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Abstract

The unfolded protein response (UPR) plays a vital role in maintaining cell homeostasis as a
consequence of endoplasmic reticulum (ER) stress. However, prolonged UPR activity leads to cell
death. This time-dependent dual functionality of the UPR represents the adaptive and cytotoxic
pathways that result from ER stress. Chronic UPR activation in systemic and neurodegenerative
diseases has been identified as an early sign of cellular dyshomeostasis.

The Protein Kinase R-like ER Kinase (PERK) pathway is one of three major branches in the UPR,
and it is the only one to modulate protein synthesis as an adaptive response. The specific
identification of prolonged PERK activity has been correlated with the progression of disorders
such as diabetes, Alzheimer’s disease, and cancer, suggesting that PERK plays a role in the
pathology of these disorders. For the first time, the term “PERK-opathies” is used to group these
diseases in which PERK mediates detriment to the cell culminating in chronic disorders. This
article reviews the literature documenting links between systemic disorders with the UPR, but with
a specific emphasis on the PERK pathway. Then, articles reporting links between the UPR, and
more specifically PERK, and neurodegenerative disorders are presented. Finally, a therapeutic
perspective is discussed, where PERK interventions could be potential remedies for cellular
dysfunction in chronic neurodegenerative disorders.
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INTRODUCTION

The endoplasmic reticulum (ER) provides an optimal environment to host fundamental
biological processes such as protein folding, calcium storage, and lipid metabolism, making
it an indispensable organelle for cell survival [1-3]. As such, evolutionarily conserved
mechanisms regulate ER dynamics to ensure maintenance of these functions. Over a third of
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nascent proteins are folded in the ER lumen, where molecular chaperones triage misfolded
proteins for refolding or degradation [4]. If they cannot be refolded, chaperone substrates (or
clients) are targeted for degradation either by a proteasome-dependent pathway called ER-
associated degradation (ERAD) or autophagy [5]. Effective chaperone function and
clearance of clients out of the ER prevents secretion of unfolded or misfolded proteins.
Unfolded and misfolded proteins have exposed hydrophobic signatures, and if they are
released into the cytoplasm, the exposed unfolded sequence would trigger a heat shock
protein response [5].

In neurological tissues, the aggregation of unfolded or misfolded proteins appears as the
hallmark of several proteinopathies such as tauopathies (e.g. Alzheimer’s disease, fronto-
temporal dementia, and progressive supranuclear palsy), synucleinopathies (e.g. Lewy body
disease and Parkinson’s disease), aggregation of TDP-43 (amyotrophic lateral sclerosis,
frontotemporal dementia, and hippocampal sclerosis), and diseases of poly-glutamine
aggregation (e.g. Huntington’s disease and ataxias), among many others.

Increasing evidence suggests that several neurodegenerative disorders are rooted in aberrant
ER function. For instance, amyloid precursor protein (APP) is processed by secretases on
the ER membrane. Under pathogenic conditions, APP processing yields the amyloid beta
(APB) peptide that is responsible for neurotoxicity and amyloid plaque formation [5]. In AD,
cleavage of APP favors production of AB, which is released from the ER membrane and
initiates neurotoxic cascades. On the other hand, soluble and pathogenic tau, the aggregation
of which leads to formation of tangles in AD and nineteen other tauopathies, impairs ER-
associated degradation (ERAD) leading to chronic activation of the UPR [6]. In Parkinson’s
and Lewy Body Disease, a-synuclein is internalized in the ER, where it impairs protein
transport between the ER and the Golgi network [7]. The mechanisms with which the ER
combats proteinopathic insults are grouped into the unfolded protein response (UPR).

ER STRESS AND THE UNFOLDED PROTEIN RESPONSE

ER stress results from abnormalities that overwhelm normal ER performance. ER stress can
be elicited by viral infection [5], blockage of ER protein clearance pathways such as ERAD
[8], calcium disruptors, hypoglycemia, exposing cells to compounds such as tunicamycin,
thapsigargin, and dithiothreitol, and hypoxia [9]. In response to ER stress, the cell activates
the UPR [2]. The overall goal of this response is to restore ER function by decreasing input
of nascent proteins and increasing output of folded proteins. In consequence, the UPR
regulates size, shape, and abundance of luminal and transmembrane proteins [10], all of
which contribute to the reestablishment of homeostasis.

Activation of the UPR begins by the dissociation of glucose-regulating proteins (GRPs) from
three types of ER transmembrane anchors, namely IRE1 (Inositol-Requiring Protein 1 or
Serine/Threonine-Protein Kinase/Endoribonuclease), ATF6 (Activating Transcription Factor
a or Cyclic AMP-Dependent Transcription Factor), or PERK. GRPs are ER chaperones that
facilitate refolding of nascent proteins [4]. Once detached from the membrane, GRPs
associate with nascent proteins to facilitate their folding and secretion from the ER.
Therefore, GRPs are ER-resident chaperones, and their dysfunction alone can lead to
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conditions such as juvenile onset glaucoma and blindness [6]. The most abundant GRPs are
Grp78 (binding immunoglobulin protein or BiP) and Grp94 [11]. Meanwhile, each anchor,
IRE1, ATF6, and PERK is free to initiate its own signaling pathways (Fig. 1).

Under homeostatic conditions, IRE1 is constitutively attached to Grp78 under homeostatic
conditions. Once detached, IRE1 dimerizes and autophosphorylates, which in turn activates
RNase domains. Phosphorylated and active IREL1 targets and cleaves X box-binding protein
1 (XBP1), which is a transcriptional activator of UPR target genes such as ERAD proteins
and ER chaperones [12, 13] (Fig. 1). Other downstream transcription factors that are
activated by XBP1 facilitate production of phospholipids that allow the ER membranes to
expand under stress [12, 13]. If ER stress is maintained, sustained IRE1 function mediates
activation of signaling cascades involved in cell death. Specifically, this apoptotic cascade
activates the apoptosis signal-regulated kinase 1 (ASK1) and c-Jun N-terminal kinase (JNK)
[14, 15] (Fig. 1).

The ATF6 pathway also begins by its dissociation from Grp78, which provides S1 and S2
proteases to release ATF6 from the membrane. ATF6 translocates to the nucleus, where it
promotes expression of Grp78, XBP1, C-EBP-Homologous Protein / Growth Arrest DNA
Damage-Inducible transcript 3 (CHOP/GADD153), and Grp94. These effectors participate
in protein folding, protein secretion, and ERAD [9, 16-19]. Together, this response
facilitates protein output from the ER thereby offering relief and restoration of other
functions.

The third branch of the UPR is initiated by PERK. The immediate objective of this cascade
is to reduce translation of RNA in order to limit the input of nascent proteins in the ER.
PERK has two regions: a luminal region that changes conformation when in contact with
unfolded proteins and a cytoplasmic region containing a kinase domain that is necessary for
activation [9]. Upon dissociation from Grp78, PERK dimerizes and autophosphorylates in a
manner that is similar to the activation of IRE1. In turn, phosphorylation of PERK activates
the kinase domain, which then targets substrates to activate the cascade. The best
characterized PERK target is the eukaryotic initiation factor 2a (elF2a.) [5]. Phosphorylation
of elF2a prevents it from forming a complex with GTP, a step that is necessary for reloading
elF2 to initiate translation of MRNA. Therefore, p-elF2a reduces protein synthesis [2, 20,
21]. Nonetheless, proteins that participate in UPR such as ERAD components, ER
chaperones, UPR transcription factors, and mediators of the three branches of the UPR elude
this mechanism (reviewed in [22]). The mRNA for these proteins contains pseudo-open or
upstream open reading frames (UORFs) that avoid the p-elF2a-mediated attenuation of
translation. As a result of increased and selective expression of UORF-containing transcripts,
the UPR pathways become robust permitting a return to homeostasis or activation of
apoptosis [21].

Activating Transcription Factor-4 (ATF4) is another downstream effector of the PERK
cascade. ATF4 is selectively enriched during ER stress by eluding PERK-mediated
suppression of translation [20, 21, 23]. ATF4 plays a critical role in both relieving the ER for
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cell adaptation and activating apoptosis. As in the case of IRE1 and ASK1, the mechanisms
responsible to this dual ATF4 function are crucial to understand the role of the UPR in cell
survival versus death decisions. A key factor regulating the switch from activating pro-
survival to favoring cell death pathways is the extent of time in which the UPR is active [24,
25].

In the case of acute PERK activity, ATF4 stimulates expression of proteins involved in cell
recovery and adaptation such as ER chaperones. However, when PERK activity is chronic,
sustained ATF4 levels upregulate pro-apoptotic proteins such as CHOP and growth arrest
and DNA damage-inducible 34 (GADD34) [1, 2, 26]. Therefore, increased ATF4 decreases
cell survival suggesting that prolonged translation of ATF4 is a primary signal for apoptosis
under ER stress [3, 20]. ATf4 facilitates expression of CHOP, which in turn promotes
apoptosis by enhancing expression of DR5 and #ribbles-related protein 3. In parallel, ATF4
also participates in the inhibition of peroxisome proliferator-activated receptor -y, which
triggers pro-apoptotic signals [4, 26-28].

Besides CHOP, ATF4 also induces the phosphatase activity of GADD34, which targets p-
elF2a. Initial expression of GADD34 negatively feeds back on the PERK pathway by
dephosphorylating elF2a. to restore protein synthesis to its normal rate [29, 30]. However,
extended GADD34 activity is associated with apoptosis via phosphorylation of (cellular
tumor antigen p53) Tp53 [31] (Fig. 1).

Nrf2 (nuclear factor erythroid 2-related factor 2) is another direct substrate of PERK [32].
This second PERK substrate is a transcriptional activator that promotes expression of
proteins involved in adaptation to oxidative stress [33]. Nrf2 exists ubiquitously in the
cytoplasm attached to Keap 1 (Kelch-like ECH-associated protein 1). Upon activation of the
UPR, PERK-directed phosphorylation of Nrf2 dissociates the Keap1/Nrf2 complex.
Consequently, Nrf2 is translocated to the nucleus where it activates transcription of proteins
with antioxidant activity.

In addition to these direct interactions between PERK and elF2a or PERK and Nrf2, the
PERK pathway plays a central role in regulating the entire UPR. Expression of dominant-
negative PERK facilitates activation of ATF6 and its downstream effector XBP1 [28]. The
inability of cells to activate the PERK pathway under conditions of ER stress (e.g. exposure
to tunicamycin) results in attenuated phosphorylation of elF2a and delayed suppression of
translation. In response, the ATF6 pathway is further enhanced compared to control cells
[28]. These data suggest that UPR activity is exquisitely tuned in three different yet
integrated branches. In addition, PERK facilitates ATF6 function by enhancing transport of
ATF6 from the ER and Golgi [34]. These studies suggest that PERK is a central integrator of
the UPR, and specific modulation of PERK activity could lead to overall UPR-directed cell
survival/death pathways.
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SYSTEMIC IMPLICATIONS

Diabetes Mellitus

Diabetes mellitus is caused by impaired insulin signals and decreased insulin secretion [35].
In both Type | and Type Il diabetes, apoptosis of p-cells is the primary mechanism of cell
death [35]. According to the American Diabetes Association, diabetes mellitus
symptomatology includes frequent urination, feeling excessively thirsty or hungry, extreme
fatigue, blurry vision, cuts and bruises that heal slowly, and tingling or numbness in the
hands or feet. In the United States, 29.1 million people have diabetes, with approximately
27.8% of those people being undiagnosed. According to the Centers for Disease Control and
Prevention’s 2014 “National Diabetes Statistics Report: Estimates of Diabetes and Its
Burden in the United States”, 1.7 million Americans aged 20 or older were diagnosed with
the disease in 2012.

PERK-mediated cell death, is implicated in the pathogenic process leading to diabetes
mellitus [35]. Secretory cells, such as islet p-cells that are integral for insulin production,
produce high levels of PERK [35, 36]. Demand for insulin requires these p-cells to produce
upwards of one million molecules per minute, meaning the ER must modify and package the
proteins for proper use [37]. PERK signaling is important for the normal function and
survival of secretory cells [36]. The pancreatic p-cells are particularly susceptible to ER
stress and therefore depend on PERK for proper function [35]; however, PERK might be
responsible for this susceptibility. Just like in other cells, PERK can be protective and
harmful in the pancreas. Under normal cellular conditions, the survival properties of PERK
dominate; but under extreme stress, such as what is associated with diabetes, induction of
cell death pathways becomes more prevalent [36].

PERK abnormalities are directly associated with diabetes. In Scandinavians, the PERK gene
maps to a locus that is implicated in the development of Type | diabetes [36]. Under more
severe conditions, a mutation in the PERK gene, £/F2AKS3, causes Wolcott-Rallison
Syndrome (WRS), a rare form of monogenic diabetes that manifests as infantile-onset,
insulin requiring diabetes [38]. WRS is characterized by early destruction of pancreatic beta
cells [36]. This disease is very rare, with under 60 cases noted as of 2010 [39, 40], although
it may be underdiagnosed due to death occurring before patients exhibit the typical signs and
symptoms [41]. Alongside neonatal diabetes, the main features of this WRS include multiple
epiphyseal dysplasia (impaired ability of bones to elongate and grow normally) and hepatic
dysfunction [39, 41, 42]. More recent studies have reported 39 distinct mutations in the
PERK gene in WRS patients, which result in early termination of the protein or missense
mutations in the kinase domains [41]. As of yet, there is no link between any specific
mutation and WRS symptoms or onset.

As a key mediator of the UPR, PERK activity is necessary to protect cells from the apoptotic
signals inherent in prolonged UPR activation. Studies using /7 vitro and /n vivo models show
that PERK-deficient pancreatic p-cells are more sensitive to apoptosis induced by the ER. In
addition, PERK-deficient mice develop neonatal hyperglycemia caused by islet proliferation
defects and increased apoptosis [43]. In fact, embryonic development of B-cells requires
elF2a phosphorylation, and pelF2a maintains full function of differentiated p-cells [43].
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Although there are other enzymes that can also phosphorylate elF2a, these data suggest that
the PERK pathway is a primary mediator of B-cell development.

PERK knockout mice are born with seemingly normal islets of Langerhans, but there is
progressive destruction of p-cells over the first few weeks of their lives [36]. This is likely
the result of inability to cope with the high demand for insulin. These data suggest that
PERK cycling is critical for adaptation to ER function under extreme conditions of protein
secretion. PERK knockdown in cells shows similar results, where reduced PERK activity
keeps elF2a in a dephosphorylated state, which also inhibits the GTP cycling and obstructs
translation [21]. As a result, cells become sensitive to ER dysfunction and accumulation of
misfolded proteins in the ER [44]. PERK loci variants are associated with the risk of
prediabetes, such as the minor C allele of rs867529 (a PERK SNP), which has been linked
with a 1.3-fold increased risk [38].

Obesity, a leading cause of Type Il Diabetes Mellitus, is associated with initiation of cellular
stress signaling and inflammatory pathways, including ER stress [45]. Deprivation of
nutrients and glucose or increased synthesis of secretory proteins is a major change in
response to obesity; compounded over time, these factors induce ER stress [45]. UPR
proteins such as Grp78 are also increased in obese mice, indicating that the ER is
undergoing stress and the UPR is active during obesity [45]. In addition, PERK, pelF2a, and
JNK are increased in liver extracts of obese mice when compared to lean control mice [45].
These data suggest that obesity is directly linked to chronic induction of ER stress and the
UPR (Fig. 1B). These data also suggest that the duration of the UPR could be suspended by
removing the need for increased metabolic demands and protein synthesis.

A widely used model for diabetes, the Akita mouse, has a spontaneous mutation that causes
early-onset non-obese diabetes [46]. In the Akita mouse, the ER of secretory B-cells distends
and contains increased levels of BiP indicating that the ER has become stressed [23, 36]. In
addition, progressive hyperglycemia is accompanied by CHOP induction, which occurs
downstream of PERK and leads to apoptosis [23, 35]. Conversely, CHOP knockout mice
have a delayed onset of islet cell destruction and hyperglycemia as well as reduced cell death
by any kind of ER stress [23]. These studies highlight the important role of CHOP as a
downstream effector of the PERK pathway and mediator of cell death.

Tumor Growth and Cancer

ER stress also plays a role in various cancers and tumor growth. Cancer cells become highly
dependent on glycolysis due to increased metabolic demands for growth and propagation
[47]. Increased demand of the glycolytic pathway causes glucose deprivation inducing ER
stress [47]. In response, the UPR pathway is an effective early sensor of cellular stress
associated with tumorigenesis [48]. Further research into the UPR’s relationship with cancer
and tumor growth could provide useful information for early detection. In addition, targeting
the UPR with pro-apoptotic compounds (e.g. PERK enhancers) could serve as therapeutic
strategies.

PERK activity regulates tumor growth in several tissues. Tumors from MMTV-Neu
transgenic mice were transduced with a retrovirus that excised PERK [48]. When
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transplanted into mammary fat pads of SCID mice, the PERK-deficient tumors had a
reduced volume compared to PERK-positive cells [48]. This function extrapolates to other
cell types throughout the body, where partial blocking of the UPR via PERK/ATF4
knockdown reduces the production of angio-genic mediators [20]. Knockdown of PERK
also leads to reduced cell migration, which in turn reduces metastasis [49]. Further, PERK-
deficient tumor cells have markedly less volume compared to PERK-positive cells [48].
Therefore, PERK knockdown leads to attenuation of tumor cell growth. Tests /n vivo show
that PERK silencing slows tumor growth and decreases the blood vessel density in tumors.

Due to their increased growth rate, cancer cells require aberrantly amplified ER activity in
order to handle the ER membrane swelling demands in protein folding [47]. This increase in
ER activity and cellular demand causes tumor cells to outgrow their blood supply. As a
result, solid tumors, and in particular malignant tumors, present a toxic tumor
microenvironment, which is characterized by sustained hypoxic conditions [4]. In response,
the cell undergoes ER stress and activates the UPR. Various types of cancers have increased
levels of BiP that correlates with tumor growth and proliferation [47]. In fact, the level of
BiP expression directly correlates with stage of malignancy [4]. Therefore, hypoxia-
mediated activation of the UPR, and its angiogenic properties become beneficial for tumor
cells [4, 50]. Indeed, specific PERK activation helps upregulate angiogenic genes [50].

Another complex mechanism within the UPR-PERK pathway is one that impacts
autophagy-related proteins. Hypoxia-mediated activation of PERK/ATF4 induces
Lysosomal-Associated Membrane Protein 3 (LAMP3), which is necessary for autophagy
[49, 51]. The activation kinetics of LAMP3 closely resembles those of the PERK pathway.
ATF4 knockdown using siRNA or disrupting the phosphorylation of elF2a, prevents
LAMP3 induction even under hypoxic conditions [51]. For a therapeutic perspective in other
stages of cancer progression, the LAMP3 homologs, LAMP1 and LAMP2, are associated
with metastasis in breast cancer [49]. While the mechanism by which LAMP3 associates
with cancer progression is not yet clear, LAMP expression associates with metastasis in the
cervix and it is implicated in breast cancer [49]. Therefore, as an upstream facilitator of
LAMP expression, PERK could serve as a therapeutic target or downstream sensor.

NEUROLOGICAL IMPLICATIONS

Many neurodegenerative diseases show upregulation of the UPR including amyotrophic
lateral sclerosis (ALS), Huntington’s disease (HD), Parkinson’s disease (PD), Alzheimer’s
disease (AD), Progressive Supranuclear Palsy (PSP), and Frontotemporal Dementia (FTD).
The mechanisms linking these diseases and the UPR are not yet clear; however, an
underlying molecular phenomenon of these disorders is the aberrant accrual of unfolded /
misfolded proteins such as poly-glutamine, Ap, tau, synuclein, and TDP-43, among others.

In the context of neurotoxicity, PERK has received special attention. This is in part due to
the genetic risk for onset of some tauopathies inherent to SNPs on the gene coding for
PERK [52-55], identification of increased pPERK in various neurodegenerative disorders
[56-60], and a link between chronic PERK activation and decreased synthesis of synaptic
proteins [61]. Neurons require constant protein production for synaptic function, which
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makes them particularly vulnerable to chronic attenuation of protein translation. Therefore,
the PERK pathway hampers neuronal function well before it initiates pro-apoptotic
cascades. As a result, PERK is a potent mediator of neuronal dysfunction, which
underscores the interest of PERK in the field of neurodegeneration research.

Abrogating the extended activity of other branches of the UPR, that is IRE1 and ATF®6,
could offer benefits to long-term cell function and survival and ameliorate the long-term
consequences of synaptic dysfunction. However, the neuronal dependence on nascent
protein production makes the PERK pathway critical for synaptic function. The requirement
for nascent protein synthesis extends to proper cellular function and it quickly and potently
impacts overall brain function [62].

Amyotrophic Lateral Sclerosis (ALS)

ALS is a motor neuron disease showing neurodegeneration in the spinal ventral horn, most
of the nuclei in the brainstem, and cerebral cortex. An estimated 5,000 people are diagnosed
with ALS every year [63] and more than 12,000 people meet the standard surveillance
definition of ALS [64]. ALS is fatal, and it leads to loss of motor function due to muscle
atrophy with death typically occurring less than four years after diagnosis. [2, 65-68].
Phenotypic variation in the onset of this disease contributes to the difficulty in understanding
ALS to the fullest extent. Spinal onset, seen in the majority of ALS cases, begins around 60
years of age. Initially, a painless weakness in one limb leads to a clinical examination that
reveals further muscle atrophy, hyperreflexia, fasciculation, and hypertonia [69, 70]. The
early symptoms are observed at an inconsistent rate, but show contiguous spread in the
majority of patients [71]. Bulbar onset is seen in around 20% of all ALS cases [69, 72].
Common symptoms include dysarthria, dysphagia, tongue fasciculation, and jaw jerkiness
[69, 72]. Bulbar onset has a worse prognosis than spinal onset, with life expectancy after
diagnosis only being 2 years. Respiratory onset is the least common form in ALS, seen in
only 3-5% of patients. These patients show orthopnea or dyspnea, with mild or absent spinal
or bulbar onset symptoms. This pattern of onset is seen predominantly in males. The short-
term life expectancy after diagnosis is 1.4 years with no long-term survival (>10 years) [72,
73]. The majority of cases are sporadic (~90%), but a few cases (~10%) are known to show
genetic patterns of inheritance [2]. More than half of familial cases of ALS can be attributed
to mutations in SOD1 (superoxide dismutase 1), TARDBP (the gene encoding the protein
TDP-43), C9orf72, and the FUS gene [71].

Expression of mutant forms of TDP-43 and SOD1 are associated with PERK activation.
TDP-43 is a DNA binding protein found predominantly in the nucleus. However, even under
normal circumstances, part of TDP-43 is cytoplasmic, and aberrant localization and sorting
of TDP-43 contributes to disease progression [74—76]. Interestingly, TDP-43 can also be a
part of co-morbidities in disease when brains are confounded by pathological tau [77].
Previous studies have shown that stress granule formation correlates with expression of

AL S-associated mutations [78]. Stress granules are intracellular aggregates composed of
MRNAs, ribosomal subunits, and various proteins. Phosphorylation of elF2a and
consequent attenuation of protein translation increases the risk for the formation of stress
granules [79]. Recent studies have shown that overall cellular stress can induce stress
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granule formation [80-82] and PERK-mediated phosphorylation of elF2a initiates stress
granule formation of TDP-43 [83, 84].

Accumulation of mutant SOD1 in the ER, which is implicated in some cases of ALS,
induces ER stress through association with BiP. BiP is believed to chaperone the transport of
SOD1 into the ER, with the protein-binding domain (residues 392-509) playing a critical
role in the binding of SOD1 and BiP [68]. SODL1 is a protein that binds to copper or zinc
ions to form cytoplasmic and mitochondrial isozymes that eliminate free superoxide
radicals. In SOD1G93A transgenic mouse model of ALS, PERK is activated. The
consequent phosphorylation of elF2a leads to increased expression of ATF4. AtF4
activation as a result of the PERK pathway was evidenced in disease-affected areas such as
the spinal cords. However, ATF4 was not activated in unaffected areas such as cerebellum,
suggesting that PERK activation is selectively activated in discreet regions [68]. Mutant
SOD1 also increases mitochondrial and oxidative stress, which in turn induces PERK-
mediated phosphorylation of elF2a. [66].

Huntington’s Disease (HD)

Huntington’s disease is an autosomal dominant, neurodegenerative disease caused by a
cytosine-adenine-guanine (CAG) repeat expansion within the huntingtin gene. This mutant
gene leads to a pathogenic form of the huntingtin protein [85]. Mutant huntingtin aggregates
and damages the striatum and cerebral cortex via mechanisms that are not yet clear. These
pathological pathways lead to cognitive decline and motor impairment [86—88]. Generally,
the life expectancy of HD is approximately 10-30 years after onset of symptoms but this
prognosis can vary greatly depending on the number of repeats on the gene [5]. Along with
HD, there is an array of Huntington’s disease-like (HDL) syndromes. HDL-1 is an
autosomal dominant prion disease caused by additional octapeptide repeats in the prion
protein gene. [89, 90]. Clinical symptoms such as ataxia are similar to those seen in HD;
however, spongiosis is not prevalent [91, 92]. HDL-2 is autosomal dominant as well, but is
caused by expansions of a CTG-CAG triplet repeat in the junctophilin-3 (JPH3) gene on
chromosome 16924.3 [93]. This form of HDL manifests very similarly to HD. HDL-3 an
autosomal recessive disease that has only been seen in two Saudi Arabian families. It has an
early age of onset (3—4 years) and very little is known about this disease [94]. HDL-4, also
known as spinocerebellar ataxia type 17 (SCAL7), is an autosomal disease caused by triplet
repeat expansions in the TATA box-binding protein (TBP) gene located on chromosome
6g27. This is the most commonly inherited type of HDL with the most common clinically
observed feature being cerebral ataxia [95]. Even though it is classified as an HDL
syndrome, very few cases show a high level of similarity to symptoms seen in HD.

Aggregation of mutant huntingtin induces ER stress and activates the UPR. The UPR-PERK
pathway has not been extensively studied in HD. However, levels of p-elF2a. are increased
in cells expressing mutant huntingtin and addition of salubrinal showed decreased
aggregates and increased cell viability [96]. This further suggests that sustained chronic
elF2a inhibition beyond that of the PERK pathway might show reversal of the PERK-
mediated neurotoxic effects. In addition, p-elF2a levels in wild type NIH 3T3 striatal cells
are much lower than other cells types. However, p-elF2a levels are increased upon
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transfection of mutant huntingtin into HEK 293T cells, suggesting that huntingtin over-
expression induces the PERK pathway. Conversely, reduction of p-elF2a levels by
inhibition of the PERK pathway reverses toxicity of the mutant huntingtin protein [97]. In
addition, functional assays in these studies showed that low levels of p-elF2a were
necessary for optimal striatal neuron function [98]. A later study by Li et a/., showed that
Grp78 is upregulated in cells expressing mutant huntingtin protein. The same study also
showed that Grp78 reduces aggregation of mutant huntingtin protein [99]. Grp78 activation
and dislodging form PERK suggests that the other UPR pathways are also activated, and in
these cases, UPR activation is chronic. Still, very few results have been published about the
PERK pathway specifically. More studies must be done to conclusively determine the role of
PERK in HD and weigh the therapeutic potential of PERK.

Disease (PD)

Parkinson’s disease is a neurodegenerative disease that is clinically diagnosed based on
common symptoms: rest tremor, rigidity, bradykinesia, and postural instability. Confirmation
of clinical diagnosis is done by post-mortem analysis. An estimated 1.5 million people in the
US suffer from Parkinson’s. The classic hallmark of the disease is the presence of Lewy
bodies, which typically include large accumulations of a-synuclein in neurons [100-103].
Norepinephrine deficiency is another contributing factor to the progression of the disease,
which accounts for much of the impairment seen in the autonomic system of PD patients.
Reduction in norepinephrine levels happens before reduction in dopamine levels [104];
however, it is unclear which neurotransmitter is the first or the major problem seen in the
disease. The death of dopaminergic neurons in the substantia nigra is the most prominent
and well-established sign of the disease and has provided a therapeutic target. Initially,
dopamine deficiency leads to decline of motor skills that are accompanied by behavioral
changes and dementia seen in late stages of the disease. The cause of death of dopaminergic
neurons is largely unknown [56, 58]. The most common pharmacological treatment for PD
is administration of Levadopa, which is converted to dopamine by L-dopa decarboxylase.
While treatment with Levodopa has increased the standard of living for many patients with
PD, there is substantial resistance to using the drug on the basis of dopamine dysregulation
and its dire effects on reward stimulation and schizophrenic symptomatology. A compelling
argument stems from the critical connectivity of the basal ganglia with other structures in the
brain [105-109].

The most established location for a connection between the molecular basis of PD and
chronic activation of the UPR was identified in dopaminergic neurons of Parkinson’s brain.
Indeed, the levels of pPERK and p-elF2a are significantly increased in dopaminergic
neurons compared to age-matched control brains [56, 58]. However, there is no
colocalization of a-synuclein and pPERK or of a-synuclein and p-elF2a, suggesting that
synuclein does not play a role in activating the UPR or its participation is indirect. A recent
study by Le Masson et al. found that a-synuclein is localized in mitochondrial-associated
ER membranes (MAM). Different mutations of a-synuclein determine the level of
association seen with MAM and contribute to the overall level of mitochondrial dysfunction
[110]. While not directly identifying the UPR or the PERK pathway, this discovery provides
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support to the idea a-synuclein association with the ER is detrimental in PD and confirms
that the UPR is a potentially promising therapeutic target.

Disease

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that is pathologically
characterized by the appearance of amyloid plaques and tau tangles [111]. With current
demographics showing 5.2 million Americans suffering from the disease, it is the most
common cause of dementia in the US. Initial symptoms include difficulty with acquisition
and recall of recent episodic memory. Progressive symptomatology expands to problems
with overall cognitive function such as the inability to recognize places or family members.
Late-stage AD patients show total loss of voluntary and involuntary muscle control [111].

The two major pathological hallmarks of Alzheimer’s disease are amyloid plaques and
neurofibrillary tangles, which are composed of amyloid beta (AB) peptides and aberrantly
folded microtubule-associated protein tau, respectively. Both A and tau, and their diverse
pathological conformations, interfere with cellular homeostasis. AD brains show signs of
chronic UPR activation as evidenced by increased levels of Grp78, pPERK, pIRE1la,
pelF2a, and ATF4 [57, 59, 112, 113]. As previously described, increased expression and
availability of membrane-detached Grp78 suggests activation of the three branches of the
UPR (Fig. 1). These studies corroborate activation of the IRE1 branch, but no other
downstream effectors of this pathway are documented. Similarly, data suggesting activation
of the ATF6 pathway is scant. Meanwhile, increased levels of pPERK, p-elF2a, and ATF4
indicate that there is activation of the PERK pathway. Sustained ATF4 activity directly leads
to activation of pro-apoptotic cascades [20]. Therefore, chronic activation of the PERK-
ATF4 pathway could be a major mechanism mediating apoptotic cell death in AD.
Nonetheless, the extent of UPR activation in AD has not been fully characterized. More
information will help dissect the full regulation of the UPR and identify potential therapeutic
targets to balance pro-survival vs. pro-apoptotic pathways.

The timing during which the UPR is initially activated in correlation with disease is a matter
of debate, but at least in AD brains, pPERK levels accrue in hippocampal neurons that
experience pre-tangle pathology [57]. Hoozemans et a/., determined that pPERK directly co-
localized with AT8-positive tau species and not with neurofibrillary tangles. In addition,
pPPERK levels positively correlate with the extent of tau pathology as marked by their Braak
score [114]. Of importance is the identification of pPERK in hippocampal neurons where tau
pathology begins in AD brains [114, 115]. These data argue for a temporal response to
pathological tau aggregation where early pathological steps in the disease process activate
the UPR. However, more recent data do not extricate early pathological tau species as
indirect mediators of ER stress. Indeed, soluble tau is responsible for impairing ERAD,
which in turn increases ER burden and activates the UPR [6].

Interestingly, UPR activation is associated with another pathological sign that is common in
AD brains: granulo-vacuolar degenerating bodies (GVDs). These are deposits of autophagic
vacuoles that seem to originate from smooth ER; their membranes contain lipid raft proteins
like flotillin-1, and they encapsulate ubiquitinated proteins that are destined for autophagic
destruction [116-118]. GVDs are not unique to AD pathology; they have been identified in
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brains suffering from Down’s syndrome, progressive supranuclear palsy (PSP),
parkinsonism dementia complex of Guam, Pick’s disease, pallido-ponto-nigral degeneration,
Parkinson’s disease, dementia with Lewy bodies, ALS, and elderly controls [119-121]. The
common pathological hallmark associated with GVDs in these disorders is the colocalization
with hyperphosphorylated tau. In turn, GVDs also show intense pPERK immunoreactivity in
AD. Therefore, tau-mediated clogging of the autophagic pathway could result in another
indirect mechanism by which tau induces ER stress in pretangle stages of disease. In
addition, these findings support the idea that the UPR is active in other tauopathies.
Depending on its conformation, tau clearance is directed in part by chaperone-co-chaperone
interactions [122], which can direct tau for proteasomal or autophagic clearance [123].

The mechanism by which tau induces ER stress was recently established [6]. We previously
showed increased levels of active PERK in the brains of rTg4510 mice, a tau transgenic
mouse model that overexpresses FTD-related P301L mutant tau and show extensive
neurofibrillary tangle pathology and cognitive deficits [124]. Hoozemans et al. shows co-
localization of diffuse phosphorylated tau (AT8-positive) with phosphorylated PERK but
neurofibrillary tangles show little to no PERK reactivity, suggesting that the mechanism of
tau-mediated PERK activation is indirect. Indeed, we identified that pathological soluble tau
species, some of the earliest and most neurotoxic tau species, are responsible for preventing
egress of proteasome-bound ER substrates. As a result, ERAD is impaired, leading to an
increased volume of nascent proteins in the ER lumen. In response, the UPR is activated.

More recent data suggest that there is a reverse link by which PERK increases the abundance
of pathological tau species. In fact, three PERK-mediated pathways could lead to aberrant
tau species (Fig. 2). First, pPERK activates GSK3p, a tau kinase that is implicated in
tauopathy [125]. Second, PERK activates caspases that cleave tau [126]; the accumulation of
caspase-cleaved tau (cTau) is an early indicator of pre-tangle pathology in AD and other
tauopathies [122, 127, 128]. Mechanistically, cTau sensitizes neurons to ER stress-induced
cell death, and it stimulates mitochondrial dysfunction [129, 130]. Moreover, preventing
caspase cleavage of tau reduces tau filament formation [131]. Third, it was recently
established that PERK itself could phosphorylate tau on residues that are associated with late
stage pathology [132]. These data support the idea that PERK-mediated caspase activation
could play a role in potentiating pathological tau species. This places PERK as a node in a
bidirectional cycle of cell death whereby pathological tau species activate PERK and
sustained PERK activity mediates cell death downstream while propagating the appearance
of pathological tau species. In turn, increased pathological tau can cause neurotoxicity
through many other pathways.

UPR activation becomes evident in cells overexpressing APP, cells treated with AR
oligomers, and iPSCs (induced-pluripotent stem cells) from familial and sporadic AD
patients; albeit, the degree of UPR activation is discrepant in iPSCs [133-136]. The
relationship between ER stress and AP appears to stem from retention and processing of
APP in the ER. For instance, there is indication that APP-mediated activation of the UPR
leads to enriched subcellular localization and abnormal processing of APP on the ER [137],
which would cause strain on the ER membrane. Another potential mechanism could be
mediated by APP processing into Ap oligomers that would interfere with ER function;

Curr Alzheimer Res. Author manuscript; available in PMC 2019 May 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bell et al.

Page 13

indeed, mechanisms of APP and AB-mediated ER dysfunction have been associated to
impaired vesicle transport originating from the ER [138].

Another product of APP processing that is uniquely linked to the UPR is the APP-
intracellular domain (AICD), a transcription factor that results from APP cleavage. AICD
stimulates transcription of CHOP, which suggests a normal role of APP in mediating the
UPR; an imbalance in this regulation (i.e. overproduction of APP) would induce further
production of CHOP [136, 139, 140]. This could be one of the many mechanisms underlying
neurotoxicity in AD, the consequences of which would be increased cell death.

While other ER stress markers are markedly changed by amyloid beta and APP, there is no
current evidence linking amyloid beta or APP to PERK dysfunction. While human AD
brains present increased levels of several UPR makers including pPERK, the Tg2576 mouse
model of amyloidosis (a model overexpressing the Swedish mutation-containing APP gene),
does not show pPERK reactivity [135]. Mean-while, rTg4510 mice show robust tau-
mediated accumulation of pPERK and BiP [6]. Consistent with the finding that pPERK is
abundant in tangle bearing neurons of FTD, PSP, and AD brains, it is likely that tau more
directly links UPR activation than Ap [60].

Progressive Supranuclear Palsy

Progressive supranuclear palsy is a neurodegenerative disease with a wide variety of clinical
symptoms and seven different documented phenotypes [141]. The most common symptoms
seen in early stages of all types of PSP are bradykinesia, increased falls, postural instability,
tremors, cognitive changes, and supranuclear palsy of the vertical gaze [141, 142]. This
disease is especially hard to diagnose, as early clinical symptoms overlap heavily with PD
and other dementias [143, 144]. Approximately five per 100,000 people are affected by PSP
with the average age of onset being 63 [145]. PSP is classified as a tauopathy due to the
prevalence of tau aggregates in multiple brain regions including the basal ganglia,
diencephalon, brainstem and cerebellum [146]. The hallmark characteristic that
differentiates PSP from other tauopathies are the tufted astrocytes [147].

Activation of the PERK pathway has been seen in human tissue samples and amplified
pPERK levels correlate with increasing levels of tau [60]. The most direct causal connection
that links PERK with PSP onset is a genetic variation in £/F2ZAKS3, the gene that codes for
PERK. The largest genome-wide association study for PSP revealed a SNP in the £/F2AK3
that is associated with risk for the disease (rs7571971) [55]. Interestingly, this same SNP is
in linkage disequilibrium with a series of other SNPs that change specific residues on the
coding region of PERK [52-54]. The genetic impact of this risk for PSP seems to increase
PERK activity, further suggesting that PERK inhibition could be an attractive therapeutic
strategy. Furthermore, considering that inheritance of this SNP increases the risk for a wide
spectrum of PSP phenotypes, AD, and lower bone mineral density, current efforts should
strive to investigate the efficacy of PERK-inhibiting compounds. A noteworthy observation
from these studies is that novel therapeutic targets for these disorders could exist
downstream in the PERK pathway. For instance, inhibition of ATF4 could be an attractive
therapeutic strategy that would have less of an overall effect on the UPR.
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Frontotemporal Dementia (FTD)

Frontotemporal dementia is a clinically and pathologically diverse neurodegenerative
disease typically classified by tau aberrancy [148]. The term frontotemporal dementia is
used to describe the clinical syndromes seen in the disease, while the term frontotemporal
lobar degeneration (FTLD) is used to describe the neuropathology of the disease seen post
mortem. In adults 45-65 years old, FTD is almost as prevalent as AD, occurring in about
fifteen people per 100,000 [149]. The major syndromes associated with FTD include
behavioral variant FTD (bvFTD), semantic dementia (SD), progressive non-fluent aphasia
(PNFA), corticobasal syndrome (CBS), and progressive supranuclear palsy syndrome
(PSPS). All of these diagnoses are based on behavioral changes including personality
changes, change in language function, and motor changes. Post mortem diagnosis of FTLD
based on pathological biomarkers of most FTD patients can be split into two categories:
FTLD-TDP and FTLD-tau. The other cases that do not fall into either of those categories are
then divided into the ubiquitin protea-some syndrome (FTLD-UPS), the fused in sarcoma
protein (FTLD-FUS), ubiquitin only (FTLD-U), or lack inclusions completely (FTLD-ni)
[148].

To date, there have been few studies exploring the link between PERK and FTLD.
Correlation between increasing tau levels and increasing PERK levels is seen in FTLD-tau
brains. Specifically, the region showing highest reactivity was the hippocampus. FTLD-TDP
and FTLD-FUS brain tissue samples, however, show no increase in PERK activity [60].
Validation of the lack of PERK activation in FTLD-TDP was shown by Tong et al.
Transgenic rats bred to express mutant human TDP-43 exclusively in the forebrain showed
no activation of PERK (or any other UPR markers) [150]. The disparity in the results of
these studies may be due to differences clinical symptoms of FTD and pathology seen in
FTLD. This leaves a large niche to fill in regards to finding therapeutic treatments.

THERAPEUTICS

The data on PERK and its role in disease implicate its pathway as a therapeutic target for
treatment of PERK-opathies. Further insight into the pathway itself and the molecular
mechanisms through which it functions could yield significant insight into the understanding
and treatment of many neuropathological and systemic diseases discussed in this review.
Promising results in experimental phases of PERK inhibitors have fueled the development of
PERK-targeting strategies [50, 151-153]. Despite the toxicity of on-and off-target effects,
inhibitors such as GSK2606414 have shown exciting therapeutic (not just preventative)
rescue of normal phenotypes.

Long-term PERK inhibition could have adverse consequences to ER homeostasis. To avoid
this risk we propose to explore the therapeutic potential of inhibiting downstream effectors
of the PERK pathway. For instance, inhibition of ATF4 could be an attractive therapeutic
strategy that would have less of an overall effect on the UPR. Targeting down-stream
effectors of the PERK pathway could mitigate potential side effects caused by prolonged
PERK activation or inhibition throughout the body. However, development of these tools is
still in its infancy, and more needs to be learned from the intricate regulation of the UPR. It
remains to be seen whether inhibiting the PERK pathway exerts feedback regulation of other
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pathways such as the UPR and beyond; it is also not clear whether this phenomenon would
be beneficial. It would be exciting to find intermittent strategies that would ultimately
activate and inhibit PERK to offer optimal outcomes: activate PERK to alleviate the ER, but
inhibit PERK to prevent cell death in a timely manner.

PERK targeting is an attractive strategy for cancer therapeutics due to antiproliferative
properties of long-term inhibition. The effects of PERK knockdown continue to provide key
insights into the physiology of different cancers, which could see advancements in treatment
through therapeutic modification or modulation of the PERK pathway. Inhibiting PERK in
cancer cells may limit their ability to thrive under hypoxic and nutrient deprived conditions,
which in turn leads to apoptosis of cancerous cells or tumor growth inhibition [50]. This has
been shown using PERK inhibitors in various cancer models where PERK inhibition
precludes tumor cell growth [49]. Whether these data will lead to curative effects in humans
still remains to be seen.

The general therapeutic strategy presented here is to inhibit PERK to de-repress protein
synthesis. While chronic PERK activity shows neurotoxicity, inhibition of the elF2a
phosphatase GADD34 with salubrinal effectively increases phosphorylation of elF2a and
abrogates translation [154]. However, GADD34 inhibition improves motoneuron function
and increases lifespan in SOD1G93A transgenic mice [154]. As discussed earlier in this
review, interruption of protein synthesis for an extended period of time underlines
neurotoxicity. Nonetheless, chronic PERK activity with increased elF2a inhibition/
phosphorylation in this model shows improved outcomes. It is possible that reducing overall
translation might effectively reduce synthesis of mutant SOD1 thereby abrogating other
SOD1-mediated neurotoxic insults. While this would be effective in models where protein
over-expression is the culprit of the disease phenotype, it bears limited appeal to therapeutics
in diseases where accumulation of the pathogenic protein is indifferent to protein synthesis.
However, salubrinal might have important ramifications for individuals with trisomy 21,
where expression of three copies of APP is ascribed to onset of Alzheimer’s-like pathology
and cognitive decline [155].

CONCLUSIONS

The data reviewed suggest that PERK is a potent mediator of neuronal dysfunction that is
linked to neurodegenerative disorders. Many of these disorders are tauopathies (AD, PSP,
FTD, among others), which have no cure. Since tauopathies are the most devastating
cognitive threat to the aging population, there is an urgent need to identify therapeutic
targets like PERK. Notwithstanding, a vast amount of unresolved issues in the strategy,
therapeutic window, and safety impede progress at this time.

Future studies aiming to identify the earliest time points in which the PERK pathway is
active will help identify an early therapeutic window. Equally important is the identification
of neuronal dysfunction and cell death after PERK activation. With this information, it is
possible to carefully trace the timeline during which PERK stops being beneficial and
initiates deleterious cascades.
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The compound GSK2606414 is a potent and selective PERK inhibitor [50]. It was recently
used in a study to show alleviation of motor deficits in a rodent model of prion disease
[151]. The compound successfully reduced the prion phenotype both in preventative and
therapeutic interventions. However, treatment for more than three months caused the mice to
lose 20% of their body weight and moderately increase their blood glucose levels. These
data suggest that the compound has on-target effects on a pancreatic homolog of PERK,
PKR. These interactions preclude current PERK inhibitors to be funneled through to clinical
testing. These data also frame the proof-of-concept that inhibition of the PERK pathway is
an attractive and novel therapeutic strategy, and they substantiate efforts to develop next
generation PERK inhibitors that are more specific.

PERK’s fundamental role in the cell suggests that inhibition of its pathway could lead to
unexpected deleterious consequences. As described in the first part of this article, the UPR is
a complex pathway with three branches that self regulate. Two potential outcomes of long-
term PERK suppression on overall UPR function are that the UPR system could reset itself
after chronic inhibition of PERK or that the UPR will not correct itself upon PERK
inhibition and pro-apoptotic cascades will ensue. It is possible that cross talk between all
UPR players could elicit a compensatory state where future ER stress activates a moderate
UPR (without activation of the PERK pathway) without initiating pro-apoptotic cascades.

Another caveat to PERK-mediated treatments for neurodegenerative disorders is the varied
etiology of these diseases. For instance, not all tauopathic brains show a similar amount of
UPR activation status [156]. This is likely because of different stages of disease; however, it
is also possible that based on the diverse molecular mechanisms through which the UPR can
be induced, different identities and conformations of pathogenic proteins could activate/
inhibit the UPR in different ways [157]. In the case of PERK, this is important because it
could help identify diverse activity levels that favor one branch over another. In addition,
modulating the UPR could help prevent pro-apoptotic cascades thereby promoting cell
survival in neurodegenerative disorders.

Despite these concerns, it is clear that PERK activity is common to many systemic and
neurodegenerative disorders. Recent genetic and biochemical data suggest that PERK plays
a pathogenic role in some cases, while in others it potentiates disease progression. It is not
clear yet what would be the long-term cost of inhibiting the UPR. Nonetheless, important
and exciting studies to characterize and challenge the PERK pathway of the UPR are
currently underway, and they could unlock not only clues into the mechanisms of disease
onset and progression, but also effective therapeutic paradigms.
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A. Adaptive Pathways of the UPR B. Pro-apoptotic Pathways of the UPR

XEP1 target
genes for
adaptive
response

BiP detaches from
ER stross
sensors

ATFS target
gones for

adaptive
respaonse
(e.9. XBP1)

4
l
J
.
i

> D@D > @
\ A
@(
-y - oy
'A “‘“"“‘ J\Il-lw‘gﬂ Nl‘lllll?:: & chonic & *
Yot Transistion i vy IPm-apoptosisI Yot Transiation lf IPTWWPIOSISI [Pm-apopmsis]
L - "4 FE3pOnse TESPONSS - - "

Fig. (1). Adaptive and pro-apoptotic pathways of the UPR.

Under homeostatic conditions, IRE1, PERK, and ATF6 are anchored to the ER membrane
by association with BiP. Upon activation of the UPR, BiP releases the effectors of the three
branches of the UPR. (A) In the pro-survival, adaptive response, IRE1 dimerizes and
autophosphorylates. Phosphorylated IRE1 activates XBP1, which in turn is translocated into
the nucleus to upregulate the transcription of other adaptive UPR genes. Meanwhile, PERK
dimerizes, autophosphorylates, and targets eiF2a and Nrf2. Once phosphorylated, elF2a
cannot contribute to activation of elF2 thereby halting the initiation of translation. This
provides relief to the ER by reducing input. Nonetheless, uORF-containing transcripts, such
as ATF4, elude the attenuation of translation and become enriched. ATF4 can transactivate
other adaptive UPR genes as well as trigger GADD34 activity. In turn, GADD34
dephosphorylates elF2a., which restarts initiation of translation. Once phosphorylated, Nrf2
also serves as a transactivator for pro-survival genes. ATF6, the third branch of the UPR,
translocates into the nucleus to enhance transcription of UPR genes such as XBP1. (B)
Chronic activation of the UPR leads to pro-apoptotic signals. IRE1 induces apoptosis by
activating ASK1 and consequently JNK. In the PERK pathway, sustained attenuation of
translation by p-elF2a suppresses protein synthesis. Neurons are particularly susceptible to
the impact of prolonged reduction of nascent proteins. In the pro-apoptotic phase of ATF4,
CHOP induces cell death cascades; long-term activation of the ATF4-GADD34 pathway
leads to activation of the pro-apoptotic protein TP53. Abbreviations: UPR: unfolded protein
response; IRE1: inositol-requiring enzyme 1; PERK: protein kinase R-like ER kinase; ATF6:
cyclic AMP-dependent transcription factor-6; XBP1: X box-binding protein 1; elF2a.:
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eukaryotic initiation factor 2a.; Nrf2: nuclear factor erythroid 2-related factor 2; ATF4:
cyclic AMP-dependent transcription factor-4; uORF: upstream open reading frame;
GADD34: growth arrest DNA damage-inducible GADD34; ASK1: apoptosis signal-
regulated kinase 1; JNK: c-Jun N-terminal kinase; CHOP: C-EBP-homologous protein;
TP53: cellular tumor antigen p53.
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Fig. (2). PERK isabimodal mediator of tau toxicity.
Pathological tau species chronically activate PERK leading to long-term reduction of protein

synthesis via p-elF2a.. Chronic reduction of synaptic proteins causes neuronal dysfunction,
which contributes to symptomatology in neurodegenerative disorders. Sustained levels of
pPERK activate pro-apoptotic cascades downstream. Other downstream targets of the PERK
pathway are identified to act on tau pathologically, such as GSK3p, caspase-3, and
phosphorylate tau directly. Abbreviations: pTau: hyperphosphorylated tau; cTau: caspase-
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cleaved tau; PERK: protein kinase R-like ER kinase; elF2a.: eukaryotic initiation factor 2a;
GSK3p: glycogen synthase kinase B.
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