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Abstract

Hypoxia is a major hallmark of the tumor microenvironment that is strictly associated with rapid
cancer progression and induction of metastasis. Hypoxia inhibits disulfide bond formation and
impairs protein folding in the Endoplasmic Reticulum (ER). The stress in the ER induces the
activation of Unfolded Protein Response (UPR) pathways via the induction of protein kinase
RNA-like endoplasmic reticulum kinase (PERK). As a result, the level of phosphorylated
Eukaryotic Initiation Factor 2 alpha (elF2a.) is markedly elevated, resulting in the promotion of a
pro-adaptive signaling pathway by the inhibition of global protein synthesis and selective
translation of Activating Transcription Factor 4 (ATF4). On the contrary, during conditions of
prolonged ER stress, pro-adaptive responses fail and apoptotic cell death ensues. Interestingly,
similar to the activity of the mitochondria, the ER may also directly activate the apoptotic pathway
through ER stress-mediated leakage of calcium into the cytoplasm that leads to the activation of
death effectors. Apoptotic cell death also ensues by ATF4-CHOP- mediated induction of several
pro-apoptotic genes and suppression of the synthesis of anti-apoptotic Bcl-2 proteins. Advancing
molecular insight into the transition of tumor cells from adaptation to apoptosis under hypoxia-
induced ER stress may provide answers on how to overcome the limitations of current anti-tumor
therapies. Targeting components of the UPR pathways may provide more effective elimination of
tumor cells and as a result, contribute to the development of more promising anti-tumor
therapeutic agents.
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1. INTRODUCTION

A tumor is an abnormal mass of tissue composed of cells with continual unregulated
proliferation, which can occur in any part of the body. There are two types of tumors that
vary significantly — benign and malignant. The differences between them are very important
in cancer pathology due to the fact that not all tumors are cancerous [1]. A benign tumor
grows and remains confined to its original location, not invading the surrounding tissue or
spreading to other sites. On the contrary, a malignant tumor has the ability to occupy
neighbouring healthy tissues and may spread from its primary area to other parts of the body
viathe vascular and lymphatic system in a process commonly termed metastasis [1, 2].
Metastasis is a major clinical problem during tumor therapy [3]. It is a highly complex
process and is further complicated by the uncertainty of when it may occur after diagnosis of
the primary tumor; varying from months to years or not at all in some patients. [4]. The
majority of cancers grow as solid tumors [2] and can be classified into three general groups
such as carcinomas, sarcomas, and leukemias or lymphomas according to the type of tissue
they arise from [1].

Cancer constitutes a primary health problem and has a major impact on society. Tens of
millions of people have been diagnosed with cancer worldwide and more than half of them
finally die from it [5]. More than a million cases are diagnosed with cancer and more than
500,000 die of cancer each year in the United States [1]. The newest data confirm that
cancer constitutes the second cause of human mortality, after cardiovascular diseases, in
highly developed countries [6], and affects half of men and one third of women during their
lifetimes [2]. Current estimates suggest that cancers of the breast, prostate, lung, and colon
account for more than half of all cancer cases in highly developed countries [1].

Due to the significant improvement in both medical treatment and prevention of
cardiovascular diseases, cancer may become the main cause of death worldwide [5].

Cancer comprises more than 200 different human disease entities [7] and results from
perturbations of cellular responses at the molecular level that leads to significant alterations
of normal properties in healthy cells. Cancer is closely connected with abnormal
proliferation of cells that evade apoptosis and have continual unregulated growth, presenting
in almost any tissue of the body. Each cancer has its own unique pattern of behaviour based
on the location of the cancer, mutations of the cells, and an individual's molecular makeup.
Due to the fact that there are more than a hundred types of cancers and the different factors
that make them unique, elimination of cancer through anti-tumor drugs is still inadequate [1,
2].

A range of stressful cellular conditions accompanied by tumor development may trigger
disruptions of Endoplasmic Reticulum (ER) homeostasis and lead to ER stress, further
activating Unfolded Protein Response (UPR) branches. This results in subsequent
phosphorylation of Eukaryotic Initiation Factor 2 alpha (elF2a) by activated protein kinase
RNA-like endoplasmic reticulum kinase (PERK), and rapid downregulation of global
protein synthesis and preferential translation of genes. These products may contribute to
adaptations of the tumor cell to hypoxic conditions. In addition, long-term activation of the
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UPR axis may evoke a paradoxical response v/a the initiation of apoptotic cell death. Several
lines of evidence suggest a pivotal role of PERK/elF2a/ATF4/CHOP in tumor progression.
Knowledge in this area may contribute to the development of modern treatment for the
elimination of cancer [8-10].

2. HYPOXIA INDUCES ENDOPLASMIC RETICULUM STRESS AND THE
UNFOLDED PROTEIN RESPONSE

The ER is a multifunctional organelle, that plays a central role in protein folding,
biosynthesis of phospholipids, and maintaining calcium homeostasis [11]. Sufficient
oxidation within the ER environment is required for the formation of disulfide bonds, which
stabilize the conformation of mature proteins [12, 13]. The ER has a quality control system
to eliminate unfolded or misfolded proteins from the secretory pathway and exports only the
properly folded proteins to their final destinations [14]. Disrupted ER homeostasis engages a
range of stress-response signaling pathways collectively termed Unfolded Protein Response
[15]. Numerous pathological conditions and chemical compounds, such as thapsigargin and
tunicamycin, are implicated in disruption of ER functions and thereby can lead to the
activation of ER stress conditions within cells [16, 17]. Stress stimuli primarily include:
decreased oxygen levels, viral infections, deprivation of nutrients (especially a glucose
deficiency caused by perturbation in protein glycosylation), fast cell proliferation, changes in
redox homeostasis, increased level of protein synthesis, and decreased levels of calcium ions
in the ER lumen [18]. These disruptions rapidly lead to the aggregation of unfolded and
misfolded proteins in the lumen of the ER, further activating the UPR signaling branches as
a cellular adaptive program to cope with stress conditions, recover the homeostatic state, and
resume cell division [9, 19, 20]. However, prolonged activation of the UPR, in which the
initial aim was to support cell survival, may convert to the pro-apoptotic signaling network
[21-23].

There is abundant evidence that this dychotomic ER stress-mediated response pathway is
strictly associated with the pathogenesis of many human disease entities including cancer,
neurodegenerative diseases, type 2 diabetes, renal disease, and atherosclerosis [24].
Currently, the main target of numerous studies is to develop a method to pharmacologically
switch the UPR signal form pro-survival to pro-apoptotic in tumor cells and trigger their
death [16].

Hypoxia refers to areas of low oxygen tension. It is a physiologically important dynamic
hallmark, which is present in all solid tumors. Moreover, hypoxia plays a central role in
tumor invasion, metastatic cascade, and resistance to current treatment modalities [25, 26].
Tumor hypoxia results from an insufficient supply of oxygen [27]. Normal cells have oxygen
levels ranging from 3.1% to 8.7%. The oxygen concentration of tumor cells may vary from
0.01-3.9% Oy, which in comparison to normal cells is significantly lower [28]. The
uncontrolled growth of tumor cells forming an enlarging mass causes the distance between
existing blood vessels to increase and creates areas of acute and chronic hypoxia [27].
Insufficient supply of nutrients stimulates tumor cells to form new vascular networks
through the process of angiogenesis [29, 30]. The majority of tumors synthesize growth

Curr Mol Med. Author manuscript; available in PMC 2016 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rozpedek et al.

Page 4

factors such as Basic Fibroblast Growth Factor (bFGF), Transforming Growth Factor a
(TGFa), and Vascular Endothelial Growth Factor (VEGF) that possess the ability to enhance
angiogenesis [30]. Newly-formed blood vessels significantly differ from vascular networks
in normal, healthy tissue [31] due to the immature structure in comparison to their normal
counterparts [32]. Tumors have significant interruptions in blood flow [33] and have poorly
oxygenated areas spread within the mass [34, 35]. Generally, hypoxia constitutes a
prominent physiologic barrier to cell survival, but paradoxically, tumor cells can adapt to
survive in the extremely low concentrations of oxygen. As a result, tumor cells under
hypoxic stress become more resistant to chemotherapy since drug diffusion to the hypoxic
areas is limited [35-37]. In addition, poor oxygenation causes resistance of tumor cells to
anti-tumor therapy because the presence of oxygen is essential for effective DNA damage
during radiotherapy and for activation of the significant cytotoxicity of anti-tumor
therapeutic agents [37, 38]. For instance, Brizel et a/. showed that individuals with head and
neck cancers with hypoxic tumors had a decreased survival time in comparison with patients
with better-oxygenated tumors [39]. Moreover, Gatenby ef a/. also reported that head and
neck cancers with hypoxic conditions are more resistant to radiation [40]. These studies
emphasize that regions of low oxygen availability have a significant effect on clinical
outcomes, leading to decreased effectiveness of anti-cancer therapy.

3. THE IMPACT OF HYPOXIA-INDUCIBLE FACTOR 1 ON TUMOR CELL

SURVIVAL

Characteristics of fast-growing tumor cells include slower formation of new blood vessels
compared to the rate of tumor growth, pathological architecture of blood vessels, as well as
blood flow disturbances [32]. These features are closely connected with initiation of various
pathological mechanisms of microenvironmental stress. To survive unfavourable conditions,
tumor cells must adapt to low concentrations of oxygen through the induction of stress
response signaling pathways including activation of the hypoxia-inducible factor 1 (HIF-1)
[41, 42], which is known as a key mediator of oxygen homeostasis. HIF-1 plays a
fundamental role in regulation of the expression of numerous genes that exert control over a
wide range of intracellular processes that promote angiogenesis, anaerobic glycolysis, and
erythropoiesis [43, 44]. Generally, HIF-1 is composed of two subunits such as HIF-1a and
HIF-1p [45], but only one of them - HIF-1p is constitutively expressed in cells. Activity of
the HIF-1a subunit is regulated by numerous post-transcriptional modifications such as
hydroxylation, acetylation, and phosphorylation [46]. Under normal aerobic conditions
hydroxylation and acetylation of the oxygen-dependent domain of HIF-1a targets it for
degradation by the ubiquitin-proteasome pathway [47], which makes it experimentally
undetectable. Adversely, in response to hypoxic conditions HIF-1a becomes stable and
accumulates in the nucleus where it forms a heterodimer with the HIF-1p subunit. After
dimerization, the HIF-1 complex is activated and may control the expression of various
hypoxia-regulated genes [45, 48, 49] including Vascular Endothelial Growth Factor (VEGF)
and erythropoietin (EPO), which regulate angiogenesis and erythropoiesis, respectively.
Furthermore, HIF-1 coordinates regulation of the expression of other genes essential for cell
survival and proliferation [46]. These include various glycolytic genes involving glucose
transporters and glycolytic enzymes such as Glucose Transporter 1 (GLUT1) and
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Phosphoglycerate Kinase (PGK), which support uptake of glucose and alter the utilization of
energy sources from aerobic to glycolytic metabolism [48]. Overexpression of HIF-1 has
been reported in many types of cancers as one of the cellular responses to hypoxic stress
conditions that results in adaptation of the cancer cells to oxygen deprivation [47].

HIF-1 transcription factor plays an important role in the response of tumor cells to hypoxic
conditions and is essential for regulating the expression of genes involved in homeostatic
processes [50]. However, its activation alone is insufficient to repair all the damage that
occurs in the cell under limited oxygen concentrations. Under more severe hypoxic
conditions, cells elicit other adaptive strategies. These immediate reactions result in the
attenuation of global protein synthesis, which is closely connected with the promotion of
tumor cell survival by reducing energy consumption [19].

4. THE ROLE OF ENDOPLASMIC RETICULUM IN PROMOTING
CYTOPROTECTIVE VERSUS APOPTOTIC RESPONSES DURING
TUMORIGENESIS

Due to the excessive proliferation of malignant tumor cells and their insufficient
vascularisation, a wide range of pathological conditions, including hypoxia, may trigger
disruption of ER homeostasis through the accumulation of unfolded and misfolded proteins
within its lumen. Interestingly, under hypoxic conditions, energy demand for protein
synthesis significantly decreases in comparison to the normoxic cells. The significant ATP
reduction that is due to oxygen and energy deprivation is strictly affiliated with a rapid
decrease in the rate of protein translation that is crucial for the adaptation of tumor cells to
survive in the adverse conditions [32]. As a response to extreme hypoxic conditions, stress
response signaling pathways, including the UPR, are activated [42, 51]. The UPR is a
specific cellular process that, depending on the severity of stress conditions and the exposure
time of cells to unfavourable factors, may lead to different outcomes such as cell adaptation
to stress or cell death by apoptosis [52]. Thus, the UPR signaling network is divided into two
different pathways - cytoprotective and apoptotic [53]. Even though tumor cells grow in size
and spread from their initial area of development to other parts of the body, the UPR can still
play a crucial role in maintaining the ER homeostasis. This kind of UPR response is tightly
associated with its pro-adaptive role, since the main aim of its activation is overturning the
capacity of the ER to proper protein folding and reduction of protein synthesis. Inversely, if
the adaptive response is insufficient, cells undergo apoptosis [42]. Altogether, the key role of
the UPR in cancer pathogenesis is to protect tumor cells from the apoptotic process [9].
Activation of the UPR, as a response to the accumulation of unfolded and misfolded proteins
in the ER lumen causes increased synthesis of molecular chaperone proteins to enhance
protein refolding, elimination of the misfolded proteins, as well as inhibition of protein
translation [51].

The UPR is also divided into three branches that may be triggered by specific ER
transmembrane proteins such as: PERK, Inositol Regulating Enzyme 1 (IRE1), and
Activating Transcription Factor 6 (ATF6) [54]. The ER lumen is crowded with special
chaperones like immunoglobulin heavy chain-binding protein (BiP), also termed glucose-
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regulated protein 78 (GRP78), that belong to the heat-shock family of proteins [55]. Under
normal conditions all of these stress sensors are held in the inactive state by forming a
complex with ER chaperone BiP/GRP78. After aggregation of misfolded and unfolded
proteins within the ER lumen, BiP/ GRP78 are released from the lumenal domains of ER
receptors [56]. That dissociation immediately leads to the rapid activation of all three ER
stress receptors. Finally, three arms of the UPR become active and pro-survival, or if
exposed to prolonged ER stress pro-apoptotic, transmitting signals to the cell cytosol and
nucleus [42].

There is abundant evidence that activation of UPR signaling pathways and subsequent elF2a
phosphorylation play a pivotal role in solid tumor growth, invasion, and angiogenesis. It has
been reported in a range of different cancer models that tumor cells in the primary tumor
upregulate UPR networks, whereas healthy tissue surrounding a growing tumor do not [9,
57]. Therefore, tumor hypoxia is correlated with a significant increase in elF2a
phosphorylation [58]. This results in the attenuation of global protein translation within
tumor cells as well as induction of translation of only selective mMRNAs, including activating
transcription factor 4 (ATF4) [59]. Generally, ATF4 is a transcription factor that regulates a
wide range of genes, which play a crucial role in cell adaptation to stress conditions, but
paradoxically, during long-term ER stress, ATF4 may also stimulate genes of CCAAT-
enhancer-binding protein homologous protein (CHOP), which is responsible for initiation of
the apoptotic cascade [60] (Fig. 1).

5. ACTIVATION OF THE PERK/EIF2A/ATF4 AXIS OF THE UPR UNDER
STRESS CONDITIONS

Translation initiation is a highly complex process in eukaryotic cells. Interestingly, it is
strictly dependent on elF2a., which is composed of three general subunits: a., f and y [61].
The heterotrimeric protein forms a ternary complex with guanosine triphosphate (GTP) and
initiator-methionyl-tRNA (Met)-tRNA;. Subsequently, this complex combines with the
smaller ribosomal subunit 40S bound to eukaryotic initiation factors such as: elF1, elF1A
and elF3, resulting in the formation of a preinitiation complex 43S [62, 63]. The
preinitiation complex 43S combines with mMRNA and heterotetramer eukaryotic initiation
factor 4F (elF4F) consisting of the subunits: elFAE, elF4A, elF4B, elF4G, elFAF. elFAF
facilitates binding of MRNA to the preinitiation factor 43S [64], which migrates downstream
of mRNA for the AUG initiation codon. Following the proper codon-anticodon pairing, the
48S preinitiation complex is created. That process requires consumption of energy, thus the
GTP associated with elF2a. is hydrolyzed to guanosine diphosphate (GDP) by GTPase-
activating protein elF5. Hydrolysis of GTP releases the elF2-GDP complex and all of the
eukaryotic initiation factors from the ribosome [65]. The next event is the assembly of a
complete 80S initiation complex, ready to start the elongation process through binding of the
larger 60S ribosomal subunit to the pre-initiation complex [66] (Fig. 2).

Generation of a new initiation complex strictly depends on the conversion of GDP, bound to
elF2a, to GTP. This exchange is catalyzed by guanine nucleotide exchange factor elF2p
[67]. elF2a phosphorylation of Ser51 results in repression of global protein synthesis and
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preferential translation of selected genes. It can be inferred that phosphorylation of elF2a is
a master regulator of cell adaptation to ER stress conditions. It is also a significant
checkpoint under which not only global protein translation, but also cell proliferation are
blocked [68]. Furthermore, phosphorylated elF2a has a negative influence on elF23
functioning and acts as its major inhibitor [69].

There is a large body of evidence that numerous stress conditions that are strictly associated
with the environment of the tumor may lead to rapid activation of the PERK/elF2a/ATF4
branches of the UPR [70]. PERK is a type of | transmembrane ER receptor with a serine/
threonine cytoplasmic domain [71]. Molecular chaperones, such as BiP/GRP78, play a vital
role in maintaining the lumenal domain of PERK with kinase activity in its inactive state
[72].

As a consequence of ER stress conditions BiP/GRP78 proteins dissociate from PERK,
which results in homo-oligomerization and autophosphorylation of stress-sensing PERK
domains [73].

Assembly of a new ternary complex requires involvement of protein elF2f3, since complex
elF2a-GDP is an inactive form of elF2a. Whereas elF2p creates the complex with elF2a.-
GDP, the replacement of GDP by GTP ensues [74]. The process is inhibited when activated
PERK phosphorylates its main substrate - elF2a at Ser51. As a result, formation of a new
ternary complex is abrogated, and global protein synthesis does not ensue [75, 76].

Moreover, cell survival branches of the UPR network are also closely connected with a
major tumor phenomenon, referred to as tumor dormancy [77]. Collectively, exposure of
cells to stress conditions and activation of UPR trigger PERK-dependent elF2a
phosphorylation which results in repression of protein translation, involving cyclin D1 —a
prominent cell cycle regulator, which plays a key role in controlling G1/S transition [78].
Downregulation of cyclin D1 causes the cell cycle to arrest and to give some time for
cellular recovery from hypoxic conditions. It can be concluded that the pro-adaptive UPR
response promotes cellular dormancy by cell cycle inhibition in G1 phase [79].

6. MECHANISMS OF ENDOPLASMATIC RETICULUM STRESS-INDUCED
APOPTOSIS

Apoptosis is a key mechanism for maintaining tissue homeostasis by selective elimination of
cells that are damaged, mutated, or represent a threat to the whole organism, such as pre-
cancerous cells [80, 81]. The major molecular components of the apoptotic machinery are
represented by the family of cysteine proteases termed caspases, which are essential for the
regulation of apoptosis signaling [82]. Caspases are initially translated as inactive
procaspases that are activated by numerous cell stresses, including oxygen depletion. They
are divided into two different classes based on their position in the apoptotic signaling
pathway. The first are the initiator caspases, which include caspases 8, 9 and 12. The second
class is comprised of effector caspases and the crucial members of this class are caspases 3,
6, and 7. Generally, the initiator caspases play a pivotal role in the activation of the caspase
cascade that rapidly leads to apoptosis [83, 84].
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The proteins of the Bcl-2 family are well-characterized regulators of apoptotic cell death
[85]. They are localized in the mitochondrial membrane and play a fundamental role in
regulation of apoptotic cell death, since they are responsible for the activation of caspases
[86, 87]. The Bcl-2 family of genes are comprised of 20 members, including both death and
survival genes [88], and their products are divided into two functional classes such as anti-
apoptotic and pro-apoptotic. Most of the anti-apoptotic proteins have all four Bcl-2
homology (BH) domains. On the contrary, the pro-apoptotic Bcl-2 family of proteins is
subdivided into two subclasses. Some pro-apoptotic Bcl-2 proteins (Bax, Bak, Bok) contain
BH1, BH2, and BH3 domains, but other pro-apoptotic Bcl-2 proteins (Bid, Bim, Bad, Bmf,
Bik, BIk, Noxa, Puma, Hrk) have only one conservative domain, namely BH3 (Table 1) [81,
89, 90]. The Bcl-2 family of proteins is strictly associated with the regulation of
mitochondrial outer membrane (MOM) integrity. Under stress conditions anti-apoptotic
Bcl-2 proteins are functionally suppressed. Adversely, pro-apoptotic Bcl-2 proteins, such as
Bax and Bak, trigger increased permeability of the MOM. This creates proteolipid pores,
which allow the release of pro-apoptotic mitochondrial proteins into the cell cytoplasm [91].
Disturbances in ER homeostasis also contribute to the activation of the latter group of pro-
apoptotic proteins such as Bid, Bad, Bim, Noxa, and Puma that belong to the BH3 domain-
only members of the Bcl-2 family of proteins. These proteins are essential for induction of
cell apoptosis, due to the fact that they may bind to the members of anti-apoptotic Bcl-2
proteins, which cause inhibition of their biological activity [81].

The mitochondrial outer membrane permeability is critical in apoptosis, such that if
cytochrome c is released into the cytoplasm a large caspase-activating complex, termed
apoptosome, is created. That multi-protein complex, excluding cytochrome c, contains
Apaf-1 and procaspase 9, which exists in the cell cytosol in an inactive state. After cellular
interaction with cytochrome c, procaspase-9 undergoes a conformational change and
becomes active. As a result, caspase 9 may subsequently facilitate activation of caspase 3 —
the major effector caspase that is primarily responsible for cell destruction [92, 93].

ER and mitochondria are connected not only structurally, but also functionally. Bcl-2 anti-
apoptotic proteins are located both in the MOM and ER nuclear envelope [94, 95].
Moreover, the pro-apoptotic Bax-like proteins, including BAX and BAK, are also localized
in the ER membrane. Calcium ion leakage into the cytosol may induce caspase-dependent
apoptotic cell death. The group of BH3 domain- only proteins is also engaged in ER-induced
apoptosis. They may bind to the anti-apoptotic Bcl-2 family of proteins that are localized in
the ER membrane and inhibit their activity. Furthermore, BH-3 domain-only proteins also
possess the ability to rapidly activate pro-apoptotic proteins such as Bax and Bak that
subsequently triggers leakage of calcium ions, activation of caspase signaling cascade and,
as a result, apoptotic cell death [87, 96].

Studies show that prolonged ER stress may render tumor cells more vulnerable to apoptotic
cell death [15]. In situations where ER mechanisms that are responsible for the proper
folding of proteins fail, the apoptotic branch is activated. Remarkably, this suggests that
during prolonged ER stress, when adaptive responses are insufficient to sustain ER
homeostasis, PERK-dependent signaling pathways may elicit pro-apoptotic signals and, as a
result, rapid cell death ensues [97]. Due to the fact that ER stress-induced apoptosis is
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closely associated with the pathophysiology of several diseases, including cancer, current
research has focused on how long-term ER stress can activate apoptosis [13]. Little is known
about the mechanisms that are involved in ER-induced apoptosis. However, it is clear that
calcium ions, which are released form the ER lumen under ER stress, play a central role in
activation of caspases strictly connected with apoptotic cell death [32, 87].

Numerous studies were undertaken to explain the mechanism that is associated with
activation of caspases under ER stress conditions. It was a great mystery, but in the year
2000 Nakagawa and Yuan described caspase-12, which is localized at the cytosolic face of
the ER [98]. Nakagawa et a/. reported that mice are resistant to ER- induced apoptosis when
they are deficient in caspase-12, but their cells still undergo apoptosis in response to other
death signals. It is worthy to note that caspase-12, like all caspases, is synthetized as an
inactive protein. Interestingly, it becomes active only in response to stress conditions of the
ER, including perturbations in calcium homeostasis and aggregation of unfolded proteins,
but not by other apoptotic signals [99]. Caspase-12 may be activated by calcium-activated
protease calpain as a result of calcium ion leakage from the lumen of the ER [98]. Activated
caspase-12 triggers downstream of apoptotic pathways by cleaving and activating caspase 9,
and subsequently caspase 3. Essentially, caspase-12 possesses the ability to activate
caspase-9 without the involvement of cytochrome c. It can be concluded that activation
specific for ER caspase-12 leads to the caspase cascade in response to ER stress conditions
that, as a consequence, trigger cell death through ER-induced apoptosis [100] (Fig. 3).

7. PROLONGED ENDOPLASMATIC RETICULUM STRESS TRIGGERS
ACTIVATION OF CHOP-MEDIATED APOPTOSIS PATHWAY

A wide range of stress stimuli and perturbations in cellular homeostasis may cause
aggregation of misfolded and unfolded proteins within the ER lumen. Under ER stress the
UPR branches are rapidly activated [43]. The duration, as well as severity of ER stress are
the major signals that allow the determination of when the signaling pathway switches from
pro-survival to pro-apoptotic [42]. The main aim of activated UPR branches is to rebalance
the ER homeostasis, but under severe and prolonged stress conditions the pro-apoptotic arm
of UPR is activated and cells undergo apoptosis [101].

Activation of PERK and subsequent phosphorylation of elF2a results in global attenuation
of new protein synthesis to restore cell homeostasis. However, activated PERK and elevated
levels of phosphorylated elF2a also lead to increased translation of selected mMRNAs. This
includes ATF4, a transcription factor that promotes expression of a wide range of genes
implicated in the enhancement of cell recovery and adaptation to stress conditions [16, 102].
ATF4 stimulates expression of numerous genes involved in cell metabolism, nutrient uptake,
and antioxidation. On the other hand, under prolonged ER stress conditions, ATF4 promotes
expression of transcription factors such as C/EBP homologous protein (CHOP), also termed
growth arrest and DNA damage inducible gene (GADD135) [103, 104]. CHOP is a
transcription factor that may promote cell demise in numerous ways. It has been repeatedly
suggested that CHOP gene expression is strictly involved in cell death by apoptosis, but
research has not confirmed existence of any relationship between induction of CHOP and
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apoptosis. The McCullough et a/. study shows that increased expression of CHOP leads to
downregulation of the expression of the anti-apoptotic protein Bcl-2 genes, upregulation of
pro-apoptotic BH3 domain-only proteins genes such as BIM, and disruption of redox
homeostasis, which rapidly evokes apoptosis [105]. The mechanisms that may explain how
apoptotic cell death is induced by CHOP still remain unclear but, there is ample evidence
that it is implicated in numerous human disease entities, including diabetes,
neurodegenerative diseases, ischemic diseases, and tumor development [106].

Additionally, CHOP is involved in another pro-apoptotic mechanism, since it directly
transactivates the growth arrest and DNA damage-inducible protein GADD34, which
promotes sufficient dephosphorylation of the a subunit of elF2 and leads to protein
translation recovery in stressed cells. Thereby, in CHOP ~/~ stressed cells with impaired
expression of GADD34 proteins, the load within the ER lumen is significantly decreased
[107]. This negative feedback loop possesses a broad role in restoration of protein synthesis
when elF2a is phosphorylated upon stress conditions. Downstream of PERK, ATF4 and
CHORP directly activate GADD34 that associates with protein phosphatase 1 (PP1) to
dephosphorylate elF2a. In conclusion, CHOP directly leads to translational recovery,
increases ER nascent protein loads, and thus promotes ER stress and apoptotic cell death
[19, 108]. It is worthy to note that CHOP promotes expression of ER oxidoreductin 1la
(ERO1a) genes. In physiological conditions, these products, which are enzymes strictly
associated with the ER membrane, play a pivotal role in the formation of disulfide bonds in
newly translated proteins. Moreover, EROla requires molecular oxygen to oxidize PDI,
which catalyses the formation of disulfide bonds. Therefore, it could be assumed, that under
prolonged ER stress conditions EROla leads to the production of H,O, and promotes a
hyperoxidizing environment that causes apoptosis [109, 110].

Interestingly, high concentrations of reactive oxygen species (ROS) in the ER lumen may
subsequently activate the ER calcium release channel inositol-1,4,5-trisphosphate receptor 1
(IP3R1), which causes calcium leakage from the ER lumen into the cell cytoplasm. Finally,
the calcium-sensing kinase termed calcium/calmodulin-dependent protein kinase Il
(CaMKII) is activated and may induce various apoptotic signaling pathways. One of the
consequences of the activation of the CHOP-ERO1a~IP3R1-CaMKII pathway is induction
of cell membrane bound nicotinamide adenine dinucleotide phosphate-oxidase (NADPH
oxidase) subunit 2 (NOX2), which results in the generation of ROS [24].

Essentially, ROS induced by NADPH oxidase may create a positive feedback loop axis,
since they markedly enhance activation of CaMKI|I. As a result, generated ROS can
markedly amplify expression of DDIT3 genes that encode CHOP, signifying that high levels
of ROS in cell cytoplasm as well as enhanced expression of CHOP promote apoptotic cell
death [42].

The Han et al. investigation confirms the role of CHOP as a transcription factor, which in
conjunction with ATF4 enhances expression of various genes encoding proteins that cause
an elevated level of protein synthesis. Their outcomes emphasize a dual role of elF2a, in
which the unphosphorylated form promotes cell survival and the phosphorylated form
causes switching of the signal to markedly enhance apoptotic cell death. Only ATF4 and
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CHORP are selectively translated when elF2a is phosphorylated. The signal for apoptosis is
generated as a result of generation of ROS when the rate of protein translation increases
before restoration of proteostasis [111] (Fig. 4).

Based on the newest data, cell death is also triggered by CHOP-mediated apoptosis, which is
closely correlated with suppression of cell cycle regulator protein 21 (p21/WAF1) [112].
Generally, the pivotal role of p21 is its inhibition of the cell cycle in the G1 phase following
the interaction with cyclin-dependent kinase (Cdk) [113]. The expression of p21 is
dependent on tumor suppressor p53. Under stress conditions the tumor protein 53 (p53) up-
regulates p21 that results in repression of the cell cycle at the G1 phase [114]. Recent data
report that there is a continuous interplay between CHOP - a fundamental factor that trigger
apoptosis, and p21 — an inhibitor of cell cycle progression. The possible crosstalk between
p21 and CHOP may explain the transition from the pro-adaptive to the pro-apoptotic state of
UPR under non-physiological conditions. Mihailidou et a/. emphasizes a dual activity of p21
that is tightly connected with strong pro-apoptotic activity and, on the other hand, pro-
adaptive suppression of cell cycle in the G1 phase. CHOP is therefore a regulator of p21
expression. During low and moderate stress conditions the process is stimulated, but during
times of acute and chronic stress the process is supressed, leading to apoptotic cell death.
This evidence indicates that in tumor diseases, the shift of UPR from pro-survival to the
proapoptotic pathway may be affiliated with crosstalk between the PERK/elF2a/ATF4/
CHOP pathway and protein p21 [115, 116].

CONCLUSION

Avreas of tissue hypoxia are the main hallmark of the microenvironment of a solid tumor,
further leading to rapid cancer progression. Mammalian cells have specific transmembrane
receptors, which in response to stress signals cause inhibition of translation, initiation and,
as a result, attenuation of protein synthesis. The low oxygen tension causes hypoxic stress
within tumor cells and is closely associated with the irregular vasoconstriction and
vasodilation of tumor blood vessels. In response to the depletion of oxygen levels, tumor
cells grow characteristically and show increased metastatic potential. Moreover, there is
ample evidence that poorly-oxygenated tumors have a poorer prognosis and become more
resistant to current treatment modalities such as radiotherapy and chemotherapy compared to
better-oxygenated tumors.

Tumorigenesis is a multistep process closely associated with significant alterations on the
molecular level within tumor cells. Tumor hypoxia induces a global attenuation of protein
synthesis due to the fact that deficiency of oxygen has been regarded as a potential process
that activates ER stress and leads to initiation of the UPR pathways. This consists of a
cascade of events resulting in the attenuation of protein synthesis as well as activation of
protein degradation pathways. Hypoxia also triggers multiple cellular response pathways
that modify gene expression at the transcriptional level. Interestingly, extreme, prolonged
stress conditions of the ER may also contribute to induction of the apoptotic pathway,
mainly through the promoted expression of transcription factors such as ATF4 and CHOP.
Regulation of protein synthesis in response to stress conditions concerns the PERK-
mediated phosphorylation of translation initiation factor elF2, necessary for the initiation of
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protein synthesis. An increased level of phosphorylated elF2a has been reported in
individuals with cancer, which indicates PERK kinase activation during tumor progression.

Currently, available anti-tumor treatment is insufficient due to the fact that patients suffer
from various side effects. The different modalities of treatment are all characterized by non-
specific action in both normal and tumor cells. For example, it has been reported that small
molecular drugs currently used in chemotherapy target healthy cells including hair follicles,
bone marrow, or the digestive tract, frequently resulting in the development of secondary
adverse effects such as anaemia, alopecia, nausea, and vomiting. In addition, radiotherapy
based on utilizing high-energy radio waves to kill tumor cells may also damage healthy
tissues and lead to similar side effects.

Due to the fact that deficiency of oxygen has been established as a significant barrier to
tumor therapy, better understanding of the mechanisms that are involved in the survival of
tumor cells in hypoxic stress conditions is a promising avenue in the aim of developing more
effective anti-cancer treatments. Current molecular insights into the mechanisms that allow
the signaling switch from the pro-adaptive into the pro-apoptotic pathways are still
insufficient. However, it is highly possible that utilising inhibitors of the components of the
UPR pathways as anti-neoplastic therapeutics, may be an effective way to eliminate tumor
cells and, as a result, may contribute to the development of novel, targeted anti-tumor drugs.
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Fig. (1).
PERK-dependent Unfolded Protein Response. Under normal physiological conditions, ER

transmembrane receptor PERK is present in an inactive state, since it is associated with BiP
chaperones. As a response to the accumulation of unfolded or misfolded proteins within ER
lumen, under ER stress, BiP dissociates from the lumenal domain of PERK. This leads to
oligomerization and trans-autophosphorylation of PERK, which becomes an active kinase
with the ability to phosphorylate a subunits of the elF2. The result is suppression of global
protein translation, which causes the cell cycle to arrest in the G1 phase as well as the
induction of preferential translation of ATF4, which upregulates expression of genes
responsible for restoring cell homeostasis. Under prolonged ER stress, when pro-adaptive
UPR fails, PERK may also trigger pro-apoptotic signals through activation of downstream
CHOP, which promotes apoptosis.
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Fig. (2).
Mechanisms of initiation of translation. elF2a-GTP complex binds to (Met)-tRNAI that

forms a ternary complex, which associates with 40S ribosomal subunit and combines with
elF1, elF1A and elF3 resulting in the creation of pre-initiation complex 43S. This combines
with both mRNA and heterotetramer elF4F. Afterwards, the anticodon of (Met)-tRNAI pairs
with the AUG codon of mMRNA, which forms the 48S pre-initiation complex. That process
requires consumption of energy, since GTP is hydrolysed to GDP. Subsequently, complex
elF2a.-GDP and other initiator factors are released. After association of the 60S subunit of
the ribosome with the 48S pre-initiation complex, the complete 80S initiation complex is
created. Formation of a new ternary complex requires replacement of GDP to GTP by
elF2p. The process is inhibited by phosphorylation of elF2a. by PERK under stress
conditions of the ER, which results in attenuation of global protein translation and triggers
preferential translation of selected genes such as ATF4.
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Fig. (3).
ER stress-mediated apoptosis. ER and mitochondria may directly initiate signaling pathways

for the activation of the caspase cascade that results in apoptotic cell death. Members of all
classes of the Bcl-2 family of proteins localize not only to the outer mitochondrial
membrane, but also to the ER membrane. The anti-apoptotic Bcl-2 members of family
proteins may inhibit activation of pro-apoptotic Bcl-2 proteins such as Bax/Bak. Under ER
stress conditions active BH3 domain-only proteins trigger the oligomerization of pro-
apoptotic proteins like Bax and Bak, creation of Bax/Bak pores within mitochondrial outer
membrane, and subsequently its permeabilization. As a consequence, cytochrome c is
released into the cell cytosol where it binds to Apaf-1 and procaspase-9 and forms an
apoptosome complex. This triggers the activation of the caspase cascade, which finally may
elicit mitochondria-mediated apoptosis. On the other hand, prolonged ER stress can trigger
caspase-12-mediated apoptosis. Caspase-12, associated with the cytoplasmic face of the ER
membrane, is activated under chronic ER stress in response to calcium leakage from the ER
lumen. This leads to rapid activation of the calcium-calpain-caspase-12-caspase-3 cascade
and, as a result, ER stress induced apoptotic cell death ensues.
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Fig. (4).
Mechanisms of CHOP-induced apoptosis under prolonged ER stress. Sustained PERK-

mediated phosphorylation of elF2a and increased expression of ATH4 under prolonged
stress conditions of the ER lead to CHOP-induced apoptotic cell death through various
signaling pathways. CHOP transcriptionally attenuates Bcl-2 anti-apoptotic family of
proteins and adversely activates the pro-apoptotic BH3- domain only proteins, such as BIM.
Moreover, CHOP directly activates the expression of GADD34 genes, in which the products
create a complex with PP1 resulting in dephosphorylation of elF2a and inhibition of PERK-
mediated translational attenuation. CHOP also markedly enhances expression of EROla
genes. ERO1a, oxidoreductase ER enzyme, generates ER-localized H202, thus causing a
hyperoxidized environment in the ER lumen. ERO1a also binds to the ER calcium channels
IP3R1 and promotes release of calcium ions into the cell cytosol. As a consequence,
calcium-sensing enzyme CaMKII is activated, which, in turn, triggers induction of NADPH
oxidase subunit 2 (NOX2) and subsequent generation ROS, that through a positive feedback
loop causes activation of CaMKII, thereby promoting expression of genes DDIT3 that
encode transcription factor CHOP.
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The functional and structural classification of the Bcl-2 family members of proteins.

Bcl-2 family of proteins

Function

Pro-apoptotic

Anti-apoptotic

Name of a protein class Bax-like proteins

BH3 domain-only proteins

Bcl-2-like proteins

domain/motif

Presence of Bcl-2 homology (BH) | BH1-BH3 domains

BH3 domain

BH1-BH4 domains

proteins

Members of a Bcl-2 family of Bax, Bak, Bok

Bid, Bim, Bad, Bmf, Bik, Blk, Noxa,
Puma, Hrk

Bcl-2, Bel-XL, Bel-w, Mcl-1, Al,
Bcl-B
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