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Abstract
Glial tumors are the main primary adult brain tumor. Even with the most advanced treatments,
which include stereotactic microscope aided surgical resection, internal and external radiation
therapy and local and systemic chemotherapy, median survival time for patients diagnosed with
these malignancies is about 12 months. We explore here the possibility that the endoplasmic
reticulum stress response (ERSR) could be a possible target to develop chemotherapeutic agents to
induce toxicity in glioma cells. ERSR has the dual capacity of activating repair and/or cytotoxic
mechanisms. ERSR is triggered by the accumulation of unfolded proteins in the ER. The presence
of unfolded proteins in the ER regulates, via a complex biochemical cascade, the upregulation of
molecular chaperones, inhibition of protein synthesis, and an increase of proteasome mediated
unfolded protein degradation. ERSR in particular conditions can also contribute to cell death via
activation of programmed cell death. Apoptosis activation during ERSR is usually caused by the
activation of one or a combination of three biochemical cascades. Induction of these pathways
ultimately leads to caspase 3 activation culminating in apoptosis. Glioma cells are in a condition
of constant low grade ERSR, which possibly contributes to their resistance to treatment protocols.
It is conceivable that small molecules that interact with this phenomenon ultimately could be used
to modulate the system to activate apoptosis and cause gliotoxicity. We will discuss here ERSR
biochemically relevant features to death mechanisms and already identified small molecules that
by modulating ERSR are able to activate glioma cell death.
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1. INTRODUCTION
Malignant gliomas are the most common adult primary brain tumor. Gliomas, which include
astrocytomas, oligodendrocytomas, ependymomas, and glioblastomas, although relatively
rare (1.3% incidence, 2.2% total cancer deaths) typically represent 40% of all adult brain
tumors and 80% of all adult primary brain malignant tumors (www.cancer.org accessed
December 13, 2010). They are characterized by local proliferation, insidious infiltration
throughout the brain parenchyma, and robust angiogenesis. Current conventional treatment
protocols include microscope aided surgical resection, internal and external radiation

© 2011 Bentham Science Publishers Ltd.
*Address correspondence to this author at the Laboratory of Neuropharmacology, Department of Biochemistry and Molecular
Biology, Drug Discovery Division, Southern Research Institute 2000 9th Avenue South, Birmingham, AL-35205; Tel: 205-581-2269;
Fax: 205-581-2065; Grimaldi@sri.org.

NIH Public Access
Author Manuscript
Curr Pharm Des. Author manuscript; available in PMC 2012 February 16.

Published in final edited form as:
Curr Pharm Des. 2011 ; 17(3): 284–292.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



therapy and local and systemic chemotherapy. Several chemotherapeutic agents, such as
temozolomide (TMZ), cisplatin, carmustine, and lomustine, have been used to slow the
progression of these incurable cancers. However, glioma cells often acquire resistance to
these agents, typically through epigenetic inactivation of the DNA repairing enzyme
methylguanine methyltransferase (MGMT) [1]. The median survival time for patients
diagnosed with glioblastomas is about 12 months [2]. These dismal outcomes warrant an
expansion of the research efforts to search for molecular pathways to develop novel
antiglioma agents and therapies.

The endoplasmic reticulum stress response (ERSR) has recently received much attention as
a molecular pathway that can be modulated to cause cytotoxicity in glioma cells, mostly via
apoptosis. This review will examine our current understanding of ERSR induced apoptosis
and address its role in inhibiting oncogenic activity and promoting selective cytotoxicity in
glioma cells. We will also review agents used to induce ERSR and their possible role as
antiglioma therapies.

2. ERSR
The ER is central to many cellular functions related to protein synthesis, storage, sorting,
and targeting and is also heavily involved in Ca2+ signaling. The high Ca2+ concentration in
the ER environment is essential for the rapid Ca2+ mobilization following the elevation of
the second messenger inositol (1, 4, 5) trisphosphate triggered by agonist-induced
phospholipase C activation on the plasma membrane. Additionally, the high ion
concentration in the ER is also intended for the purpose of aiding protein folding by
promoting the binding of molecular chaperones (e.g. glucose regulated proteins GRP78 and
94) to growing polypeptide chains. The presence of Ca2+ binding proteins in the ER, in turn
allows Ca2+ storage to occur at high concentrations. The ER also contains proteins that
participate in posttranslational modifications of nascent proteins, such as disulfide bond
formation and N-linked glycosylation (NLG) [3]. The highly oxidizing ER lumen, favors
disulfide bond formation used to stabilize protein folding. Disturbances in any of these vital
functions results in an increase of unfolded proteins in the ER, which initiate the
phenomenon known as ERSR [3]. The goal of the ERSR is to enhance protein folding
capabilities, reduce new protein synthesis, and clear malformed proteins to allow the return
of normal cellular function. However, when it fails to do so, ERSR can trigger apoptotic cell
death to eliminate compromised cells.

The ability of the ERSR to reduce the presence of unfolded/nonfunctional proteins is a
complex task. The reduction of unfolded proteins are accomplished in four ways: (a)
increased protein folding capabilities via upregulation of molecular chaperones, mainly
GRP78 but also GRP94; (b) reduction of general protein translation, (c) enhanced
degradation of unfolded or damaged proteins, and (d) activation of the antiapoptotic
transcription factor nuclear factor kappa B (NF-κB) [4]. These tasks can be modulated
through the disinhibition of three factors, activating transcription factor 6 (ATF6), inositol
requiring enzyme (IRE1), and PKR like endoplasmic reticulum kinase (PERK).

In normal conditions (with low amounts of unfolded proteins in the ER), GRP78 binds the
three ER transmembrane proteins, ATF6, IRE1, and PERK and inhibits their activity.
GRP78 is therefore the main sensor for protein folding and the main actuator of the ERSR.
GRP78 is formed by two functional domains. The larger 44 kDa domain possesses ATPase
activity and the smaller domain of 20 kDa constitutes the protein binding domain [5]. A
third domain largely composed of helical structure of 10 kDa has unknown functions [5].
GRP78 is constitutively present, although at relatively low levels, in all cells [6]. In the
absence of unfolded proteins, this chaperone exists in its inactive state and bound to ATP.
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Following binding of unfolded proteins to the 20 kDa moiety, conformational changes
trigger ATP hydrolysis in the 44 kDa moiety. The presence of ADP in the 44 kDa subunit
increases the affinity for unfolded protein and in parallel reduces the ability of the chaperone
to bind AFT6, IRE1, PERK, and other GRP78 bound proteins [5]. The latter proteins are
now free and available to exert their roles to transduce ERSR signals [7–9].

3. DEPLOYMENT OF ERSR
3.1. ATF6

Once ATF6 is freed from GRP78, ATF6 translocates from the ER to the Golgi where it is
cleaved into two fragments by the Golgi enzymes, site 1 protease (S1P) and site 2 protease
(S2P) [10, 11]. This proteolytic processing yields an inactive smaller C terminal fragment
and an active 50kDa cytosolic N-terminal fragment that encodes a basic region leucine
zipper (bZIP) transcription factor [12]. The 50kDa active ATF6, that now exposes the
nuclear targeting sequence, translocates to the nucleus, where it binds in association with
NF-Y to promoters that contain ERSR elements (ERSE) resulting in their transcriptional
initiation [13]. GRP78 and the transcription factor, CCAAT/enhancer binding homologous
protein (CHOP), are the classical ERSR genes, whose promoters contain ERSE domains
and, therefore, are highly induced during ERSR by the aforementioned mechanism [14].
ATF6 and X-box binding protein 1 (XBP1) [15] can also heterodimerize and upregulate the
expression of genes that participate in protein removal e.g. ER degradation-enhancing α
mannosidase like protein 1 (EDEM1) [16], which processes unfolded proteins so that they
can be promptly ubiquitined and destroyed through the energy dependent proteasomal
degradation activated by the ER associated degradation system (ERAD) [3].

3.2. IRE1
IRE1 is a 100kDa ER transmembrane protein with kinase and endonuclease activities [17].
Following dissociation from GRP78, IRE1 undergoes oligomerization and activation via
autophosphorylation [18]. Active IRE1 facilitates the removal of a 26 nucleotide 3′ intron
[19] from XBP1, thus activating the 41kDa bZIP transcription factor (XBP1), and hence
causing the upregulation of genes responsible for protein folding (GRP78) and degradation
(e.g. EDEM1) [20].

3.3. PERK
Like IRE1, PERK undergoes oligomerization and activation via autophosphorylation [21],
following dissociation from GRP78 [22]. Activated PERK phosphorylates the eukaryotic
initiating factor 2α (eif2α), which results in its activation [23]. Activated eif2α causes the
inhibition of mRNA translation, which selectively inhibits protein synthesis and thereby
causes a reduction of the overall ER protein load [3]. Certain mRNA, such as GRP78,
CHOP, activating transcription factor 4 (ATF4), and NF-κB, can selectively opt out of such
an inhibition of translation so that ERSR driven positive gene expression can be sustained.
Phosphorylation of eif2α also results in ATF4 activation and its nuclear translocation [24].
Although with lower efficiency, ATF4 can activate ERSE sequence containing promoters in
a manner analogous to ATF6, however the main trust of ATF4 is its cooperation with cAMP
response element-binding (CREB) system [25], requiring simultaneous adenylate cyclase
activation. Redundantly, ATF4 results in the enhancement of the transcription of genes
involved in protein folding and degradation [25, 26]. Additionally, activated eif2α can also
induce phosphorylation of the inhibitor of NF-κB leading to NF-κB activation and
translocation [27]. Among many other effects, NF-κB activation promotes upregulation of
antiapoptotic Bcl2 [28].
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4. ACTIVATION OF APOPTOSIS DURING ERSR
In addition, to its protective role, ERSR has been shown to initiate cellular death in various
cell types. ERSR can trigger apoptosis when high levels of unfolded proteins are persistent
[17, 29, 30]. However, the mode of such a switch is still obscure. To date, three ERSR
mediated apoptotic pathways have been characterized: (1) activation of CHOP, (2)
activation of ER associated caspases, and (3) c-Jun N-terminal kinase (JNK)-mediated
apoptosis activation (Fig. 1).

4.1. Role of CHOP in ERSR Mediated Apoptosis
CHOP activation has been the target of intense study and is the most characterized apoptotic
pathway activated by ERSR. CHOP is normally expressed at low levels in unchallenged
conditions [36–38]. The CHOP promoter, like GRP78, ATF4, and NF-κB, contains binding
sites known as ERSE and their mRNA have the “opt out” sequence that is used to
circumvent the eif2α mediated inhibition of global protein synthesis. Therefore these factors
can be significantly unregulated during ERSR [31]. Activated ATF6, IRE1, and PERK
signals converge on the CHOP promoter and result in a significant enhancement of
transcription of this factor [24, 32–34] (Fig. 1). The role of CHOP (also known as growth
arrest and DNA damage-inducible gene 153 (GADD153)) in ERSR and apoptosis has been
extensively studied. CHOP−/− cells are resistant to ERSR induced apoptosis [35].
Furthermore, overexpression of CHOP in cells results in the enhancement of apoptotic cell
death [36]. While it is unlikely that CHOP directly induces apoptotic death, CHOP
transcriptionally regulates genes that participate in the apoptotic pathway.

CHOP level increase is associated with indirect inhibition of Bcl2 expression which, in
turns, unleashes the apoptotic triggering effect of Bax/Bad systems in the mitochondria,
resulting in caspase 9 and then caspase 3 activation [37] (Fig. 1). Of interest is that the effect
of CHOP on Bcl2 can be antagonized by a concomitant activation of NF-κB, which results
in upregulation of Bcl2 expression [36, 37].

CHOP also promotes ERSR mediated apoptosis by activating the proapoptotic factor Bim
[38]. Another possible CHOP target that could result in apoptosis induction is the death
receptor 5 (DR5), which is upregulated following the induction of CHOP as it shown in
human carcinoma cells [39]. Following siRNA knockdown of CHOP, reduced DR5
upregulation and apoptosis were observed in the presence of ERSR caused by thapsigargin
(THAP), an ERSR inducer that depletes ER Ca2+ by preventing its ER uptake [39, 40].

4.2. Role of ER Associated Caspase Activation in ERSR Mediated Apoptosis
A second ERSR directed apoptosis activation system is constituted by the species specific
ER associated caspases 4 and 12. These particular caspases are located in the ER membrane
and are bound, like ATF6, IRE1 and PERK, to GRP78 in resting conditions, and hence their
activation is inhibited. Unfolded proteins appearance, similar to the other GRP78 inhibited
factors, also decreases GRP78’s affinity for caspase 4/12 and results in their dissociation,
rendering them ready for further activation [41, 42]. Free procaspases 4/12 are cleaved by
calpain in the presence of elevated cytoplasmic Ca2+ concentrations ([Ca2+]c) into the active
forms that can lead to the initiation of apoptosis [43] (Fig. 1).

Caspase 12 is a rodent specific [44, 45] cysteine aspartate dependent selective protease that
is localized on the cytosolic side of the ER [43, 46]. As in the case of most caspases, caspase
12 exist as a zymogen whose cleavage results in an active caspase [47]. Caspase 12 −/− cells
have been shown to be resistant to cell death instigated by ER stress suggesting caspase 12
has a major role in ERSR mediated apoptosis [46].
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ERSR results in cytosolic translocation of cleaved caspase 12 which can now activate
caspase 9, and initiate apoptosis [45] (Fig. 1). A causal relationship between caspase 9 and
12’s ability to induce cell death was suggested by experiments. Caspase 9 carrying an
inactive mutated catalytic domain could not interact with caspase 12 and ERSR mediated
apoptosis was reduced [45].

Caspase 4 is a human specific caspase, which has 57% homology to rodent caspase 12, and
is considered to be an orthologue [48]. Caspase 4, like caspase 12, is specifically readied for
activation when released by GRP78 during ERSR, and its calpain dependent cleavage in a
high Ca2+ environment generates the active fragment that is involved in apoptosis initiated
by ERSR [49, 50]. Cancer cell lines, such as HeLa and SK-N-SH, treated with siRNA
against caspase 4 exhibited a reduction of ERSR mediated apoptosis. However, caspase 4
knockdown cells could still activate apoptosis through other mechanisms, independently of
ERSR induction [49]. It has also been shown that caspase 4 is activated during ERSR
induction in malignant human glioma [51–53].

Studies associated with the Cancer Genome Atlas project indicate that caspase 4 is
upregulated in patient derived glioma specimens (http://tcga.cancer.gov accessed November
1, 2010), thus suggesting that ERSR activation in glioma cells could be associated with
enhancement of apoptosis given the presence of higher levels of caspase 4.

4.2.1. ER associated Caspase Activators - Ca2+ calpain System—Cytoplasmic
Ca2+ concentration ([Ca2+]c) plays a major role in the activation of ER associated caspases
that ultimately leads to ERSR induced apoptosis. Caspase 12 activation has been shown to
occur when the ER Ca2+ stores are depleted by THAP, a condition that results also in a
significant and prolonged elevation of [Ca2+]c. The prolonged reduction of [Ca2+]ER leads to
the unfolding of ER proteins because of the chaperone dependence on ER Ca2+ and the lack
of the ion that serves as nucleation factor for many folded proteins. Increased levels of
unfolded proteins in the ER cause the concurrent release of ER associated caspases from
GRP78. In the presence of the simultaneous elevation of [Ca2+]c, freed procaspase 12 can be
cleaved by calpain into its active form (Fig. 1). In mouse embryonic fibroblasts (MEF)
deficient in calpain, both caspase 12 proteolytic cleavage and ERSR mediated apoptosis
were abolished [54]. Similarly, caspase 4 cleavage and the subsequent apoptosis were
attenuated in cells where [Ca2+]c in the cytoplasm was kept low by high extracellular EGTA
concentration treatment [50]. The one-two punch, consisting of disinhibition of ER
associated procaspases and elevation of [Ca2+]c, is responsible for the activation of the
caspases and is an essential part of ERSR induced apoptosis (Fig. 1).

4.2.2. ER Associated Caspase Activators – Caspase 7—ER associated caspases,
such as caspase 4/12, can also be activated using another signaling system. In resting
conditions, caspase 12 is bound to GRP78 and is shielded from proteolytic cleavage and
activation. In the presence of unfolded proteins, caspase 12 dissociates from GRP78 and the
procaspase can be cleaved by activated caspase 7, which translocates from the cytosol to the
ER surface during ERSR [45] (Fig. 1). Caspase 7 proteolytic action on caspase 12 takes
place on the residues Asp-94 and Asp-341, which interestingly, are different from the
activation sites utilized by calpain [43]. The implication for this differential processing are
not completely understood. Dominant negatives for the catalytic domain of caspase 7
attenuate caspase 12 dependent apoptosis supporting the role of this pathway on ERSR
induced cell death [45].
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4.3. Role of JNK Activation in ERSR Mediated Apoptosis
IRE1 activation has also been implicated in ERSR mediated apoptosis involving JNK
activation. Activated IRE1 recruits cytosolic TNF receptor-associated factor 2 (TRAF2) to
the ER membrane. The IRE1-TRAF2 complex, established during ERSR induction,
activates TNF-dependent apoptosis-signaling kinase 1 (ASK1) [55], which causes the
activation of mitogen activated protein kinase (MAPK), JNK [55, 56] (Fig. 1). The resultant
JNK activation results in both Bcl2 downregulation, which in turns removes suppression of
the mitochondrial apoptosis cascade, and proapoptotic Bim activation, [57–59] resulting in a
strong induction of apoptotic cell death. The importance of the IRE1-TRAF2-ASK-JNK
pathway in ERSR mediated apoptosis has been demonstrated in several studies. Primary
neurons from ASK−/− mice displayed reduced JNK activation and were resistant to
apoptosis following ERSR induction [60]. ASK1 ablation via siRNA in HeLa cells
attenuated ERSR mediated apoptosis following THAP treatment [61]. In addition, IRE1
inhibition resulted in increased glioma cell survival and angiogenesis in glioma implanted
mice [62].

4.4. Cross Talk of Apoptosis Inducing Pathways in ERSR
Cross talk of the ERSR apoptotic pathways seems likely due to their shared molecular
components. The CHOP induced events promote cell death by suppressing Bcl2 expression
and thereby eliminating a checkpoint on mitochondrial determined apoptotic events by also
promoting proapoptotic gene expression to directly cause apoptosis. During ERSR,
increases in [Ca2+]c promote calpain mediated activation of ER associated caspases. The
mitochondria- and the ER-dependent activated caspases converge on caspase 3, the final
activator of apoptosis, and could result in a potentiation of the apoptotic program execution
to trigger cell death.

5. ROLE OF ERSR IN TUMOR CELLS
Exaggerated growth and competition for nutritional resources in the tumor determines the
hostile environment typical of the cancer mass, which results in increased levels of hypoxia
and decreased glucose levels. Tumor cells have adapted to these harsh living conditions with
aerobic glycolysis, the Warburg effect, to convert glucose, glutamine and serine to lactate
for energy [63]. The lactic acid, which is a major catabolic product in these conditions,
decreases the pH and aggravates local distress. The resulting limited amount of energy and
oxygen affects ATP availability and therefore renders ATP-dependent pump function
difficult. During high rates of proliferation, many processes are affected and could suffer
from higher levels of misfolded proteins, DNA damage, and insufficient supply of nutrients
in the ER to meet the demands of the rapidly dividing cells [64, 65]. For these reasons, an
adaptive defense strategy is employed by the cell to counteract the continued exposure to
stress. Chronically elevated levels of ERSR assist in protecting the cancer cell from the
unfavorable environment in which they exist by causing a higher chaperone availability
opposed to mildly increased unfolded protein levels [66]. However, additional ERSR,
beyond a certain critical point, results in activation of a series of events that culminate in
apoptosis due to the lack of compensating resources.

High levels of GRP78 have been reported in many cancer cell lines and patient samples,
including glioma cells [67], and has been inversely correlated with disease outcome and
tumor proliferation rates [53]. Constitutively, activated ERSR has been shown to be a
protective mechanism in cancer cells and even participate in tolerance to chemotherapeutic
agents. Protection could occur through suppression of proapoptotic pathways in mild ERSR
conditions. Elevated GRP78 levels would increase the direct binding and inhibition of
caspase 4/12 and other ERSR effectors, which are known to form inactive complexes with
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GRP78 [42]. Interestingly, GRP78 molecular overexpression, in the absence of unfolded
proteins, leads to CHOP downregulation possibly contributing to tumor cells’ resistance to
apoptosis [68]. Bax inhibition, and subsequently inhibition of the release of cytochrome c
from the mitochondria, has also been associated with isolated elevated GRP78 levels [69].

ATF6, IRE1, or PERK cascades have been previously shown to be activated in tumor cells
probably due to the conditions present within the hostile tumor environment, such as
hypoxia and ischemia. ATF6 has been shown to be activated and translocated to the nucleus
during ischemia [70]. When ATF6 expression was inhibited by microRNA (miRNA),
cardiac myocyte death increased during ischemic conditions [70]. These findings support a
protective role for ATF6 during ischemia. The IRE1-XBP1 arm of the ERSR cascade has
been suggested to be essential for tumor growth under oncogenic stress. Fibroblast tumor
cells lacking XBP1 were unable to grow as xenografts [71], showed increased levels of
apoptosis, and decreased angiogenesis [72]. Indeed, IRE1 has been shown to directly
increase angiogenesis through upregulation of vascular endothelial growth factor-A (VEGF-
A) in response to hypoxia and hypoglycemia. Dominant negative IRE1 tumor cells
displayed less vascularization and more invasive tumors in an orthotopic glioma model [73].
Hypoxia, which can also trigger ERSR, has been shown to activate PERK, leading to the
phosphorylation of eif2α [74]. Tumors derived from PERK deficient animals were unable to
cause sufficient angiogenesis to self sustain [75]. While many of these studies have not been
performed in glioma, it is safe to hypothesize that the mildly elevated GRP78 levels present
in glioma cells, likely associated with mildly elevated levels of unfolded proteins in the ER,
are associated with low level activation of these three factors contributing to cell resilience.

While the basally elevated level of ERSR in tumor cells may actually be protective against
chemotherapies, evidence also shows that further stimulation of ERSR in these cells is
accompanied with enhanced cell death. Several studies have shown that downregulating
GRP78, which leads to the activation of ERSR, augments the effectiveness of antineoplastic
agents [53, 69], while increasing levels of GRP78, (which decreases ERSR), correlate to
drug resistance [76, 77]. Knockdown of GRP78 augmented the effectiveness of
temozolomide (TMZ), the chemotherapeutic current standard of care in malignant glioma
[53]. Overexpression of GRP78 in glioma cells rendered cells resistant to apoptosis,
decreased caspase 7 activation, and prevented sensitivity to cisplatin and etoposide [67].
Conversely, downregulation of GRP78 rendered the cells susceptible to cisplatin and
etoposide and inhibited growth [67]. In conclusion, while low levels of ERSR are
undoubtedly protective, higher levels of induction can push the cells coping mechanisms
toward recruiting death mechanisms, a situation that can be exploited for antineoplastic
treatments.

6. TARGETING ERSR WITH SMALL MOLECULES TO CAUSE CELL DEATH
Gliomas have been shown to be sensitive to agents that interfere with the ERSR. Agents
affecting ER Ca2+ homeostasis, such as THAP, flavonoids (FLAV), curcumin (CUR), and
non steroidal anti-inflammatory drugs (NSAID), such as celecoxib (CELE), cause protein
unfolding and highly activate ERSR and cell death in glioma cells [40, 78–82]. Agents
directly interfering with protein folding or maturation, such as tunicamycin (TUN) or
brefeldin A (BFA), cause induction of ERSR and cell death. Agents able to affect misfolded
protein removal, inhibitors of proteasome activity, such as specific agents like bortezomib
(BOR) [51] and human immunodeficiency virus protease inhibitors (HIV-PIs) [51, 52], are
associated with high levels of ERSR induction in glioma cells and cause gliotoxicity. Ideal
candidate molecules for chemotherapeutic potential would increase ERSR in cancer cells
enough to activate the prodeath arms of ERSR, yet only induce the prosurvival arms in
normal cells, resulting in tumor specific effects. Such a strategy could result from the
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decreased ability of tumor cells to cope with additional ER stress compared to normal cells.
This provides two options for targeting ERSR as an antineoplastic therapy: (1) the ERSR
cascade itself could be targeted to induce cell death directly, or (2) ERSR could be
exacerbated to make cells susceptible to other chemotherapies [66]. The following part of
this review will focus on specific small molecules that have been found to elicit ERSR and
cause apoptotic cell death in tumor cells and more specifically in glioma cells.

6.1. Agents Interfering with Ca2+ Regulated ERSR Phenomenon
Ca2+ has long been known to initiate and participate in multiple cell signaling pathways.
This ubiquitous ion is stored in the ER, where its high concentrations aid in protein folding
and serve as a fast acting reservoir for Ca2+ signaling. Sarco/endoplasmic reticulum ATPase
(SERCA) 2 is the sole pump responsible for concentrating Ca2+ into the ER [83]. Ca2+

release from the ER is attained actively through inositol trisphosphate receptors (IP3R),
ryanodine receptors (RynR) modulation, and passively through chemical diffusion and
leakage associated with translocon activity during protein synthesis [84–86]. Temporary ER
Ca2+ release is an event that occurs often during normal Ca2+ signaling [87]. However,
prolonged ER Ca2+ store depletion, an unusual condition, has been shown to trigger protein
unfolding. Protein unfolding in low [Ca2+]ER is due to failure in chaperone function and
direct interference with protein nucleation [87]. Small molecules, interfering with this
complex Ca2+ homeostatic process, have been shown to elicit ERSR mediated apoptosis in
several cancer cell types.

6.1.1. Flavonoids—Flavonoids (FLAV) are plant-derived, naturally occurring
polyphenolic compounds that possess the ability to elevate [Ca2+]c in U87MG and T98G
human glioma cells [79]. FLAVs have therapeutic potential in cancer treatments due to their
ability to induce apoptosis. GRP78 expression is decreased by (−)-epigallocatechin-3-gallate
(EGCG), a flavonoid derived from green tea (Fig. 2). This effect could be associated with
activation of the prodeath arm of ERSR. EGCG has been shown to directly interact with the
ATP binding domain of GRP78 and render GRP78 unable to bind to the caspase 7 complex,
ultimately culminating in increased activation of caspase 7 and apoptosis in etoposide
treated cancer cells [80]. Interestingly, the FLAVs apigenin, (−)-epigallocatechin, genistein,
and EGCG have been shown to have proapoptotic effects in U87MG and T98G human
glioma cells while normal astrocytes are largely resistant [79]. FLAV triggered an increase
in [Ca2+]c and caspase 4 activation in glioma cells [79] (Fig. 2). Additionally, ERSR
mediated apoptosis following FLAV exposure was also accompanied by JNK activation,
Bax upregulation, and cytochrome c release [79]. Activation of the mitochondrial dependent
apoptotic pathway resulted in caspase 9 and 3 activation following exposure to FLAV [79].
Although it has not been definitively proven that ERSR induction was directly related to
apoptosis of glioma cells induced by FLAV exposure, these data strongly suggest that ERSR
could be a key participant in FLAV induced cell death.

6.1.2. SERCA inhibitors—THAP, a plant derived sesquiterpene lactone, deprives the ER
of Ca2+ by irreversibly inhibiting SERCA, leading to ERSR activation culminating in cell
death [88]. THAP has been widely regarded as a highly effective cytotoxic agent (Fig. 2).
However, THAP is not generally considered a superior anticancer choice because (1) THAP
is considered a tumor promoter [89], (2) THAP is not well tolerated experimentally in in
vivo studies [66], and (3) irreversible, generalized SERCA inhibition, in the absence of
selective tumor targeting, results in global cytotoxic effects extending to normal tissues [90–
92]. Researchers have averted some of these undesirable effects by utilizing an inactive
THAP prodrug that is selectively activated by a tumor specific antigen found only in
prostate cancer cells and has shown favorable anticancer properties in animal studies [90].
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SERCA inhibiting compounds may still be a viable option for tumor cytotoxicity despite
some of the therapeutic setbacks of THAP. Recently, diaryl substituted pyrazoles have been
identified to inhibit SERCA and have antitumor activity [81, 82]. A prominent member of
this family is the well characterized NSAID, CELE. This NSAID, a COX2 inhibitor, has
been shown to be a reversible SERCA inhibitor [81], with potent cytotoxic potential in
glioma cells [82]. It has been suggested that CELE induced SERCA inhibition elicits ERSR
independently of its COX2 inhibitory properties. In fact, the CELE structural analog, 2,5–
dimethyl – celecoxib (DMC), which is devoid of COX 2 inhibitory activity, completely
retains SERCA inhibitory activity and induces ERSR and apoptosis [82]. CELE and DMC
effects correlated with the inhibition of SERCA, ER Ca2+ depletion, and upregulation in
GRP78, CHOP, and caspase 4 typically observed during ERSR [82] (Fig. 2). Furthermore,
CELE and DMC elicited ERSR and apoptosis in in vivo studies using U87MG tumor
xenografts [82]. However, both molecules are not good drug candidates because of their
unfavorable CNS bioavailability and side effects at the dosages required to elicit these
effects.

Curcumin (CUR) is an anticancer polyphenolic compound found in the culinary spice,
turmeric. CUR is a potent reversible inhibitor of all three known SERCA isoforms [78], and
like THAP has been shown to induce ERSR and apoptosis in tumor cells (Fig. 2). Recent
reports have confirmed activation of ERSR following CUR treatment, as demonstrated by
upregulation of GRP78, CHOP, and induction of apoptosis in human non-small cell lung
cancer cells [93]. CUR treated glioma cells exhibit increased calpain activation, in addition,
to an increase in Bax:Bcl2 ratio and caspase 3 cleavage [94]. Finally, CUR treatment
inhibited brain tumor formation in orthotopic mouse models [95].

6.2. Small Molecule that Affect Protein Maturation and Sorting
6.2.1. N-linked Glycosylation Inhibitors—Tunicamycin (TUN) inhibits N-linked
glycosylation (NLG) of proteins and represents a classic ERSR inducer (Fig. 2). The role of
inhibiting NLG and its effects on glioma receptor tyrosine kinases (RTK) expression have
recently been investigated [96, 97]. In U251 human glioma cells, expression of epidermal
growth factor receptor (EGFR), an RTK that is overexpressed in 40–90% of glioblastomas
[98], was shown to be particularly sensitive to NLG inhibition following TUN treatment
[96]. NLG disruption resulted in decreased RTK signaling, possibly due to the inability of
receptor maturation culminating in ER retention [96]. Glioma cells were highly sensitive to
radiation following exposure to NLG inhibitors [96]. Furthermore, NLG inhibition had no
effect on normal tissue, indicating a favorable therapeutic ratio between normal and
malignant tissues [96]. This novel potential antiglioma cancer therapy approach was further
validated in vivo using D54 and U87MG glioma xenograft tumor models [97]. NLG
inhibition yielded significant reductions in tumor growth following concomitant treatment
with TUN and radiation therapy [97]. These results suggest that ERSR induction, via NLG
inhibition, could prove to be a selective inducer of apoptosis in glioma cells (Fig. 2).

6.2.2. Golgi Disruptors: Brefeldin A—Brefeldin A (BFA), a macrocyclic lactone,
destroys Golgi maturation and therefore disrupts the flow of proteins from the ER, through
the Golgi and then to the plasma membrane, effectively halting the normal sorting of
membrane proteins [99]. The accumulation of these unshuttled proteins in the ER activates
ERSR [100, 101]. Apoptosis has been shown to occur in glioma cells following BFA
treatment [102]. BFA has also been investigated in glioma cells and shown to downregulate
membrane type 1 matrix metalloproteinase (MT1-MMP), an enzyme involved in glioma
invasion and metastasis [103]. Downregulation of MT1-MMP expression might prove to be
advantageous in targeting glioma cells toward apoptotic cell death. Prouix Bonneau et al.
sought to determine whether MT1-MMP expression in glioma cells could be attenuated

Johnson et al. Page 9

Curr Pharm Des. Author manuscript; available in PMC 2012 February 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



following ERSR induction [104]. BFA treated cells failed to express MT1-MMP on the cell
surface and showed increased GRP78 expression, suggesting that abrogated protein
trafficking leads to ERSR activation. Pommepuy et al. observed increased apoptotic glioma
cell death after exposure to BFA [102] (Fig. 2). Further studies are needed to determine
whether BFA induced downregulation of MT1-MMP results in apoptotic cell death.

6.2.3. Proteasome Inhibitors—Proteasome degradation is a major component of
relieving ERSR through the clearance of unfolded proteins. ERSR induced EDEM activity
prepares unfolded proteins for the action of the ERAD system, which promotes export of
unfolded proteins to the cytosol, where they are subsequently tagged with ubiquitin and
degraded by the proteasome [3]. Following IRE1 activation, XBP1 increases the expression
of proteins (e.g. EDEM) [105–108], whose action prepare unfolded proteins to be processed
by ubiquitin ligases, the first step in proteasome mediated protein degradation [109]. Failure
of the proteasome to degrade proteins results in an accumulation of unfolded proteins in the
ER and aggravates ERSR. Several agents can induce ERSR by inhibiting the proteasome.
Small molecules, such as BOR and HIV-PIs, have been reported to inhibit the proteasome
and cause a backlog of unfolded proteins. BOR, a classic selective inhibitor of 26S
proteasome, has been FDA approved for treatment of multiple myeloma. Its anticancer
effects have also been investigated in the treatment of glioma. Single agent treatment with
BOR activated ERSR as indicated by increased GRP78 and CHOP expression and caspase 4
activation [51]. BOR has also been shown to trigger ERSR mediated apoptosis in glioma
cells [51, 52] (Fig. 2). Results from in vitro studies have shown cytostatic [51] and
significant tumoricidal effects in BOR treated glioma cells [110].

HIV-PIs, developed primarily to inhibit the HIV proteases, also have the ability to inhibit
the proteasome. Nelfinavir (NFZ) and atazanavir (ATZ) have recently been investigated for
their role in ERSR mediated apoptosis in glioma cells. It has been reported that NFZ and
ATZ induced ERSR via proteasome inhibition [52] (Fig. 2). In this condition, ERSR classic
markers, such as GRP78 and CHOP, were upregulated and caspase 4 was activated, clearly
indicating ERSR induction. Downregulation of caspase 4 by siRNA decreased the HIV-PIs’
cytotoxic effect in glioma cells [52]. Furthermore, U87MG glioma tumor skin xenograft
models exhibited reduced tumor growth following NFZ treatment [52].

7. ROLE OF APOPTOSIS IN COMBINATORIAL THERAPY TARGETING
ERSR

Cancers cells are widely considered to live in a state of low and chronic ERSR, which is
thought to promote tumor cell survival [66]. Such an adaptation, triggered by the harsh
environment, can also play a role in chemoresistance [69]. BOR, a proteasome inhibitor, in
combination with CELE or DMC, SERCA inhibitors, potently triggered ERSR as indicated
by increased expression of GRP78, CHOP, JNK, and also strongly activated caspases 4 and
7, thus causing an enhancement of apoptotic glioblastoma cell death. Likewise, BOR in
combination with TMZ (DNA methylating agent [111] and CHOP inducer [53]) and
radiotherapy increased patient survival to a median survival of 17.4 months in a Phase I
clinical trial [112].

8. CONCLUSION AND FUTURE DIRECTIONS
This review summarizes the current evidences indicating that ERSR induction can be
utilized to activate apoptotic cell death preferentially in cancer cells. Moreover, ERSR
mediated apoptosis can be a selective glioma target to develop novel chemotherapeutic
agents. ERSR inducing agents have the potential to become powerful anticancer agents for
gliomas and other cancer cells. Numerous reports suggest that ERSR mediated apoptosis is
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able to cause selective glioma cell death. A recent Phase I clinical trial result indicates that
combination of ERSR inducing compounds, BOR and TMZ, reduce tumor growth in
patients diagnosed with malignant glioma [112]. These data indicate that ERSR induction in
glioma cells could be a valuable option to develop novel and effective anti-neoplastic
agents; however more studies are necessary to completely unravel the potential of such an
approach.
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Fig. 1. Schematic representation of the ERSR proapoptotic pathways
During ERSR, ATF6, PERK, IRE1 and ER-associated caspases 4/12 pathways are used to
activate apoptosis. ATF6, PERK, and IRE1 pathways can all converge and increase the
expression of CHOP, which promotes the transcriptional upregulation of proapoptotic genes
and the inhibition of antiapoptotic genes. During ERSR deployment, IRE1 and TRAF2 form
a complex, which results in activation of ASK1. Following ASK1 activation, JNK can
transcriptionally modulate genes that suppress cell survival and promote apoptosis. During
ERSR, caspase 7 and calpain can cleave/activate procaspase 4/12. CHOP and JNK activated
signaling results in mitochondrial apoptosis activation, which can synergize with active
caspase 4/12 to cause the activation of caspase 9, which in turn activates caspase 3
ultimately culminating in apoptosis.
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Fig. 2. Known interactions between small molecules and the ERSR in glioma
Several compounds have been investigated for their ERSR inducing apoptotic properties in
glioma cells. FLAV treatment results in increased [Ca2+]c. EGCG binds to GRP78 and
prevents the formation of antiapoptotic GRP78-caspase 7 complex while also promoting
elevated [Ca2+]c. THAP, CELE, DMC, and CUR are potent SERCA inhibitors that lead to
reduced [Ca2+]ER. NLG inhibitors (e.g. TUN) prevent N-linked glycosylation of proteins
leading to ER retention of unfolded proteins. BFA inhibits protein export from the ER to the
Golgi thus promoting ER protein accumulation. BOR, NFZ, ATZ inhibit the proteasome and
cause aged and unfolded protein accumulation in the ER.
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