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Abstract

Recent evidence suggests that the development of Alzheimer’s disease (AD) and related cognitive
loss is due to mutations in the Amyloid Precursor Protein (APP) gene on chromosome 21 and
increased activation of eukaryotic translation initiation factor-2a. (elF2a)) phosphorylation. The
high level of misfolded and unfolded proteins loading in Endoplasmic Reticulum (ER) lumen
triggers ER stress and as a result Unfolded Protein Response (UPR) pathways are activated.
Stress-dependent activation of the protein kinase RNA-like endoplasmic reticulum kinase (PERK)
leads to the significant elevation of phospho-elF2a.. That attenuates general translation and, on the
other hand, promotes the preferential synthesis of Activating Transcription Factor 4 (ATF4) and
secretase p (BACEL) - a pivotal enzyme responsible for the initiation of the amyloidogenic
pathway resulting in the generation of the amyloid B (AB) variant with high ability to form toxic
senile plaques in AD brains. Moreover, excessive, long-term stress conditions may contribute to
inducing neuronal death by apoptosis as a result of the overactivated expression of pro-apoptotic
proteins via ATF4. These findings allow to infer that dysregulated translation, increased expression
of BACEL1 and ATF4, as a result of elF2a phosphorylation, may be a major contributor to
structural and functional neuronal loss resulting in memory impairment. Thus, blocking PERK-
dependent elF2a. phosphorylation through specific, small-molecule PERK branch inhibitors seems
to be a potential treatment strategy for AD individuals. That may contribute to the restoration of
global translation rates and reduction of expression of ATF4 and BACEL. Hence, the treatment
strategy can block accelerated p-amyloidogenesis by reduction in APP cleaving via the BACE1-
dependent amyloidogenic pathway.

"Address correspondence to these authors at the Department of Biochemistry and Molecular Biology, Hollings Cancer Center, Medical
University of South Carolina, 86 Jonathan Lucas Street, Charleston, SC 29425, USA; Tel: 843-792-9300; Fax: 843792-3200;
pytel@musc.edu and Department of Clinical Chemistry and Biochemistry, Military-Medical Faculty, Medical University of Lodz,
Hallera 1, 90-647 Lodz, Poland; Tel/Fax: +48426393305; ireneusz.majsterek@umed.lodz.pl.

CONFLICT OF INTEREST
The authors confirm that this article content has no conflict of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rozpedek et al. Page 2

Keywords

Alzheimer’s disease; amyloid ; APP; BACEL; elF2a; ER stress; PERK inhibitors; PERK;
unfolded protein response

1. INTRODUCTION

Alzheimer’s disease (AD), Parkinson’s disease (PD) and prion disease are individual clinical
and pathological disease entities that through common mechanisms induce the death of
neurons. AD is the most common progressive cause of dementia, is linked with the
accumulation of misfolded proteins [1]. Alzheimer’s disease is a common illness worldwide,
with an estimated approximately 24 million people affected [2].

An important risk factor of AD is advanced age [3]. The incidence rate is approximately 1%
in the age group 60 — 64 years, but increases significantly up to 24 — 33% in the group of
people over 85 years of age. Most cases of AD in elderly people occur sporadically and are
not connected with genetic inheritance. Familial Alzheimer’s disease (FAD), which has a
molecular genetic basis, accounts for approximately 5% of AD patients [4]. There are two
different subtypes of AD based on the age of onset. The first is early-onset AD (EOAD)
linked with all cases in the age group from 30 to 65 years. Late-onset AD (LOAD),
occurring in patients over 65 years, is the most common subtype of AD. Both EOAD and
LOAD cases occur in patients with a genetic predisposition for AD [5].

Alzheimer’s disease is named after Dr. Alois Alzheimer who in the early 1900s first noticed
senile plagues in brain samples, which he analyzed in his research. Plaques are comprised
mostly of Amyloid B (AB). Further research indicated that Ap is derived from the amyloid
protein precursor (APP). Experiments /n vitro showed that fibrils of A play a fundamental
role in signal transmission in synapses, plasticity and, most importantly, in memory
processes and learning in AD. Afterwards, that significant evidence resulted in formulating
the Amyloid Cascade Hypothesis which rapidly became a dogma after detailed
investigations [6].

The Amyloid Cascade Hypothesis integrates histopathological and genetic aspects of
Alzheimer’s disease. The main hallmark of Alzheimer’s disease is the generation of senile
plaques and neurofibrillary tangles. The identification of Ap as the major component of
senile plaques and the latest genetic research, which described mutations in APP, PS1 and
PS2, closely associated with the deposition of the pathological form of Ap, allow to infer
that the aggregation of pathological variants of A in the brain parenchyma is the pivotal
step leading to Alzheimer’s disease. Disturbances connected with the processing of APP
lead to the increased generation of the longer form Ap molecules consisting of 42 amino
acids. Ap42 is chemically stickier than other lengths and has a good ability to aggregate.
Thus, AB42 molecules are part of toxic extracellular senile plaques. The Amyloid Cascade
Hypothesis explains that pathogenesis of AD is associated with the presence of Ap42 in
senile plaques which are the results of the above-mentioned mutations that finally lead to
cell death through the destruction of nerve cells and symptoms of dementia [7, 8].
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The analysis of the pathogenesis of neurodegenerative diseases is of increasing importance,
given the increasing age of the global population. Current estimates suggest that the
prevalence of AD may quadruple by 2050 and dementia may become one of the principal
public health issues globally [9], emphasing the need for effective therapies. Genetic
mutations in APP cause <60% early-onset FAD. It is associated with about 5% of AD cases.
However, up to 80% of AD cases involve inheritance and mutation in genes [3].

The general features of AD include memory loss and aggravation of cognitive function.
These conditions have prominent influence on physical activities in the daily life of patients
with AD as well as are associated with many kinds of neuropsychiatric disturbances [10].
Moreover, the hallmarks of AD involve language and visuospatial impairment and changes
in personality, including, depression and social withdrawal [9]. Synaptic loss and
extracellular accumulation of amyloid plaques composed of Ap and intracellular
neurofibrillary tangles consisting of Tau protein are typical of AD [11, 12]. The brain mass
is significantly decreased as compared to the normal mass. Essentially, significant changes
are associated with brain regions such as the hippocampus and the cerebral and entorhinal
cortex. As a result, progressive dementia leads to mental and physical disablement and death
[13].

2. GENETIC BASIS OF ALZHEIMER’S DISEASE

AD is characterized by deposition of Ap plagues and neurofibrillary tangles among the
neurons in the brain as well as synaptic degeneration [14], but the etiology of AD is not
completely understood. The study of molecular mechanisms is a very effective way to learn
more about the pathogenesis of AD [15], because the core of the disorder lies in genetic
factors. The main rationale for AD symptoms is the occurrence of 305 mutations in all AD-
related genes: 44 of with 30 are strictly associated with AD pathogenesis in a gene encoding
Amyloid Precursor Protein (APP) on chromosome 21 (Table 1), 222 in a gene encoding
presinilin-1 on chromosome 14 and 39 in a gene encoding presinilin-2 on chromosome 1
[14]. A significant number of the above-mentioned mutations may cause the increased
formation of the pathological form of AB42 [11]. APP is a transmembrane glycoprotein
encoded by a gene located on chromosome 21 consisting of 18 exons. Exons 16 and 17
encode the AP peptide. Alternative spilicing may generate variants of A containing the Ap
sequence such as: APP695, APP751 and APP770 [16-18]. Genetic and biochemical
investigations confirmed that mutations on chromosome 21 around the - or y- secretase
cleavage site are the main reason for the production of longer, pathogenic form of Ap42
specific for FAD, as compared to the shorter physiological variant of Ap40 [11, 19].
Interestingly, BACE1 cleaves APP with the Swedish mutation 1-100-fold more efficiently
than wild type APP [15]. While pathological Ap can vary significantly in length from 37 to
43 amino acids, the physiological form of Ap consists of 40 amino acids and is more
soluble. In contrast, forms containing 42 to 43 amino acid peptides are characteristically
deposited as senile plaques in the brain tissue [20].

Due to the fact that APP is a transmembrane protein, above-mentioned amyloidogenic
components are derived from cleavage of APP by B and y secretases in ER, Golgi apparatus
or endosomal-lisosomal pathways [21, 22]. Localisation of these processes confirms the fact
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that BACE1 possess low pH optimum, and it is mainly localized in intracellular
compartments with acidic pH e.g. ER, ER- Golgi intermediate compartment and endosomes,
which consequently play the key role in production amyloidogenic Ap42 [15, 23].

The model of APP processing confirms that post-transcriptional modifications of APP is
strictly associated with its movement via the secretory pathway. APP possess signal peptide
and it is firstly translocated into the ER where it undergoes maturation processes, where it
may be cleaved by secretase  and y to generate its N-terminally truncated Ap peptides,
which at insoluble form remains within ER lumen and trigger ER stress. Percentage of
uncleaved APP molecules can be packed into transport vesicle and transported toward the
Golgi network, where B and -y secretase generate Ap peptide. Then, the molecules are
transported to the cell membrane and secreted. Due to the fact that molecules of AB42
possess the ability to oligomerisation, AR plague may be generated among the neurons in the
AD brains. Alternatively, uncleaved APP can be transported to the cell membrane and
cleaved by a secretase in non-amyloidogenic pathway [24].

APA42 was first detected in cerebral blood vessels from AD and Down’s syndrome (DS)
patients [16]. Individuals with DS have the triplication of chromosome 21 which is strictly
connected with the overexpression of APP. The fact may increase the risk of the
development of early-onset AD [25]. The overexpression of the APP gene leading to the
disruption of the endocytic system resulting in increased turnover from the cellular surface,
which may be associated with the increased frequency of APP encountering enzyme BACE1
and being cleaved via the amyloidogenic pathway.

That results in large number of intracellular fragments of Ap42 generated in the DS brain
and formation of diffuse plaques. That theory confirms that the over-expression of APP is
the main factor of AD pathology in the DS individuals [26]. Remarkably, that fact suggests
that AB42 plays the central role in the pathogenesis of AD. The AB peptide is produced
during the endoproteolysis of APP which is the type-I transmembrane glycoprotein located
in numerous mammalian cell types [27]. In FAD, increased synthesis of the abnormal form
of AP occurs many years before the symptoms of AD appear [11]. Moreover, this process
contributes to neurodegeneration by increasing the risk of having Endoplasmic Reticulum
stress by disrupting the signalling pathway of the Unfolded Protein Response (UPR) [14].
Medicinal therapies whose main aim is to reduce the quantity of AB42 in brain tissue are
regarded as promising treatment and prevention of dementia [15].

3. GENERATION OF THE AMYLOID B PEPTIDES

The cleavage of APP is regulated by three proteases: a, f and y secretases [28], which are
all part of the family of proteolytic enzymes [27]. Secretase a belongs to the ADAM
(disintegrin and metalloprotease domain) family of proteases [29]. Secretase B is commonly
termed B-site APP - cleaving enzyme 1 (BACEL) [30]. It is the 501 amino acid type |
transmembrane aspartic protease [15] which represents the most important enzyme
associated with the production of the longer form of Ap42 [31]. For a long time BACE1 was
the subject of intense research because of its potential capability as a drug target for
neurodegenerative diseases such as AD. Before the discovery of enzyme, the properties of
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BACE1 activity in cells had been precisely characterized [32]. Numerous studies were
undertaken to gather knowledge to help in the identification of secretase B properties [15]. In
1999, five groups of researchers described the molecular cloning of secretase § which
differed only in name: BACE, P - secretase, Asp2 or memapsin2 [32]. Many types of human
tissue exhibit the activity of secretase f [33]. Moreover, the neuronal tissue demonstrates the
highest activity [15]. Therefore, it could be assumed that secretase p preferentially cleaves
membrane bound substrates [34]. Furthermore, BACEL is mainly located in intracellular
compartments with acidic pH, for instance, trans - Golgi and endosomes [15, 29].

There are two different pathways involved in the cleavage of APP. Before cleaving by
secretase y, APP is first processed by the a or B secretase [29]. The physiological molecular
pathway responsible for the endoproteolysis of APP is closely connected with cleaving APP
by secretase a in the middle of the Ap sequence which prevents the generation of full-length
AP42 [27]. It occurs specifically at K687/L688 and releases two molecular products [35]:
the soluble N-terminal part of APP, called APPsa., consisting of 105 —125 kDA, which is
transferred to the extracellular environment [27], and the C-terminal fragment C83 (688-
770), which is next cleaved by secretase y. As a result, fragment p7 and non-amyloidogenic
fragment called p3 are generated and released [35], thereby resulting in cleavage by
secretase a in the non-amyloidogenic pathway, which precludes the generation of the
pathological form of AB42 and thus cannot lead to AD [27].

Since it was first recognized that Ap is the product of cleavage by APP proteolysis,
significant data has been gathered concerning the properties of secretase p activity in cells
and tissues [11]. Generally, nowadays it is clear that the second way is strictly connected
with secretase B, which is responsible for cleaving APP at M671/D672 into two different
parts. The process releases ectodomain APPsB and membrane-bound C99 (672-770). In
turn, the second fragment is the substrate for secretase -y which imprecisely cleaves C99
fragment at specific sites such as: G708/G709 (AB37 generation), G709/V710 (Ap38
generation), V711/1712 (Ap40 generation), A713/T714 (Ap42 generation) [21, 36].
Consequently, it undergoes cleaving which releases Ap peptides and an additional fragment
- the carboxyl terminus of Ap called AICD (APP intracellular domain) [35, 37]. Cleaving by
secretase v is essential for the genesis of AD, since it may generate AP peptides of different
lengths, including the pathogenic form of Ap42 (Fig. 1) [15].

Mutations connected with chromosome 21, where the APP gene is located, are the crucial
cause of increasing the longer, abnormal type of Ap whose characteristic feature is its ability
to extracellularly aggregate in the brain [35]. Changes in the nucleotide sequence which lead
to FAD include mutations which lie within or near the AR domain for instance: Dutch,
Flemish, London, Indiana, Swedish, Florida, lowa and Arctic among others [8]. The
mutation at the cleavage site for secretase p leads to the increased number of APP cleavage
via the amyloidogenic pathway. Mutations near the cleavage site for secretase -y alter the
APP processing, which results in the higher generation of the AB42 variant with ability to
aggregate. Moreover, mutations located in the middle of Ap domain are closely associated
with a significant decrease in APP processing by secretase a. and thereby promote the
amyloidogenic pathway. These mutations can also promote Af aggregation and modify
degradation by other proteases [38-40].
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For example, the Swedish double mutation (KM670/671NL) near the cleavage site resulting
in substitution of two amino acids: lysine [41] and methionine [42] to asparagine [43] and
leucine [44], which as a consequence leads to the enhanced efficiency of secretase B
cleaving. In turn, many kinds of other substitutions at those surrounding positions reduce
APP cleaving in the non-amyloidogenic pathway and indicate that BACEL1 is a very specific
enzyme [45], since its processing occurs mainly at M671/D672 (between position 0 and 1 in
ApB) and G680/Y681 (between position 10 and 11 in AB) [15, 46]. The London point,
missense mutation (VV7171), is linked to significant alterations in -y secretase cleaving. As a
result, levels of senile plaques composed of AB42 and neurofibrillary tangles are
significantly higher [8] Pike et a/. indicate that AB42 becomes highly toxic for neurons
during its aggregation [47] (Fig. 2, Table 2).

4. ENDOPLASMIC RETICULUM STRESS AS AN ACTIVATOR OF THE UPR
SIGNALLING

The endoplasmic reticulum (ER) is a dynamic membrane system of enclosed sacs and
tubules and is the primary site for the maturation of secretory proteins. Structurally, ER is
made up of different domains that include the nuclear envelope (NE), rough and smooth ER,
and parts of which contact other organelles. The ER has many functions including: synthesis
and export of proteins across the ER membrane, embedding proteins into other membranes
and synthesis of phospholipids, storage of calcium ions within the lumen and regulating the
ions release. The mechanism of folding proteins and modification within the ER is
significant in the pathogenesis of AD [48]. The lumen of the ER is crowded with chaperones
and enzymes that are specialized in protein processing. Furthermore, ER has a control
system which plays a vital role in providing the selective transport of only correctly folded
proteins and export of misfolded proteins for ubiquitin-dependent proteolytic degradation in
the cell cytosol. The recognition of substrates by molecular chaperones and associated
factors and their retrotransolocation to the cytoplasm is known as the ER - associated protein
degradation (ERAD) pathway [49].

Disturbances in function or loss of integrity of the ER lead to ER stress. There are ample
evidences which show that ER stress in neurons may be a pivotal contributor to AD
pathogenesis. Stress conditions are strictly link to deposition of misfolded and unfolded
proteins and changes in calcium homeostasis within the ER lumen, which are the
characteristic hallmarks in many neurodegenerative disease. The native monomeric proteins
are generally composed of a-helix, since the main feature of misfolded proteins is the
occurrence of B-sheet confirmation [50, 51]. The increased deposition of pathological forms
of proteins occurs as a result of transcription and translation disturbances, genetic mutations
and cellular stresses [50], for instance, dysregulation of cellular redox caused by hypoxia,
deficiency of cellular glucose level strictly associated with N-linked proteins glycosylation
within the ER, alterations in calcium homeostasis, viral infections and high-fat diet [15].
Furthermore, the intracellular calcium concentration and calcium release form the ER lumen
are significant in interactions between ER and mitochondrion as well as play the pivotal role
in cell death controlling [52].

Curr Med Chem. Author manuscript; available in PMC 2016 September 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rozpedek et al.

Page 7

Research by O’Connor et al. confirms that longer, toxic variants of AB possess the ability to
induce ER stress and elF2a. phosphorylation. APP transgenic mice without any cellular
stress had increased levels of phosphorylated elF2a and BACE1 which confirms the fact
that disturbances in metabolism may induce UPR branches and as a result elF2a
phosphorylation, and increase the BACE1 level, which may initiate AD pathogenesis.
However, when the critical concentration of Ap with ability to aggregate is reached, the
reaction becomes self-sustaining and AD progression is enhanced [15, 53].

The characteristic feature of the intrinsic environment of the ER is the occurrence of
numerous calcium-dependent proteins, for instance, glucose-regulated proteins, which
belong to the family of GRP molecules. Due to that fact, disturbances connected with
calcium concentration may contribute to unfolded and misfolded protein accumulation
within the ER lumen [54] which reduces chaperon activity, hence leading to the misfolding
and unfolding of proteins and activation of specific cell adaptive molecular branches [50].
Interestingly, APP may affect calcium ion channels. Mutations in the APP gene are known
as calcium oscillations due to reduction in APP translocation to the outer membrane.
Moreover, the high concentration of calcium in the cell cytosol, which is a specific hallmark
of AD, leads to the attenuation of non-amyloidogenic cleavage of APP by secretase a and as
a result, aggregation of the neurotoxic variant of A4, [55, 56]. Moreover, AR molecules
may contribute to release of calcium ions into the cytoplasm from ER stories [57].

When the ER homeostasis is disrupted, as a response to ER stress, cells activate signalling
pathways called as the Unfolded Protein Response (UPR). The primary function of the UPR
is to restore secretory and cellular homeostasis by the inhibition of protein translation,
refolding and/or degradation of the misfolded protein molecules and increase in the
synthesis of chaperones which first activates the UPR pro-survival branch to rebalance the
ER function by activating the adaptive programs which allow the cells to deal with the
accumulation of abnormal proteins via the attenuation of general protein synthesis and
switching on the expression of specific genes responsible for enhancing protein folding
mechanisms as well as genes for ER-assisted degradation (ERAD). The response to ER
stress stimuli allows to prevent the accumulation of pathological proteins within the ER
lumen through exporting them to cytosol for degradation [50, 57]. In contrast, intensive or
prolonged ER stress will evoke apoptosis [58]. Recent research results indicate that ER
stress is linked to genetic and neurodegenerative diseases. Besides, huge progress has been
made in science which focuses on the association of FAD and the activation of pathways
involving the Unfolded Protein Response inside the neurons [59].

There is a body of evidence suggesting that the occurrence of AD mutations is closely linked
to ER stress and as a result, an increased amount of phosphorylated eukaryotic initiation
factor-2a (elF2a), BACEL and ATF4 in the brain tissue of AD patients [60]. Furthermore,
study by Hoozemans et al. shows that UPR is activated in AD individuals, since the presence
of misfolded proteins and its aggregation in ER has ability to trigger the UPR signalling
pathways, since the levels of GRP proteins, which are up-regulated in stress conditions, was
increased especially in AD temporal cortex and hippocampus. Levels of phosphorylated
PERK, and elF2a,was increased in the AD brains, mainly in hippocampal neurons.
Altogether, that research indicate that UPR signalling can play the neuroprotective role in
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early AD, but long-term activation of UPR branches can lead to initiate or mediate AD
pathogenesis [61]. Hoshino et al. reported that increased levels of chaperones may suppress
the generation of AP peptides. Moreover, ER stress causes increased expression of BACE1,
hence triggers APP processing in ER [62].

After the accumulation of misfolded and unfolded proteins within the ER lumen that triggers
ER stress and UPR activation, the general protein synthesis is attenuated, but the translation
of specific proteins such as ATF4 and BACEL is enhanced. The transition between AD-
related mutations and elF2a phosphorylation is confirmed by the significantly increased
levels of BACEL and the fact that its activity is elevated roughly twofold in AD individuals.
Several lines of evidence suggest a pivotal role of BACEL in AD, since level and activity in
the post mortem AD brains are significantly increased [63]. Occurrence of Swedish
mutation, which promotes APP cleavage through the amyloidogenic pathway suggests that
the higher level of phosphorylated elF2a. and, as a result, BACE1 may be a significant cause
of the initiation or acceleration of AD pathogenesis. Moreover, other stress stimuli, such as
disturbances in glucose metabolism, closely associated with AD pathogenesis, have ability
to activate the UPR signalling pathways elevate elF2a and BACEL levels in AD brains.
Velliquette et al. reported that disrupted glucose metabolism in APP transgenic mice resulted
in an increased level of BACEL and as a result elevated toxic form of A around twofold
[64]. Furthermore, O’Connor et al. reported that the glucose deficiency caused the increased
level of BACEL1 as a result of the activation of PERK-dependent signalling branches.
Treatment with AD model mice inhibitors of energy metabolism triggered ER stress
conditions, activated the UPR and contribute to increased levels of phosphorylated elF2a.,
BACEL1 and the toxic form of Ap which are the main components of senile plagues
accumulated in the AD brains [53].

5. THREE PRIMARY EFFECTORS OF THE UPR

Mammalian cells have three transmembrane ER stress signalling molecules that are
responsible for regulating the UPR pathways [59]. These include: protein kinase RNA - like
endoplasmic reticulum kinase (PERK), which is closely associated with the pathogenesis of
AD; Inositol Regulating Enzyme 1 (IRE1); Activating Transcription Factor 6 (ATF6). All of
them are activated in response to high levels of unfolded and misfolded proteins within the
lumen of the ER [65]. During cell homeostasis, the above-mentioned sensors remain
inactive, thanks to binding to, among others, the molecular chaperones termed Binding
immunoglobulin protein (BiP). As a result of high levels of unfolded and misfolded proteins
within the ER lumen, BiP dissociates from the transmembrane receptors and allows them to
oligomerisation and autophosphorylation and, as a result, they become active [66].

IRE1 is responsible for the rapid repression of mMRNASs located in the ER, which causes
decreased protein loads within the ER. IRE1 also catalyzes the splicing of XBP1u mRNA
into XBP1s mRNA. XBP1s and ATF6 are responsible for controlling the adaptive response.
The main aim of this process is to increase the transcription of chaperone proteins residing
in the lumen of the ER. Chaperones enable modification of other protein molecules.
Moreover, that leads to increased lipid biosynthesis to enhance the capacity for folding and
degradation activities of the ER [59].
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PERK is a transmembrane protein located in the ER membrane. There is a strong
resemblance between PERK and the IRE1: cytoplasmic kinase domain - the serine/threonine
kinase and the N-terminal luminal domain [59]. Serine/threonine kinase is a part of the
cytoplasmic domain which is responsible for receptor’s activation associated with high
catalytic activity [65].

Moreover, PERK and IREL1 are activated through similar mechanisms [67]. The process
requires oligomerization of monomers into dimers or higher structures. Oligomerization
occurs when the level of unfolded and misfolded proteins within the ER is sufficiently high
to titrate the ER chaperone, BiP, away from PERK/IRE1/ATF6 monomers, thereby
permitting oligomerization and activation, which initiates the process of protein-folding
homeostasis restoration [59]. (Fig. 3)

6. MECHANISM OF ACTIVATION PERK-DEPENDENT UPR SIGNALLING

PATHWAY

It has been reported that PERK and eukaryotic initiation factor-2a (elF2a) are closely
associated with pathological mechanisms occurring within neurons in patients afflicted with
AD [68]. elF2a consists of three general parts; they are subunits a, p and . elF2a binds
two elements like guanosine-5’-triphosphate (GTP) and initiator methionyl - tRNA (Met-
tRNAiMet) and is responsible for transferring Met-tRNAiMet to the 40S ribosomal subunit.

After the initiation of the translation process, GTP is hydrolysed to GDP. Then guanine
nucleotide exchange factor -2p (elF2) plays the crucial role during the exchange of GDP
for GTP. This exchange is required to rebuild a new complex of elF2a and subsequently
activates the next round of translation initiation [45]. The presence of diverse stress
conditions, which includes ER stress, activates the survival pathway known as the UPR
pathway and is connected with the modulation of factor elF2a [69]. PERK, activated after
the accumulation of abnormal proteins within the lumen of the ER, gains the ability to
phosphorylate the elF2a on its subunit a at serine 51. From this moment, the exchange from
elF2a - GDP to elF2a - GTP is impossible, since this process arrests the formation of the
43S translation initiation complex [65]. This results in the repression of general translation
initiation and activates the transient attenuation of cellular protein synthesis [46].

In opposition to the phosphorylation of elF2a supressing the general translation, it also
causes an increase in the preferential translation of a subset of messenger RNAs that encode
a few short upstream open reading frames (UORFs) which include secretase g [70, 71]. This
is the most important enzyme associated with the production of the longer form of Ap [60]
as well as ATF4 that is associated with the development of AD [72]. The levels of elF2a
with phosphorylated subunit a are significantly higher in the AD brains and positively
correlate with expression levels of BACE1 and AP plaque aggregation [53]. These
phenomena reveal that overactivated phosphorylation of elF2a and may be the main cause
of memory impairment associated with AD pathogenesis not only by arresting the general
protein synthesis, but also by increasing the production of Ap42 through secretase p [60]

(Fig. 4).
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7. NEURONAL DEATH CASCADES DURING APOPTOSIS

On the contrary, in response to genetic disturbances and environmental risks for AD, ER
stress may activate the UPR pathways as an adaptive cellular reaction and during chronic
stress conditions, induces neuronal loss by apoptosis [73]. Taken together, in non-
physiological conditions, the UPR mechanism is insufficient to sustain homeostasis within
the lumen of the ER. This is the main consequence of cell death by apoptosis [59]. This was
thoroughly investigated by researchers and, since it is crucial for tissue homeostasis, it
provides a lot of information about disease pathogenesis. This also offers clues on how to
treat many kinds of illnesses such as neurodegenerative diseases and cancer [74].

Apoptosis is characterized by three general biochemical changes. These are: caspase
activation, destruction of DNA, synthesis of intracellular proteins and outer mitochondrial
membrane changes which are the essential cause of the release of proapoptotic molecules,
like cytochrome c in the cytoplasm, which is responsible for activating caspases [75]. It is
strictly associated with the intracellular protein family Bcl-2, which is divided into two
different groups. The first is the proapoptotic molecules containing the apoptosis promoters.
The crucial members of this group are Bax (Bcl-2 associated protein X) and Bak (Blc-2
antagonist killer) [74]. The latter group is comprised of antiapoptotic proteins such as Bcl-2,
Bcel-W, Bcl-1 and Mcl-1. The difference between them is that antiapoptotic molecules inhibit
the release of cytochrome ¢ from the mitochondrion to the cell cytosol and the proapoptotic
proteins promote that process [76]. The long-term activation of the PERK/elF2a/ATF4
signalling pathway resulted in the upregulation of the proapoptotic transcription factor
CHOP, which down-regulates the antiapoptotic Blc-2 proteins and, on the other hand,
induces the expression of BH3-only proteins. Inversely, during ER stress, the expression of
CHORP is upregulated by ATF4 [77] after the phosphorylation of elF2a by PERK [72]. There
is crucial evidence that ATF4 has a negative influence on memory processes. It allows to
conclude that high levels of phosphorylated elF2a by PERK and, as a result, ATF4 and
CHORP are closely correlated with one another in AD and in disease conditions that can
account for cognitive impairment [78].

In addition, some researchers indicate that there is a third group of proteins activated in
response to disturbances in ER homeostasis - BH3-only proteins for instance: Bid, Bad,
Bim, Noxa and Puma [76]. They might bind to anti-apoptotic Bcl-2 proteins and repress the
death-inhibiting molecules. Proteins that belong to the first group such as Bax and Bak cause
the flow of cytochrome c to the cytosol from mitochondria through the outer destroyed
membrane [75]. They may also by activated by other proteins like Bid, which belongs to
BH3-only proteins [79]. ER stress, initiated by stress inducers, for instance tunicamycin, is
the stimulus for the BH3-domain-only which causes the homooligomerization process of
multidomain proapoptotic proteins: Bak and Bax. Those homodimers are formed on the
outer membrane of the mitochondrion, which triggers permeabilization resulting in
cytochrome c being released. Consequently, the process described above leads to rapid
neurodegeneration and, as a result, it is significantly decreased in AD brains [80].
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8. PERK AS A THERAPEUTIC TARGET FOR ALZHEIMER’S DISEASE

Neurodegenerative diseases represent the principal public health problems in nations
worldwide, since there is no available cure for this kind of diseases [81]. Currently, there is
no known effective treatment other than symptom-based, which includes administration of
acetylocholinesterase inhibitors that can slow down the progression of AD but not
completely arrest it [82]. Although the molecular mechanisms of AD are not totally
understood, recent evidence suggests that molecular alteration in translational machinery
through phosphorylation subunit a in elF2a may play the key role in the pathogenesis of
neurodegenerative diseases [59, 68].

There is abundant evidences which show that elF2a plays a pivotal role in the regulation of
translation and overactivation of the elF2a phosphorylation signalling pathway, which can
account for the deposition of senile plagues and memory impairments in AD through
accelerating B-amyloidogenesis. Except PERK, there are three protein kinases, i.e.. GCN2
(general control non-derepressible-2 kinase), PKR (double-stranded RNA-activated protein
kinase), HRI (heme-regulated inhibitor kinase), which have the ability of phosphorylation at
the serine51 a subunit of elF2a., which results in the attenuation of general protein synthesis
and, on the other hand, promotes the translation of selective mMRNAs such as BACE1 and
ATF4, which is known as a memory and synaptic plasticity repressor [83-87].

Due to the fact that nowadays protein kinases are regarded to be popular, novel drug targets
research by L. Devi and M. Ohno was focused on the relationship between the activation of
PERK and another elF2a kinase - GCN2. The aim of that research was to examine whether
the GCN2-dependent signalling pathway leads to AD development and AD-related memory
impairments. L. Devi and M. Ohno reported that under physiological conditions in wild type
mice the deletion of GCN2 reduced the level of phosphorylated elF2a. Interestingly, GCN2
deficiency in AD model mice contributed to BACE1, ATF4 elevations, thus the increased
formation of senile plaques. Moreover, they found that PERK is overactivated under GCN2
deletion in AD model mice. In response to GCN2 deficiency, in AD model mice,
phosphorylated PERK was significantly elevated. This evidence confirms that PERK
activation is closely associated with AD pathology and suggests that PERK might be a
pivotal mediator of elF2a phosphorylation, which results in the dysregulation of the protein
synthesis process as well as the deposition of senile plagues in AD brains [88].

There is ample evidences which shows that PERK activity is closely associated with ER
stress involved in AD pathogenesis. Due to that fact, the study by T. Ma et al. was focused
on supressing elF2a kinases during the activation of the UPR molecular pathway. They
reported that PERK deletion may be a potential therapeutic target to prevent elF2a
phosphorylation and aberrations connected with protein synthesis, synaptic plasticity and
spatial memory in AD model mice. They showed that PERK deletion and, as a consequence,
decreased level of phosphorylated elF2a,, prevents deficits in protein synthesis, protects AD
mice from AD-associated synaptic plasticity and spatial memory impairment. Besides, T.
Ma et al. reported the decreased formation of AD-related senile plaques in the AD brains.
Interestingly, T. Ma et a/. also emphasized that PERK-dependent elF2a phosphorylation is
dominant in the AD brain. Only PERK deletion alone caused a decreased level of phospho-
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elF2a. The deletion of only GCN2 kinase had no significant impact on the level of elF2a in
the AD brain [89].

The above-mentioned results indicate that pharmacologically decreasing phosphorylation of
elF2a by blocking PERK-dependent molecular pathways may by a potential therapy for
AD. In the study by Moreno et al. on neurodegenerative diseases using a mouse model, a
specific inhibitor of PERK kinase called GSK2606414 was used. Moreno et al. reported that
the therapeutic effect of the newly characterized inhibitor eliminates the attenuation of
translation and prevents neurodegeneration in the mouse brain. That evidence suggests that
the inhibition of the PERK-elF2a pathway might be a crucial therapeutic strategy against
neurodegenerative diseases [90]. The GSK2606414 inhibitor seems to be a promising
avenue to pursue for neurodegenerative disease treatment. It is highly specific for PERK and
possesses the ability to penetrate the blood-brain barrier [91].

Moreover, a recent study by Sidrauski ef a/. shows that other small molecules termed ISBIR
(Integrated Stress Response inhibitor) have ability to reverse the effects of PERK activation
under sustained ER stress. It has been reported that ISRIB selectively attenuates only the
PERK pathway, but IRE 1 and ATF6 branches of UPR remain intact. Interestingly, ISRIB
small molecules cause a significant decrease in the ATF4 level under ER stress conditions
without any alterations in the level of phosphorylated elF2a. Due to the fact that CHOP is a
transcriptional target of ATF4, its level was also significantly reduced after ER stress
induction which means that ISRIB arrests only effects of ER stress-induced PERK activation
and elF2a phosphorylation. ISRIB also contributes to reverse protein synthesis under ER
stress conditions. The study conducted by Sidrauski et a/. also shows that ISRIB arrests
ATF4 expression after the activation of two other elF2a kinases, such as, GCN2 and HRI
[41]. UPR activation, which results in increased levels of both phosphorylated PERK and
elF2a, is strictly associated not only with Alzheimer’s disease, but also with other protein
misfolding neurodegenerative diseases and prion disorders. Recent studies by Halliday et a/.
confirmed that treatment with ISRIB prion-infected mice reduces ATF4 expression without
unwanted side effects, as well as does not lead to the attenuation of PERK activation and
elF2a phosphorylation [92]. ATF4 is known as a repressor of memory, long-term synaptic
plasticity and synthesis of new proteins, and is necessary for memory consolidation.
Sidrauski et al. showed that treatment with ISRIB plays the pivotal role in memory and
learning processes, since it markedly enhances memory consolidation in wild type mice.
Furthermore, those small molecule inhibitors of the PERK signalling pathway can be used
for the treatment of cognitive disorders, since investigations by Sidrauski et a/. showed their
good pharmacokinetic properties without toxicity [41].

First inhibitor of UPR signalling pathway with potential ability to prevention the
phosphorylation of elF2a was Guanabezen (GBZ). GBZ prolongs adaptive response, but
due to the fact that it is hypotensive drug as well as possess nanomolar affinity for the a-
adrenergic receptor can not be used as a selective in-fibitor of UPR signalling branches. The
latest data indicate that pharmacological manipulations of elF2a phosphorylation by
Sephinl, the small molecule selective inhibitor of holophosphatase, contribute to prolonged
elF2a phosphorylation without adverse effects which results in promoting the cellular
adaptive phosphor-signalling cascade to support cell survival under stress conditions, which
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is closely associated with numerous pathological conditions involving neurodegenerative
diseases, e.g. AD [44].

There are two elF2a holophosphatases within mammalian cells composed of PP1 catalytic
subunit and one or two regulatory subunits: PPP1R15A also termed GADD34 and
PP1R15B. The expression of PPP1R15A occurs only in stressed cells due to the fact that
downstream of ATF4 and CHOP, as a result of elF2a phosphorylation, causes the
transcriptional activation of PPP1R15A. Generally, the main aim of elF2a holophosphatases
is to dephosphorylate elF2a in stressed cells and renew the translation process [42, 43, 93].

Sephin 1 can bind to the subunit PPP1R15A, which causes in the selective inhibition of
holophosphatase activity. That causes prolonged elF2a phosphorylation, inhibition of
general protein synthesis and consequently the attenuation of expression of pro-apoptotic
proteins like CHOP, since gene expression requires translation recovery. Moreover, there are
no alterations in ATF4 translation in stressed cells treated with Sephin-1 [44].

CONCLUSION

Data suggest that nowadays more than 24 million people suffer from AD whose main
hallmark is the deposition of AB plaques in the brain. Although the aetiology of AD is not
completely clear, abundant experimental evidence suggests that mutation in the APP gene
initiates the amyloidogenic pathway where the key role is played by enzyme BACEL. As a
result, the level of the non-physiological form of A is increased. Because those
disturbances during ER stress activate the protective cellular response, the phosphorylation
of elF2a causes attenuation of global translation as well as, conversely, promotes the
synthesis of BACE1 and ATF4. Moreover, recent molecular and genetic investigations
present a new point of view on the therapeutic strategy for AD. Deactivation of PERK
kinase via small-molecule inhibitors has been identified as a potential therapeutic target. It is
highly possible that the inhibition of PERK activity may contribute to preventing the
excessive accumulation of Ap4, among the neurons and, as a result, neuronal loss and
memory impairment in AD.
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Processing of Amyloid Precursor Protein (APP) by a, p and y secretases. The proteolytic
cleavage in non-amyloidogenic pathway by a secretase within the A sequence and -y
secretase resulting in the formation of soluble APP fragments: APPsa., p3 and p7. The APP
processing by secretases p and -y in the amyloidogenic pathway leads to the formation of C-
terminal APP domain AICD and soluble AR37-40 or insoluble Ap42, which depends on the
v secretase cleaving site. Ap42 aggregates into amyloid plaques in the brain tissue.
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Schematic representation of APP point mutations sequence affecting secretase activities.
Pathogenic amino acids substitutions, which are identified near or within the APP cleavage
site by secretases, shift the APP molecular processing toward the amyloidogenic pathway.
That leads to overall increase in total AR generation and/or alterations in the ratio of specific

AP peptides.
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Fig. (3).
Three branches of UPR signalling from the Endoplasmatic Reticulum. In response to

accumulation unfolded and misfolded proteins within ER lumen that trigger ER stress BiP
chaperones release the luminal domain of ER transmembrane transducers such as PERK,
IRE1, ATF6. That allows PERK and IREL1 to oligomerise and trans-autophosporylate, which
result in their activation. Also ATF6 is regulated by chaperones BiP which hinder its
relocation to the Golgi, where it is processed by specific proteases Site-1 (S1P) and Site-2
(S2P) and, as a result, becomes active as a monomeric ATF6N. Activated PERK
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phosphorylates elF2a resulting in global translation attenuation apart from selective mRNAs
e.g. ATF4. ATF6N, XBP1s and ATF4 translocates to the nucleus where upregulates
expression of UPR target gene to restore cells homeostasis.

Curr Med Chem. Author manuscript; available in PMC 2016 September 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Rozpedek et al.
. unfolded protein
'BiP
oligomerisation i
PERK
cytosol l

(Bcl-2, BEl=XL, Mcl=1)

g
J@
Blc-2 proteins @® @ -l

cytochrome ¢

Page 23

ER

Secretase

Neurodegeneration/memory impairment

Fig. (4).

Mechanism of UPR-induced apoptosis in Alzheimer’s disease. Multiple signalling pathways

of the UPR are activated by PERK kinase by dissociation of BiP proteins after the
accumulation of unfolded proteins within the lumen of the ER. This dissociation causes

PERK to undergo homo-oligomerization and trans-autophosphorylation within its cytosolic

kinase domain. The activated UPR network results in the phosphorylation of elF2a and,
consequently, in the sustained inhibition of general translation, while it leads to up-

regulation of MRNAs BACEL and ATF4. Long-term stress conditions may induce neuronal
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death by mitochondrial apoptosis regulated by the family of the anti-apoptotic and pro-
apoptotic proteins. This results in neurodegeneration and memory impairment associated
with AD.
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Table 2

Common mutations of APP affecting secretase activities with giving the site of mutation and amino acid
change.

APP Mutation Amino Acid Change ii:ﬁiﬁfol\;l‘téitgt'i\lo&gﬁgl;

Swedish ||\</|>>NL Lysine > Asparagine Methionine >Leucine 670671
DN A>V Alanine > Valine 673
English H>R Histidine > Arginine 677
Tottori D>N Aspartic acid > Asparagine 678
Taiwanese D>H Aspartic acid > Histidine 678
Leuven (ltalian) | E>K Glutamic acid > Lysine 682
Flemish A>G Alanine >Glycine 692
Arctic E>G Glutamic acid > Glycine 693
Italian E>K Glutamic acid > Lysine 693
Dutch E>Q Glutamic acid > Glutamine 693
lowa D>N Aspartic acid > Asparagine 694
Austrian T>1 Threonine >lIsoleucine 714
Iranian T>A Threonine > Alanine 714
German V>A Valine > Alanine 715
French V>M Valine > Methionine 715
Florida 1>V Isoleucine > Valine 716
Indiana V>F Valine > Phenylalanine 717
London V>| Valine > Isoleucine 717
————————— V>L Valine > Leucine 717
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