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Small Molecules to Improve ER Proteostasis

N Disease
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Abnormally high levels of misfolded proteins in the endoplasmic reticulum (ER)
lumen result in a stress state that contributes to the progression of several patho-
logical conditions including diabetes, cancer, neurodegeneration, and immune
dysregulation. ER stress triggers a dynamic signaling pathway known as the
unfolded protein response (UPR). The UPR enforces adaptive or cell death pro-
grams by integrating information about the intensity and duration of the stress
stimuli. Thus, depending on the disease context, ER stress signaling can be
beneficial or detrimental. We discuss current efforts to develop small molecules
to target distinct components of the UPR, and their possible applications in
treating human disease, focusing on neurodegenerative diseases, metabolic
disorders, and cancer.

ER Proteostasis Control

The function of a protein depends on its tertiary structure, a highly intricate 3D arrangement.
Protein folding occurs for more than ten thousand different protein species in parallel [1], and
one third of the proteome is folded and processed through the secretory pathway. This in-
volves additional challenges because proteins often contain several hydrophobic transmem-
brane domains that tend to aggregate. The endoplasmic reticulum (ER) operates as a central
site to execute folding and quality control of newly synthesized proteins. To assist protein fold-
ing, a plethora of foldases, oxidoreductases, and processing enzymes are expressed inside the
ER to maintain proteostasis (see Glossary) [2]. In addition, the folding process requires a
tightly controlled redox and ionic environment. The folding capacity of the ER can be compro-
mised under physiological and pathological circumstances, resulting in a cellular state known
as ER stress. To cope with protein folding stress, a signaling reaction has evolved to adjust
the protein folding demand according to needs in a dynamic manner, a pathway termed the
unfolded protein response (UPR) (reviewed in [3]).

The mammalian UPR is governed by three stress transducers located at the ER membrane that
sense protein folding status. These signal transducers act in concert to integrate stress signals to
enforce gene expression programs and cytosolic responses to restore proteostasis. In doing so,
UPR activation increases the folding capacities of the ER, triggers ER and Golgi biogenesis and
protein degradation, and attenuates protein synthesis, among other reactions. If cells fail to
adapt, the UPR leads to an apoptotic response, thus determining cell fate under chronic ER
stress (reviewed in [4,5]).

In the past decade ER stress and/or overactivation of UPR signaling have emerged as
a prominent feature of several pathological conditions including diabetes mellitus, obesity,
fibrosis, neurodegenerative diseases, ischemia, chronic inflammation, liver disease, and
cancer (reviewed in [6]). The UPR has become an attractive target in the design of
novel treatments, leading to the discovery of novel small molecules that can target spe-
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cific components of the pathway. In this article we discuss recent efforts to modulate
the UPR using pharmacological approaches and their possible applications in disease
treatment.

UPR Signaling

Three main stress transducers initiate the UPR, including activating transcription factor 6 (ATF6
a and [ isoforms), protein kinase RNA-like ER kinase (PERK), and inositol-requiring enzyme
(IRE1 a and [ isoforms) (Figure 1) (reviewed in [4]). IRE1a is a type | transmembrane ER-
resident protein, composed of an ER luminal sensor domain and, facing the cytoplasm, a ser-
ine/threonine kinase domain and an RNase domain. Two models have been proposed to con-
trol the initiation of the UPR (reviewed in [7]): an indirect model in which, under non-stress
conditions, UPR sensors are repressed by binding to the ER chaperone BiP (also known as
GRP78), which is released under ER stress. By contrast, a direct recognition model has
been proposed for IRE1a and PERK in which they bind to unfolded proteins as ligands to in-
duce their activation. IRE1 signaling involves its dimerization and trans-autophosphorylation,
leading to a conformational change that activates its RNase domain (Figure 2) (reviewed in
[3]). Structural studies have demonstrated that the IRE1a kinase and RNase domains assem-
ble into a back-to-back dimer and higher-order oligomers (Figure 2). IRE1a processes the
mMRNA encoding the transcription factor X-box binding protein 1 (XBP1), excising a 26 nucleo-
tide intron in the XBP7T mRNA, followed by exon—exon ligation by the tRNA ligase RTCB [5].
This unconventional splicing event shifts the coding reading frame, leading to the translation
of a potent transcription factor termed XBP1s [4]. XBP1s controls the transcription of genes in-
volved in lipid synthesis, protein folding, ER-associated degradation (ERAD), and protein
translocation into the ER, among other targets [5]. IRE1a can also diversify the targets of its
RNase activity through a process known as regulated IRE1-dependent decay (RIDD) (reviewed
in [8]). RIDD reduces the stability of ER-localized mRNAs, miRNAs, and rRNAs through cleav-
age of a specific sequence [9]. Although controversial, the ratio between RIDD and XBP1
MRNA splicing may depend on the oligomerization state of IRE1a [5]. IRE1a can also act as
a scaffold for signal transduction through the binding to adapter proteins and regulatory com-
ponents, a platform referred to as the UPRosome [10]. IRE1a-binding partners mediate the
crosstalk with other signaling pathways, including JUN N-terminal kinase (JNK) and apoptosis
signal-regulating kinase 1 (ASK1), nuclear factor k light chain enhancer of activated B cells (NF-
kB) (reviewed in [11]), and the cytoskeleton [12]. The intricacy of IRE1a activation affords mul-
tiple opportunities to chemically modulate its various activities (reviewed in [13]) (Box 1).

PERK s also a type | transmembrane protein that contains a kinase domain in its cytosolic region.
Under ER stress, PERK undergoes a conformational change allowing its dimerization and trans-
autophosphorylation. Activated PERK phosphorylates the eukaryotic translation initiation fac-
tor 2a (elF2a). Phosphorylated elF2a (P-elF2a) binds tightly to elF2B, preventing the forma-
tion of the larger complex, thus inhibiting the initiation of translation, shutting down protein
synthesis, and therefore reducing the load of proteins at the ER [14]. However, some
MRNAs can overcome this suppression through non-canonical translation initiation by using
an internal ribosome entry site (IRES) element or upstream open reading frames
(UORFs). The best example of increased translation induced by elF2a phosphorylation is ac-
tivating transcription factor 4 (ATF4) is the best example of increased translation induced by
elF2a phosphorylation, which controls the expression of the proapoptotic CCAAT/
enhancer-binding protein homologous protein (CHOP) (reviewed in [15]). Together, the two
transcription factors control oxidative stress responses, peptide synthesis, autophagy, and apo-
ptosis [2]. Once ER stress is relieved and protein homeostasis is restored, ATF4 and CHOP induce
the expression of DNA damage-inducible protein 34 (GADD34), which dephosphorylates P-elF2a
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Glossary

Chaperone: proteins that assist protein
folding, preventing their aggregation.
ER-associated degradation (ERAD):
a pathway which targets and eliminate
misfolded proteins of the endoplasmic
reticulum (ER) though ubiquitination,
retrotranslocation to the cytosol, and
degradation by the proteasome.

ER stress: a condition where the
folding capacities of the ER are
compromised, leading to the
accumulation of abnormal levels of
misfolded proteins.

Integrated stress response (ISR):
stress signaling pathways that converge
on the phosphorylation of eukaryotic
translation factor 2a (elF2a), decreasing
global protein synthesis.

Proteostasis: a cluster of biological
pathways that control the biogenesis,
folding, trafficking, and degradation of
proteins at the cellular level.

Internal ribosome entry sites
(IRESs) and upstream open reading
frames (UORFs): MRNA elements that
enable mRNA translation in a 5'-cap-
independent manner.

Unfolded protein response (UPR): a
set of signaling reactions that are
triggered by ER stress to restore
proteostasis or induce the apoptosis of
damaged cells.
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Figure 1. Unfolded Protein Response (UPR) Signaling Pathways. The burden of misfolded proteins in the lumen of the endoplasmic reticulum (ER) activates three
UPR sensors: activating transcription factor 6 (ATF6), inositol-requiring enzyme 1 (IRE1), and protein kinase R-like ER resident kinase (PERK), triggering signaling pathways
that aim to relieve ER stress conditions by increasing folding capacity and inhibiting protein synthesis, among others. Abbreviations: ASK, apoptosis signal-regulating
kinase 1; bZIP, basic leucine zipper; CHOP, CCAAT/enhancer-binding protein (C/EBP) homologous protein; elF2a, eukaryotic initiation factor 2a; ERAD, ER-
associated degradation; GADD34, DNA-damage-inducible protein 34; JNK, c-Jun N-terminal kinase; NF-kB, nuclear factor kB; NLRP3, NACHT, LRR and PYD
domains-containing protein 3; P, phosphorylation; RIDD, IRE1-dependent decay; RTCB, tRNA ligase; S1P, site 1 protease; S2P, site 2 protease; XBP1, X-box binding
protein 1.

to restore translation [15]. Importantly, PERK is part of a larger pathway termed the integrated
stress response (ISR), where three additional kinases converge on the phosphorylation of
elF2q, including protein kinase R (PKR), heme-regulated elF2a kinase (HRI), and general control
nonderepressible 2 kinase (GCN2) (reviewed in [15]).

ATFB is also a transmembrane ER-resident protein that translocates to the Golgi apparatus
under ER stress where it is cleaved by transmembrane site 1 and site 2 proteases to release
a cytosolic fragment containing a basic leucine zipper (bZIP) transcription factor (ATF6f)
(reviewed in [16]). Activation of ATF6 involves the release of BiP binding from an ER-to-
Golgi translocation signal. ATF6 is also regulated by its glycosylation and redox state, in
addition to the binding of protein disulfide isomerases (PDI) (reviewed in [5]). ATF6f regulates
the transcription of ER-resident chaperones, XBP1, and components of the ERAD machinery,
among other targets.
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Figure 2. Chemical Modulators of IRE1a Activity. (A) Model for IRE1a activation. Unfolded proteins in the endoplasmic reticulum (ER) induce association of the luminal
domains and the release of BiP to bind misfolded proteins, followed by dimerization and trans-autophosphorylation of the kinase domains. (B) RNase inhibitors of IRE1a
contain a common salicylaldehyde pharmacophore (green) that forms a Schiff base with the IRE1a RNase active site. Kinase activity and dimerization/oligomerization are
preserved. (C) Type | kinase inhibitors of IRE1a act as partial agonists and induce dimerization and RNase activity even in the absence of ER stress. (D) Type Il kinase in-
hibitors stabilize an inactive conformation of the kinase, with displacement of the aC helix, thereby preventing back-to-back dimerization or oligomerization. Type Il kinase
inhibitors can block all known biological activities of IRE1a. Abbreviations: IRE1a, inositol-requiring enzyme 1a; P, phosphorylation; RIDD, IRE1-dependent decay; XBP1,
X-box binding protein.

In summary, the three UPR signaling branches act in conjunction to coordinate a feedback
response to mitigate protein misfolding (Figure 1), where this signaling pathway can either pro-
mote cell survival or engage a terminal phase by engaging proapoptotic pathways.

Targeting the UPR for Disease Intervention

Strategies to manipulate the UPR have been exploited to define possible links between ER stress
and human disease, with great advances in cancer and neurodegeneration. The available data
suggest a complex scenario wherein distinct signaling components of the UPR might have selec-
tive, and sometimes even opposing, consequences for disease progression. In the next sections
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Box 1. Small Molecules to Inhibit IRE1a

Several inhibitors of the IRE1a RNase domain have been developed, exemplified by STF-083010, MKC-3946, and 8-formyl-
7-hydroxy-4-methylcoumarin (4p8C) (see Figure 2B in main text). The efficacy of these compounds is driven by reactivity
rather than by binding affinity, especially because the IRE1a RNase pocket is both shallow and relatively polar. Kinase inhib-
itors of IRE1a can allosterically modulate the RNase catalytic activity and are more amenable for optimization to drug-like-
ness. Kinase inhibitors generally fall into (at least) two classes [77], but in IRE1a these distinct classes of kinase inhibitors
have divergent effects on RNase activity. Type | inhibitors competitively engage the ATP binding pocket, and the resulting
kinase—drug complex adopts a conformation that is similar to the active, ATP-bound conformation. Similarly, the nonspecific
type | inhibitor APY29 and the broad-spectrum receptor tyrosine kinase inhibitor sunitinib induced XBP7 mRNA cleavage ac-
tivity by quantitatively dephosphorylated IRE1a, and induced dimerization (see Figure 2C in main text) [78]. Thus, type | kinase
inhibitors actually behave as partial agonists of IRE1a RNase activity. Type Il kinase inhibitors occupy a hydrophobic site ad-
jacent to the ATP binding pocket and stabilize a distinct conformation. The earliest type Il inhibitors were based on a
pyrazolopyrimidine scaffold and were named kinase-inhibiting RNase attenuators (KIRAs) (see Figure 2D in main text)
[26,79]. Since then, additional type Il inhibitors have been developed on an imidazopyrazine scaffold, as well as a sulfonamide
compound variously called compound 18 or KIRA8 — that is highly selective for IRE1a with nanomolar potency [17,80]. As
expected of type Il inhibitors, crystal structures show that KIRA compounds stabilize a conformation in the kinase domain
activation loop. More importantly, these compounds also displace the kinase aC helix that disrupts the back-to-back dimer
interface and thus prevents an RNase-active conformation [80]. This explains why KIRA compounds induce monomerization
of IRE1a, and why KIRA-bound IRE1a is crippled for both XBP7 mRNA splicing (catalyzed by the dimers and oligomers) and
RIDD (catalyzed by oligomers). Thus, type Il kinase inhibitors hold the potential for true rheostat control of IRE1a activity and
permit chemical control over each of the individual activities catalyzed by IRE1a.

we summarize the design and use of small molecules to intervene in the UPR in conditions such
as cancer, metabolic conditions, and neurodegenerative diseases.

Targeting IRE1a for Disease Intervention

Metabolic and Fibrotic Diseases

The protein folding capacity of professional secretory cells is overwhelmed in several diseases,
leading to cell degeneration and death through terminal UPR signaling. For example, dysregu-
lated UPR signaling in insulin-secreting pancreatic {3 cells results in premature cell loss, insulin
deficiency, and diabetes. Type Il inhibitors of IRE1a (Box 1) can delay progression or reverse
diabetes in mouse models [17], illustrating the importance of IRE1a in the pathophysiology of
this disease. In human idiopathic pulmonary fibrosis, dysregulated UPR signaling is thought to
induce apoptosis in alveolar epithelial cells, the professional secretory cells that synthesize surfac-
tant proteins in the lung. Administration of IRE1a inhibitors can prevent and reverse established
fibrosis in a mouse model of pulmonary fibrosis [18].

Cancer

Tumor growth relies in the UPR as a selective force to drive malignant transformation [19], in
addition to remodeling the tumor microenvironment and anticancer immune responses [20], as
well as impacting on other central hallmarks of cancer [21]. Malignant cells derived from secretory
cells, such as B cells in multiple myeloma and pancreatic adenocarcinoma cells, depend on
XBP1s to cope with their intense secretory burden, and treatment with the IRE1a RNase inhibi-
tors MKC-3946 or STF-083010 reduces tumor growth [22,23]. In 'triple-negative' breast cancer
lacking estrogen, progesterone, and epidermal growth factor receptors, XBP1s promotes can-
cer cell growth, angiogenesis, and cell survival [24]. In mouse models of breast cancer, inhibi-
tion of the IRE1a RNase using STF-083010 or a newer-generation inhibitor MKC-8866
potentiated the efficacy of paclitaxel and tamoxifen in vivo [25,26]. In ovarian cancer, XBP1
function was implicated not in the malignant cells but instead in tumor-associated T cells. In
this study, the tumor microenvironment in the form of malignant ascites fluid induced IRE1a
and XBP1, which decreased mitochondrial respiration to impair effector T cell function. The
IRE1a RNase inhibitor 4u8C in T cells rescued these defects, and Xbp1 deficiency increased
tumor T cell infiltration and correspondingly decreased tumor growth and peritoneal metastasis
[27]. In glioblastoma multiforme (GBM), a recent study suggested that XBP7 mRNA splicing
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and RIDD have divergent roles in the progression of glioblastoma, where expression of XBP1
correlates with more aggressive cancer [28]. Interestingly, one somatic mutant form of IRE1a
(P338L) appeared to have enhanced capacity to degrade miR-17, but, unlike the other somatic
mutants studied, actually protected against tumor invasion [28]. Dominant-negative IRE1a was
protective in mice, validating the concept of overall IRE1a inhibition, but these findings none-
theless highlight the importance of dissecting the nuances of IRE1a function in clinically rele-
vant models of disease.

Retinal Disease

Although neurons are not typically considered to be classical secretory cells, the accumulation of
abnormal aggregates may nonetheless induce the terminal UPR in neurons and lead to neurode-
generation (reviewed in [29)). ER stress has been implicated in ocular diseases and in the death of
neuronal photoreceptor cells (reviewed in [30]). IRE1a inhibition by type Il inhibitors protected
against retinal cell death in a murine model of retinal degeneration [31]. In the context of neurode-
generative diseases, although genetic evidence has demonstrated a functional role of the IRE1/
XBP1 pathway in multiple brain diseases (reviewed in [29,32]), so far no studies are available dem-
onstrating the benefits of targeting this UPR branch with small molecules.

Modulation of the PERK—elF2a Pathway for Disease Intervention

Several studies have highlighted the potential of inhibiting the PERK pathway and the ISR to
confer neuroprotection and restore normal cognitive function through the restoration of neuro-
nal protein synthesis rates (reviewed in [33,34]). Numerous small molecules have since been
developed that can modulate this pathway with the aim of developing new therapeutics
(Figure 3).

The first PERK inhibitors generated are GSK2606414 and GSK2656157, are highly potent kinase
inhibitors with favorable pharmacokinetic properties, and were initially developed for the treat-
ment of cancer [35,36]. These compounds bind to the kinase domain in the ATP binding site
cleft [36] and strongly prevent elF2a phosphorylation in the presence of ER stressors. In addition,
strategies to sustain elF2a phosphorylation have also uncovered interesting compounds.
Salubrinal was identified as a general inhibitor of elF2a phosphatases by screening compounds
that can protect cells from ER stress-mediated cell death. Salubrinal is a nonselective inhibitor
of both the constitutive CreP/PP1 and stress-induced GADD34/PP1 phosphatase complexes.
Other studies attempted to identify selective inhibitors of the GADD34/PP1 phosphatase that
would only target cells suffering from ER stress. This approach identified guanabenz and its
derivative sephin-1 [37,38], both of which prolong the phosphorylation of elF2a in the context
of ER stress. Finally, the consequences of elF2a phosphorylation can also be modulated
by using compounds that act downstream of PERK and elF2a. ISRIB is a small molecule
that binds strongly to elF2B [39,40] and partially restores protein synthesis by allowing ternary
complex formation even in the presence of high levels of P-elF2a (Box 2). Similarly, trazodone
and dibenzoylmethane, two repurposed drugs uncovered in a screen of UPR inhibitors, also
restore protein translation without changing elF2a phosphorylation, although their precise
mechanism of action is not yet clear [41].

Neurodegenerative Diseases
Markers of UPR activation have been extensively reported in the brain of patients affected with
neurodegenerative diseases, in association with the accumulation of misfolded disease-specific
proteins (reviewed in [29]). Phosphorylated PERK (P-PERK) and P-elF2a have been reported in
the brains of patients with Alzheimer disease (AD), Parkinson disease (PD), and amyotrophic
lateral sclerosis (ALS) [42,43].
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Figure 3. Small Molecules and Lentiviruses Targeting the PERK Arm of the Unfolded Protein Response.
Unfolded proteins induce autophosphorylation of PERK, which in turn phosphorylates elF2a. Phosphorylation of elF2a
(generating P-elF20) rapidly attenuates protein synthesis by reducing ternary complex formation. P-elF2a also leads to an
increase in the expression of a subset of MRNASs, including ATF4 and CHOP. The PERK inhibitor GSK2606414 and the
compounds ISRIB, trazodone, and DBM inhibit PERK signaling at various points in the pathway, preventing
neurodegeneration and improving memory in several experimental models. Salubrinal inhibits P-elF2a dephosphorylation,
exacerbating neurodegeneration in some but not all models. The purported GADD34 inhibitors sephin 1 and guanabenz
also lead to neuroprotection in some models, although doubts over their specificity have been raised. Lentivirus-mediated
overexpression of GADD34 can also improve memory and prevent neurodegeneration by inhibiting PERK signaling via
dephosphorylation of P-elF2a. Abbreviations: ATF4, activating transcription factor 4; CHOP, CCAAT/enhancer-binding
protein homologous protein; DBM, dibenzoylmethane; elF2a, eukaryotic initiation factor 2a; GADD34, DNA-damage-
inducible protein 34; P, phosphorylation; PERK, protein kinase R-like ER-resident kinase.

Because the signaling outputs downstream of elF2a/ATF4 regulate multiple cellular responses
(i.e., folding, redox, protein translation, and apoptosis), the possible consequences of targeting
the pathway for a specific disease context are difficult to predict. The contribution of PERK to
several neurodegenerative diseases has been well characterized using genetic and pharmaco-
logical approaches. Daily oral treatment of prion-disease mice with GSK2606414 effectively re-
duced levels of P-PERK and P-elF2q, and restored protein synthesis rates in the brain, despite
ongoing prion replication and accumulation of misfolded prion protein [44]. Boosting global pro-
tein synthesis rates in the brain of models of neurodegeneration increased the production of syn-
aptic proteins, thereby preventing synapse degeneration and augmenting motor and cognitive
functions [45]. Critically, treatment with GSK2606414 resulted in marked neuroprotection
throughout the brain, preventing the development of clinical signs and neuronal loss. In a
model of frontotemporal dementia (FTD), GSK2606414 significantly lowered levels of PERK
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Box 2. Translation Initiation Inhibition by ISRIB
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mRNA translation is a complex process that comprises three steps — initiation, elongation, and termination. The PERK pathway inhibits the initiation phase by phosphorylating
elF2a. P-elF2a inhibits elF2B complex activity, reducing the amount of ternary complex and shutting down protein translation (Figure I). The small molecules ISRIB and 2BAct
stabilize the activated state of elF2B by holding the decameric complex together, allowing guanine nucleotide exchange despite elF2a phosphorylation.
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Figure |. Translation Initiation Inhibition by ISRIB. (A) Regulation of translational repression by elF2B. elF2B unloads GDP from elF2, allowing it to form the ternary
complex and restoring protein synthesis. (B) Cryo-electron microscopy structure of ISRIB (cyan space fill) bound to elF2B at the interface of two pentamers composed of
the a (purple), B (magenta), v (blue), d (grey), and € (green) subunits that form the decamer complex. (C) Magnified view showing ISRIB (cyan) binding in the lipophilic
pocket formed by the 3 and & subunits. Structures are rendered using PyMOL (version 2.2.3) and the PDB coordinates 6EZO. Abbreviation: GEF, guanine

exchange factor.

signaling, thereby restoring protein synthesis and avoiding further neuronal loss and progression
of clinical disease [46]. Similar results were reported in a model of PD, where oral administration of
GSK2606414 improved dopaminergic neuron survival associated with increased levels of dopa-
mine in the brain, augmented expression of synaptic proteins, and improved motor performance
[47]. However, direct PERK inhibition caused on-target toxicity to the pancreas, leading to acinar
pancreatic cell death and weight loss [48]. This toxicity of PERK inhibition represents a major bar-
rier to its therapeutic use. In addition, the specificity of GSK2606414 has been questioned be-
cause it can also inhibit the receptor-interacting serine/threonine-protein kinase (RIPK) [49], a
central regulator of inflammatory processes and necroptosis.

Consistent with the pathogenic role of sustained phosphorylation of elF2a in prion diseases,
salubrinal was shown to accelerate disease progression in prion-infected mice, likely due to
further lowering of global translation rates in brain and further repression of synaptic proteins
[45]. These studies afford proof of principle that PERK pathway inhibition can prevent neuro-
degeneration, but new approaches were necessary to restore protein synthesis safely while
maintaining effectiveness. The discovery of ISRIB indicated that restoring protein synthesis down-
stream of P-elF2a improves memory formation in wild-type animals [50]. In prion-infected mice,
ISRIB was neuroprotective, avoiding further neuronal loss without apparent pancreatic toxicity.
This was due to a partial restoration of protein synthesis that was sufficient to avoid neuronal
loss and restore associated cognitive processes without inducing pancreatic toxicity [48]. ISRIB
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was recently shown to provide outstanding neuroprotection in a model of traumatic brain injury
[51] as well as in a murine model of hearing loss [52]; however, it did not affect disease progres-
sion in an AD model [53,54]. An improved generation of ISRIB was recently generated, termed
2BAct, which was highly effective in treating models of vanishing white matter diseases, a neuro-
degenerative disease triggered by mutations in elF2B, the direct ISRIB target [55]. Recent studies
suggested that there is a defined window for the efficacy of ISRIB, where it may engage the target
only at low levels of ISR activation [56]. ISRIB and 2BAct are highly specific and well-studied in
terms of their molecular mechanisms of action. However, future efforts should focus on improving
their solubility and defining the side effects of chronic administration.

The idea of sustaining elF2a phosphorylation to treat particular diseases has also been exploited
by targeting the regulatory subunits of the GADD34 phosphatase [38,57]. The rationale is that
boosting UPR signaling to reduce misfolded protein overload may help to mitigate ER stress.
Neuroprotective effects were reported in models of a rare genetic variant of ALS and in Char-
cot-Marie-Tooth type 1B (CMTB), a rare inherited peripheral neuropathy [58,59]. By contrast, an-
other study indicated that guanabenz accelerates experimental ALS [60]. However, the selectivity
and mechanism of action of the compounds used are debated [57,61]. Salubrinal also improved
motor performance and reduced neurodegeneration in PD models based on a-synuclein overex-
pression [62]. It is likely that the opposing effects of the two approaches might result from several
factors, including the timing of administration of the compound during the course of the disease,
the organellar location of misfolded protein, and the levels of ER stress. CMTB mutant-related
myelin proteins accumulate within the ER, whereas in most neurodegenerative diseases the
misfolded proteins accumulate in the cytosol, interfering with global secretory proteostasis via
various sites of action (reviewed in [29]).

A drug screen of a NINDS library of 1040 compounds (75% of which are licensed drugs) in
a C. elegans model of UPR overactivation uncovered two compounds with similar biolog-
ical effects to ISRIB [41], which inhibited P-elF2a downstream signaling while leaving P-
elF2a levels unaffected. The compounds, the approved antidepressant trazodone and
dibenzoylmethane (DBM) were then used in a FTD model and in prion-infected mice,
and in both cases promoted a partial restoration of protein synthesis by restoring the
levels of the ternary complex [41]. Trazodone and DBM treatment extended the lifespan
of and provided remarkable neuroprotection in prion-infected mice and FTD animals,
with significant prevention of neuronal loss [41]. Collectively, these data highlight the im-
portance of the PERK—elF2a pathway in neurodegeneration.

Cancer and Metabolic Disorders

PERK inhibitors have been tested as anticancer agents and displayed high efficacy in human
xenograft models [27]. In addition, in vitro studies using salubrinal, guanabenz, or ISRIB have in-
dicated ab impact on malignant disease phenotypes such as invasion and metastasis [63,64].
ISRIB was recently reported to have strong therapeutic effects in a model of prostate cancer
[65]. This protective effect is thought to take place through P-elF2a acting as a translational effi-
ciency modulator, dampening the immune response. Further experiments using small molecules
will give more insights into potential applications in clinical oncology.

PERK is also pathologically overactivated in a series of metabolic disorders such as diabetes,
non-alcoholic fatty acid disease, and cardiovascular conditions. In line with these findings,
chronic ER stress causes insulin resistance and contributes to liver dysfunction (reviewed in
[66]). However, studies addressing the consequences of targeting PERK signaling with small
molecules in metabolic disease are still lacking. A recent report showed that low doses of the
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PERK inhibitor GSK2656157 increased glucose-stimulated insulin secretion, whereas higher
levels of the inhibitor abolished insulin release because of pancreatic toxicity [67].

ATF6 Modulators

Screens using cell culture models of ER stress found compounds that modulate ATF6a. Ceapins
are potent inhibitors of ATF6a activity [68], and are proposed to ablate the transport of ATF6a
from the ER to the Golgi apparatus [69]. Activators of ATF6 signaling were also identified,
known as compounds 147 and 263 [70,71]. Compound 147 was recently shown to covalently
modify protein disulfide isomerases (PDIs) to promote ATF6a activation [71]. Remarkably, treat-
ment with compound 147 achieved favorable plasma concentrations and protected tissue
damage in various models of ischemia, supporting its therapeutic potential [72]. Although
targeting ATF6 has great potential for disease intervention, more preclinical studies will be neces-
sary to define further applications of ATF6 modulation.

Conclusions and Future Perspectives

UPR signaling plays a central role in determining the fate of cells suffering from ER stress by
allowing the repair of the damage, thereby sustaining proteostasis through multiple cellular out-
puts, or inducing cell destruction programs through apoptosis. These two extremes of UPR
activation are of intrinsic relevance to the progression of various diseases, in addition to being
fundamental in maintaining normal cell function in many organs, as well as in embryonic develop-
ment (reviewed in [73]). However, it is predicted that, depending on the disease context, modify-
ing UPR signaling with small molecules may provide therapeutic effects by modulating specific
cellular outputs (i.e., secretion, protein synthesis, ERAD, autophagy, apoptosis). Reducing the
adaptive signaling of the UPR may be useful in treating cancer and reducing the growth of solid
tumors and hematologic malignancies, as well as improving immune responses, whereas in-
creasing the repair capacity of the UPR could translate into benefits in a variety of metabolic
and neurodegenerative diseases. In the brain, abnormal levels of P-elF2a are likely to be detri-
mental in many neurodegenerative conditions because of impaired synthesis of synaptic and
other key proteins affecting neuronal function and survival. The kinetic behavior of the individual
UPR transducers differs between them, and prolonged or unresolved ER stress turns off XBP1
mMRNA splicing to inactivate the prosurvival consequences of XBP1s expression. This, in combi-
nation with sustained PERK activation, translates into a strong degenerative program mediated
by the production of reactive oxygen species, sustained inhibition of protein translation, and
engagement of apoptosis [4].

Additional applications of UPR-targeting drugs need to be addressed in processes that may not
be directly related to proteostasis impairment. Because the UPR is emerging as a key mediator of
immune system regulation [74], the possible efficacy of ER stress-targeting compounds in auto-
immune diseases needs to be further explored. The same is valid for conditions that alter cell
differentiation, metabolism, and energy control [73]. Further, non-canonical PERK or IRE1a acti-
vation may occur in neurodegeneration by cytoplasmic (not ER) misfolded protein accumulation,
as itis also seen in inflammation, angiogenesis, and metabolic control (reviewed in [75]). Similarly,
neurotrophic signaling, like brain-derived neurotrophic factor (BDNF), can engage IRE1a and
XBP1 to improve synaptic plasticity independently of ER stress [76]. The concept of the
UPRosome suggests that many factors can control the amplitude and signaling kinetics of
UPR sensors as well as their possible activation in the absence of ER stress [10]. A key concern
is that small molecules that modulate the UPR and the ISR risk on-target side effects by modulating
the UPR that is necessary for normal physiology. However, comparison between ISRIB and PERK
inhibitors indicates that partial inhibition is safe and provides effective neuroprotection. Extensive
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Outstanding Questions

Why is ER stress a common or univer-
sal feature of most brain diseases?

What are the possible side effects of
UPR targeting drugs in non-human
primates?

What is the efficacy of the combinatorial
therapy of UPR inhibitors and classical
chemotherapeutic agents in cancer
clinical trials?

Because protein translation control is
essential for the function of the brain,
what are the consequences for our
normal cognitive functions of chronic
administration of small molecules that
target the ISR?

Are these drugs likely to alter our
memories, our personality, or any
aspect that defines us as a person?

Is it possible to identify a biomarker to
monitor ER stress levels in clinical trials
to aid future testing of small molecules?

What are the consequences of
combining low concentrations of PERK
and IRE1a inhibitors in treating cancer?
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studies with UPR-targeting drugs will be necessary to assess possible side effects upon long-term
administration (see Outstanding Questions).

In conclusion, there is great potential for treating multiple human diseases through UPR modula-
tion. Many small molecules that modify ER stress signaling are well tolerated in mice over months,
with favorable pharmacokinetics. In the short term it is expected that the most promising UPR-
targeting drugs will move into clinical trials in cancer, where combinatorial treatment with current
chemotherapies may result in strong synergism and potency. In addition, targeting the UPR for
the treatment of neurodegenerative diseases such as AD and PD, particularly with repurposed
drugs, is imminent. Overall, the field has witnessed an exponential development in the discovery
and optimization of small molecules targeting the UPR, setting the foundation for the develop-
ment of therapeutics for the most common diseases affecting the human population.
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