxic conditions and is required for tumor growth, Cancer Res. 64
(2004) 5943–5947.

[56] T. Fujimoto, M. Onda, H. Nagai, T. Nagahata, K. Ogawa, M. Emi, Upregulation and
overexpression of human X-box binding protein 1 (hXBP-1) gene in primary
breast cancers, Breast Cancer 10 (2003) 301–306.

[57] M. Shuda, N. Kondoh, N. Imazeki, K. Tanaka, T. Okada, K. Mori, A. Hada, M. Arai, T.
Wakatsuki, O. Matsubara, N. Yamamoto, M. Yamamoto, Activation of the ATF6,
XBP1 and grp78 genes in human hepatocellular carcinoma: a possible involvement
of the ER stress pathway in hepatocarcinogenesis, J. Hepatol. 38 (2003) 605–614.

[58] A.M. Reimold, N.N. Iwakoshi, J. Manis, P. Vallabhajosyula, E. Szomolanyi-Tsuda,
E.M. Gravallese, D. Friend, M.J. Grusby, F. Alt, L.H. Glimcher, Plasma cell differenti-
ation requires the transcription factor XBP-1, Nature 412 (2001) 300–307.

[59] N.N. Iwakoshi, A.H. Lee, L.H. Glimcher, The X-box binding protein-1 transcription
factor is required for plasma cell differentiation and the unfolded protein response,
Immunol. Rev. 194 (2003) 29–38.
[60] A.L. Shaffer, M. Shapiro-Shelef, N.N. Iwakoshi, A.H. Lee, S.B. Qian, H. Zhao, X. Yu, L.
Yang, B.K. Tan, A. Rosenwald, E.M. Hurt, E. Petroulakis, N. Sonenberg, J.W. Yewdell,
K. Calame, L.H. Glimcher, L.M. Staudt, XBP1, downstream of Blimp-1, expands the
secretory apparatus and other organelles, and increases protein synthesis in plas-
ma cell differentiation, Immunity 21 (2004) 81–93.

[61] D.R. Carrasco, K. Sukhdeo, M. Protopopova, R. Sinha, M. Enos, D.E. Carrasco, M.
Zheng, M. Mani, J. Henderson, G.S. Pinkus, N. Munshi, J. Horner, E.V. Ivanova, A.
Protopopov, K.C. Anderson, G. Tonon, R.A. DePinho, The differentiation and stress
response factor XBP-1 drives multiple myeloma pathogenesis, Cancer Cell 11
(2007) 349–360.

[62] J.A. Thorpe, S.R. Schwarze, IRE1alpha controls cyclin A1 expression and promotes
cell proliferation through XBP-1, Cell Stress Chaperones 15 (2010) 497–508.

[63] C. Hetz, P. Bernasconi, J. Fisher, A.H. Lee, M.C. Bassik, B. Antonsson, G.S. Brandt, N.N.
Iwakoshi, A. Schinzel, L.H. Glimcher, S.J. Korsmeyer, Proapoptotic BAX and BAK
modulate the unfolded protein response by a direct interaction with IRE1alpha,
Science 312 (2006) 572–576.

[64] D.A. Rodriguez, S. Zamorano, F. Lisbona, D. Rojas-Rivera, H. Urra, J.R. Cubillos-Ruiz,
R. Armisen, D.R. Henriquez, E.H. Cheng, M. Letek, T. Vaisar, T. Irrazabal, C.
Gonzalez-Billault, A. Letai, F.X. Pimentel-Muinos, G. Kroemer, C. Hetz, BH3-
only proteins are part of a regulatory network that control the sustained signal-
ling of the unfolded protein response sensor IRE1alpha, EMBO J. 31 (2012)
2322–2335.

[65] C. Hetz, E. Chevet, H.P. Harding, Targeting the unfolded protein response in disease,
Nat. Rev. Drug Discov. 12 (2013) 703–719.

[66] N. Mimura, M. Fulciniti, G. Gorgun, Y.T. Tai, D. Cirstea, L. Santo, Y. Hu, C. Fabre, J.
Minami, H. Ohguchi, T. Kiziltepe, H. Ikeda, Y. Kawano, M. French, M. Blumenthal,
V. Tam, N.L. Kertesz, U.M. Malyankar, M. Hokenson, T. Pham, Q. Zeng, J.B.
Patterson, P.G. Richardson, N.C. Munshi, K.C. Anderson, Blockade of XBP1 splicing
by inhibition of IRE1alpha is a promising therapeutic option in multiple myeloma,
Blood 119 (2012) 5772–5781.

[67] I. Papandreou, N.C. Denko, M. Olson, H. Van Melckebeke, S. Lust, A. Tam, D.E.
Solow-Cordero, D.M. Bouley, F. Offner, M. Niwa, A.C. Koong, Identification of an
Ire1alpha endonuclease specific inhibitor with cytotoxic activity against human
multiple myeloma, Blood 117 (2011) 1311–1314.

[68] B.C. Cross, P.J. Bond, P.G. Sadowski, B.K. Jha, J. Zak, J.M. Goodman, R.H. Silverman,
T.A. Neubert, I.R. Baxendale, D. Ron, H.P. Harding, The molecular basis for selective
inhibition of unconventional mRNA splicing by an IRE1-binding small molecule,
Proc. Natl. Acad. Sci. U. S. A. 109 (2012) E869–E878.

[69] M. Ri, E. Tashiro, D. Oikawa, S. Shinjo, M. Tokuda, Y. Yokouchi, T. Narita, A. Masaki,
A. Ito, J. Ding, S. Kusumoto, T. Ishida, H. Komatsu, Y. Shiotsu, R. Ueda, T. Iwawaki, M.
Imoto, S. Iida, Identification of toyocamycin, an agent cytotoxic for multiplemyelo-
ma cells, as a potent inhibitor of ER stress-induced XBP1 mRNA splicing, Blood
Cancer J. 2 (2012) e79.

[70] H. Zhang, S. Nakajima, H. Kato, L. Gu, T. Yoshitomi, K. Nagai, H. Shinmori, S. Kokubo,
M. Kitamura, Selective, potent blockade of the IRE1 and ATF6 pathways by
4-phenylbutyric acid analogues, Br. J. Pharmacol. 170 (2013) 822–834.

[71] C. Koumenis, ER stress, hypoxia tolerance and tumor progression, Curr. Mol. Med. 6
(2006) 55–69.

[72] C. Koumenis, C. Naczki, M. Koritzinsky, S. Rastani, A. Diehl, N. Sonenberg, A.
Koromilas, B.G. Wouters, Regulation of protein synthesis by hypoxia via activation
of the endoplasmic reticulum kinase PERK and phosphorylation of the translation
initiation factor eIF2alpha, Mol. Cell. Biol. 22 (2002) 7405–7416.

[73] M. Bi, C. Naczki, M. Koritzinsky, D. Fels, J. Blais, N. Hu, H. Harding, I. Novoa, M. Varia,
J. Raleigh, D. Scheuner, R.J. Kaufman, J. Bell, D. Ron, B.G. Wouters, C. Koumenis, ER
stress-regulated translation increases tolerance to extreme hypoxia and promotes
tumor growth, EMBO J. 24 (2005) 3470–3481.

[74] J.D. Blais, C.L. Addison, R. Edge, T. Falls, H. Zhao, K.Wary, C. Koumenis, H.P. Harding,
D. Ron, M. Holcik, J.C. Bell, Perk-dependent translational regulation promotes
tumor cell adaptation and angiogenesis in response to hypoxic stress, Mol. Cell.
Biol. 26 (2006) 9517–9532.

[75] H.P. Harding, Y. Zhang, H. Zeng, I. Novoa, P.D. Lu, M. Calfon, N. Sadri, C. Yun, B.
Popko, R. Paules, D.F. Stojdl, J.C. Bell, T. Hettmann, J.M. Leiden, D. Ron, An integrated
stress response regulates amino acid metabolism and resistance to oxidative
stress, Mol. Cell 11 (2003) 619–633.

[76] K. Ameri, C.E. Lewis, M. Raida, H. Sowter, T. Hai, A.L. Harris, Anoxic induction of
ATF-4 through HIF-1-independent pathways of protein stabilization in human
cancer cells, Blood 103 (2004) 1876–1882.

[77] J. Ye, M. Kumanova, L.S. Hart, K. Sloane, H. Zhang, D.N. De Panis, E.
Bobrovnikova-Marjon, J.A. Diehl, D. Ron, C. Koumenis, The GCN2-ATF4 pathway
is critical for tumour cell survival and proliferation in response to nutrient depriva-
tion, EMBO J. 29 (2010) 2082–2096.

[78] M. Horiguchi, S. Koyanagi, A. Okamoto, S.O. Suzuki, N. Matsunaga, S. Ohdo,
Stress-regulated transcription factor ATF4 promotes neoplastic transformation by
suppressing expression of the INK4a/ARF cell senescence factors, Cancer Res. 72
(2012) 395–401.

[79] T. Rzymski, M. Milani, L. Pike, F. Buffa, H.R. Mellor, L. Winchester, I. Pires, E.
Hammond, I. Ragoussis, A.L. Harris, Regulation of autophagy by ATF4 in response
to severe hypoxia, Oncogene 29 (2010) 4424–4435.

[80] H. Mujcic, A. Nagelkerke, K.M. Rouschop, S. Chung, N. Chaudary, P.N. Span, B.
Clarke, M. Milosevic, J. Sykes, R.P. Hill, M. Koritzinsky, B. Wouters, Hypoxic activa-
tion of the PERK/eIF2alpha arm of the unfolded protein response promotes metas-
tasis through induction of LAMP3, Clin. Cancer Res. (2013), http://dx.doi.org/
10.1158/1078-0432.CCR-13-0526.

[81] P. Nagy, A. Varga, K. Pircs, K. Hegedus, G. Juhasz, Myc-driven overgrowth requires
unfolded protein response-mediated induction of autophagy and antioxidant re-
sponses in Drosophila melanogaster, PLoS Genet. 9 (2013) e1003664.

http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0165
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0165
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0170
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0170
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0170
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0170
http://dx.doi.org/10.1038/cdd.2013
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0175
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0175
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0175
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0180
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0180
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0180
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0185
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0185
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0190
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0190
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0195
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0195
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0195
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0195
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0200
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0200
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0200
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0200
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0205
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0205
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0210
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0210
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0210
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0215
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0215
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0215
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0215
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0220
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0220
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0220
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0225
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0225
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0225
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0225
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0230
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0230
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0230
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0235
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0235
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0235
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0240
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0240
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0240
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0245
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0245
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0245
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0245
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0250
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0250
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0250
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0250
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0255
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0255
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0255
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0255
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0260
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0260
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0265
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0265
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0265
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0270
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0270
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0270
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0270
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0275
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0275
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0275
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0280
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0280
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0280
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0280
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0285
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0285
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0285
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0290
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0290
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0290
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0295
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0295
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0295
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0295
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0295
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0300
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0300
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0300
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0300
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0300
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0305
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0305
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0310
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0310
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0310
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0310
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0315
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0315
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0315
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0315
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0315
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0315
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0320
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0320
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0325
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0325
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0325
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0325
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0325
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0325
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0330
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0330
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0330
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0330
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0335
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0335
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0335
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0335
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0340
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0340
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0340
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0340
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0340
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0345
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0345
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0345
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0350
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0350
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0355
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0355
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0355
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0355
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0360
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0360
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0360
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0360
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0365
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0365
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0365
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0365
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0370
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0370
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0370
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0370
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0375
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0375
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0375
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0380
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0380
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0380
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0380
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0385
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0385
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0385
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0385
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0390
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0390
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0390
http://dx.doi.org/10.1158/1078-0432.CCR-13-0526
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0395
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0395
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0395


2149W.-A. Wang et al. / Biochimica et Biophysica Acta 1843 (2014) 2143–2149
[82] S. Dey, F. Tameire, C. Koumenis, PERK-ing up autophagy during MYC-induced
tumorigenesis, Autophagy 9 (2013) 612–614.

[83] D. Cojocari, R.N. Vellanki, B. Sit, D. Uehling, M. Koritzinsky, B.G.Wouters, New small
molecule inhibitors of UPR activation demonstrate that PERK, but not IRE1alpha
signaling is essential for promoting adaptation and survival to hypoxia, Radiother.
Oncol. (2013), http://dx.doi.org/10.1016/j.radonc.2013.06.005.

[84] J.M. Axten, J.R. Medina, Y. Feng, A. Shu, S.P. Romeril, S.W. Grant, W.H. Li, D.A.
Heerding, E. Minthorn, T. Mencken, C. Atkins, Q. Liu, S. Rabindran, R. Kumar, X.
Hong, A. Goetz, T. Stanley, J.D. Taylor, S.D. Sigethy, G.H. Tomberlin, A.M. Hassell,
K.M. Kahler, L.M. Shewchuk, R.T. Gampe, Discovery of 7-methyl-5-(1-{[3-
(trifluoromethyl)phenyl]acetyl}-2,3-dihydro-1H-indol-5-yl)-7H-p yrrolo[2,3-d]
pyrimidin-4-amine (GSK2606414), a potent and selective first-in-class inhibitor
of protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK), J. Med.
Chem. 55 (2012) 7193–7207.

[85] C. Atkins, Q. Liu, E. Minthorn, S.Y. Zhang, D.J. Figueroa, K. Moss, T.B. Stanley, B.
Sanders, A. Goetz, N. Gaul, A.E. Choudhry, H. Alsaid, B.M. Jucker, J.M. Axten, R.
Kumar, Characterization of a novel PERK kinase inhibitor with antitumor and
antiangiogenic activity, Cancer Res. 73 (2013) 1993–2002.

[86] Y.J. Chen, J.H. Su, C.Y. Tsao, C.T. Hung, H.H. Chao, J.J. Lin, M.H. Liao, Z.Y. Yang, H.H.
Huang, F.J. Tsai, S.H. Weng, Y.J. Wu, Sinulariolide induced hepatocellular carcinoma
apoptosis through activation of mitochondrial-related apoptotic and PERK/
eIF2alpha/ATF4/CHOP pathway, Molecules 18 (2013) 10146–10161.

[87] X. Zhang, S.H. Lee, K.W. Min, M.F. McEntee, J. Jeong, Q. Li, S.J. Baek, The involvement
of endoplasmic reticulum stress in the suppression of colorectal tumorigenesis by
tolfenamic acid, Cancer Prev. Res. (Phila.) (2013), http://dx.doi.org/10.1158/
1940-6207.CAPR-13-0220.

[88] A. Nagelkerke, J. Bussink, A.J. van der Kogel, F.C. Sweep, P.N. Span, The PERK/
ATF4/LAMP3-arm of the unfolded protein response affects radioresistance by inter-
fering with the DNA damage response, Radiother. Oncol. (2013), http://dx.doi.org/
10.1016/j.radonc.2013.06.037.

[89] C.F. Fan, Y. Miao, X.Y. Lin, D. Zhang, E.H. Wang, Expression of a phosphorylated
form of ATF4 in lung and non-small cell lung cancer tissues, Tumour Biol.
(2013), http://dx.doi.org/10.1007/s13277-013-1104-5.

[90] X. Wu, Z. Xin, W. Zhang, S. Zheng, J. Wu, K. Chen, H. Wang, X. Zhu, Z. Li, Z. Duan, H.
Li, Y. Liu, A missense polymorphism in ATF6 gene is associated with susceptibility
to hepatocellular carcinoma probably by altering ATF6 level, Int. J. Cancer (2013),
http://dx.doi.org/10.1002/ijc.28649.

[91] A.S. Michallet, P. Mondiere, M. Taillardet, Y. Leverrier, L. Genestier, T. Defrance,
Compromising the unfolded protein response induces autophagy-mediated cell
death in multiple myeloma cells, PLoS One 6 (2011) e25820.

[92] T. Teodoro, T. Odisho, E. Sidorova, A. Volchuk, Pancreatic beta-cells depend on basal
expression of active ATF6alpha-p50 for cell survival even under nonstress condi-
tions, Am. J. Physiol. Cell Physiol. 302 (2012) C992–C1003.

[93] C.E. Senkal, S. Ponnusamy, J. Bielawski, Y.A. Hannun, B. Ogretmen, Antiapoptotic
roles of ceramide-synthase-6-generated C16-ceramide via selective regulation of
the ATF6/CHOP arm of ER-stress-response pathways, FASEB J. 24 (2010) 296–308.

[94] D.M. Schewe, J.A. Aguirre-Ghiso, ATF6alpha-Rheb-mTOR signaling promotes sur-
vival of dormant tumor cells in vivo, Proc. Natl. Acad. Sci. U. S. A. 105 (2008)
10519–10524.

[95] N. Morishima, K. Nakanishi, A. Nakano, Activating transcription factor-6 (ATF6)
mediates apoptosis with reduction of myeloid cell leukemia sequence 1 (Mcl-1)
protein via induction of WW domain binding protein 1, J. Biol. Chem. 286 (2011)
35227–35235.

[96] B.J. Vilner, C.S. John, W.D. Bowen, Sigma-1 and sigma-2 receptors are expressed in
a wide variety of human and rodent tumor cell lines, Cancer Res. 55 (1995)
408–413.
[97] T. Hayashi, T.P. Su, Sigma-1 receptor chaperones at the ER-mitochondrion interface
regulate Ca(2+) signaling and cell survival, Cell 131 (2007) 596–610.

[98] T. Mori, T. Hayashi, E. Hayashi, T.P. Su, Sigma-1 receptor chaperone at the
ER-mitochondrion interface mediates the mitochondrion-ER-nucleus signaling
for cellular survival, PLoS One 8 (2013) e76941.

[99] B.A. Spruce, L.A. Campbell, N. McTavish, M.A. Cooper, M.V. Appleyard, M. O'Neill, J.
Howie, J. Samson, S. Watt, K. Murray, D. McLean, N.R. Leslie, S.T. Safrany, M.J.
Ferguson, J.A. Peters, A.R. Prescott, G. Box, A. Hayes, B. Nutley, F. Raynaud, C.P.
Downes, J.J. Lambert, A.M. Thompson, S. Eccles, Small molecule antagonists of the
sigma-1 receptor cause selective release of the death program in tumor and
self-reliant cells and inhibit tumor growth in vitro and in vivo, Cancer Res. 64
(2004) 4875–4886.

[100] F.J. Kim, J.M. Schrock, C.M. Spino, J.C. Marino, G.W. Pasternak, Inhibition of tumor
cell growth by Sigma1 ligandmediated translational repression, Biochem. Biophys.
Res. Commun. 426 (2012) 177–182.

[101] D. Chen, Q.P. Dou, The ubiquitin-proteasome system as a prospective molecular
target for cancer treatment and prevention, Curr. Protein Pept. Sci. 11 (2010)
459–470.

[102] S. Jagannath, B.G. Durie, J. Wolf, E. Camacho, D. Irwin, J. Lutzky, M. McKinley, E.
Gabayan, A. Mazumder, D. Schenkein, J. Crowley, Bortezomib therapy alone and
in combination with dexamethasone for previously untreated symptomatic multi-
ple myeloma, Br. J. Haematol. 129 (2005) 776–783.

[103] R.Z. Orlowski, P.M. Voorhees, R.A. Garcia, M.D. Hall, F.J. Kudrik, T. Allred, A.R. Johri,
P.E. Jones, A. Ivanova, H.W. Van Deventer, D.A. Gabriel, T.C. Shea, B.S. Mitchell, J.
Adams, D.L. Esseltine, E.G. Trehu, M. Green, M.J. Lehman, S. Natoli, J.M. Collins,
C.M. Lindley, E.C. Dees, Phase 1 trial of the proteasome inhibitor bortezomib and
pegylated liposomal doxorubicin in patients with advanced hematologic malig-
nancies, Blood 105 (2005) 3058–3065.

[104] P.G. Richardson, B. Barlogie, J. Berenson, S. Singhal, S. Jagannath, D. Irwin, S.V.
Rajkumar, G. Srkalovic, M. Alsina, R. Alexanian, D. Siegel, R.Z. Orlowski, D. Kuter,
S.A. Limentani, S. Lee, T. Hideshima, D.L. Esseltine, M. Kauffman, J. Adams, D.P.
Schenkein, K.C. Anderson, A phase 2 study of bortezomib in relapsed, refractory
myeloma, N. Engl. J. Med. 348 (2003) 2609–2617.

[105] A. Kardosh, E.B. Golden, P. Pyrko, J. Uddin, F.M. Hofman, T.C. Chen, S.G. Louie, N.A.
Petasis, A.H. Schonthal, Aggravated endoplasmic reticulum stress as a basis for en-
hanced glioblastoma cell killing by bortezomib in combination with celecoxib or its
non-coxib analogue, 2,5-dimethyl-celecoxib, Cancer Res. 68 (2008) 843–851.

[106] G.J. Brem, I. Mylonas, A. Bruning, Eeyarestatin causes cervical cancer cell sensitiza-
tion to bortezomib treatment by augmenting ER stress and CHOP expression,
Gynecol. Oncol. 128 (2013) 383–390.

[107] P. Polucci, P. Magnaghi, M. Angiolini, D. Asa, N. Avanzi, A. Badari, J. Bertrand, E.
Casale, S. Cauteruccio, A. Cirla, L. Cozzi, A. Galvani, P.K. Jackson, Y. Liu, S.
Magnuson, B. Malgesini, S. Nuvoloni, C. Orrenius, F.R. Sirtori, L. Riceputi, S. Rizzi,
B. Trucchi, T. O'Brien, A. Isacchi, D. Donati, R. D'Alessio, Alkylsulfanyl-1,2,4-
triazoles, a new class of allosteric valosine containing protein inhibitors. Synthesis
and structure–activity relationships, J. Med. Chem. 56 (2013) 437–450.

[108] Q. Wang, L. Li, Y. Ye, Inhibition of p97-dependent protein degradation by
Eeyarestatin I, J. Biol. Chem. 283 (2008) 7445–7454.

[109] C.W. Valle, T. Min, M. Bodas, S. Mazur, S. Begum, D. Tang, N. Vij, Critical role of
VCP/p97 in the pathogenesis and progression of non-small cell lung carcinoma,
PLoS One 6 (2011) e29073.

[110] T.F. Chou, S.J. Brown, D. Minond, B.E. Nordin, K. Li, A.C. Jones, P. Chase, P.R.
Porubsky, B.M. Stoltz, F.J. Schoenen, M.P. Patricelli, P. Hodder, H. Rosen, R.J.
Deshaies, Reversible inhibitor of p97, DBeQ, impairs both ubiquitin-dependent
and autophagic protein clearance pathways, Proc. Natl. Acad. Sci. U. S. A. 108
(2011) 4834–4839.

http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0400
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0400
http://dx.doi.org/10.1016/j.radonc.2013.06.005
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0405
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0405
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0405
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0405
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0405
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0405
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0405
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0405
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0410
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0410
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0410
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0410
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0415
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0415
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0415
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0415
http://dx.doi.org/10.1158/1940-6207.CAPR-13-0220
http://dx.doi.org/10.1158/1940-6207.CAPR-13-0220
http://dx.doi.org/10.1016/j.radonc.2013.06.037
http://dx.doi.org/10.1007/s13277-013-1104-5
http://dx.doi.org/10.1002/ijc.28649
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0420
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0420
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0420
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0425
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0425
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0425
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0430
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0430
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0430
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0435
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0435
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0435
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0440
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0440
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0440
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0440
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0445
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0445
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0445
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0450
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0450
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0450
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0455
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0455
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0455
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0460
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0460
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0460
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0460
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0460
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0460
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0460
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0465
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0465
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0465
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0470
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0470
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0470
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0475
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0475
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0475
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0475
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0480
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0480
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0480
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0480
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0480
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0480
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0485
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0485
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0485
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0485
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0485
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0490
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0490
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0490
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0490
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0495
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0495
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0495
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0500
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0500
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0500
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0500
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0500
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0500
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0505
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0505
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0510
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0510
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0510
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0515
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0515
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0515
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0515
http://refhub.elsevier.com/S0167-4889(14)00016-0/rf0515

	Endoplasmic reticulum stress associated responses in cancer
	1. Introduction
	2. Endoplasmic reticulum stress
	2.1. Unfolded protein response
	2.2. Apoptosis

	3. Cancer
	3.1. GRP78/BiP
	3.2. IRE1α and XBP1
	3.3. PERK, eIF2α and ATF4
	3.4. ATF6
	3.5. Sigma-1 receptor
	3.6. ERAD

	4. Conclusion
	References


