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The unfolded protein response (UPR) plays a central role in
regulating endoplasmic reticulum (ER) and global cellular phys-
iology in response to pathologic ER stress. The UPR is com-
prised of three signaling pathways activated downstream of the
ER membrane proteins IRE1, ATF6, and PERK. Once activated,
these proteins initiate transcriptional and translational signal-
ing that functions to alleviate ER stress, adapt cellular physiol-
ogy, and dictate cell fate. Imbalances in UPR signaling are
implicated in the pathogenesis of numerous, etiologically-
diverse diseases, including many neurodegenerative diseases,
protein misfolding diseases, diabetes, ischemic disorders, and
cancer. This has led to significant interest in establishing phar-
macologic strategies to selectively modulate IRE1, ATF6, or
PERK signaling to both ameliorate pathologic imbalances in
UPR signaling implicated in these different diseases and define
the importance of the UPR in diverse cellular and organismal
contexts. Recently, there has been significant progress in the
identification and characterization of UPR modulating com-
pounds, providing new opportunities to probe the pathologic
and potentially therapeutic implications of UPR signaling in
human disease. Here, we describe currently available UPR mod-
ulating compounds, specifically highlighting the strategies used
for their discovery and specific advantages and disadvantages in
their application for probing UPR function. Furthermore, we
discuss lessons learned from the application of these com-
pounds in cellular and iz vivo models to identify favorable com-
pound properties that can help drive the further translational
development of selective UPR modulators for human disease.

The endoplasmic reticulum (ER) is associated with critical
biological functions, including protein secretion, lipid synthe-
sis, and calcium regulation (1-5). Therefore, proper regulation
of ER function in response to a constantly changing physiologic
environment is crucial for organismal survival. Consistent with
this, defects in ER biology are linked to nearly all types of
human disease, including cancer, diabetes, infectious disease,
amyloid diseases, ischemic disorders, and neurodegenerative
diseases (6—13). Considering the importance of the ER in dis-
ease pathogenesis, pharmacologic intervention to ameliorate
pathologic imbalances in ER function has emerged as a promis-
ing therapeutic approach for a wide variety of disorders.

One of the most attractive strategies to alter ER function in
the context of disease is through targeting the unfolded protein
response (UPR)—the predominant stress-responsive signaling
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pathway responsible for regulating ER and cellular physiology
following an ER insult (i.e. ER stress) (14—19). The UPR com-
prises three signaling pathways activated downstream of the ER
stress—sensing transmembrane proteins inositol-requiring
enzyme 1 (IRE1), protein kinase R-like endoplasmic reticulum
kinase (PERK), and activating transcription factor 6 (ATF6)
(Fig. 1) (16-20). These three signaling pathways are activated in
response to diverse types of ER stress, including the accumula-
tion of non-native proteins within the ER lumen and lipid dise-
quilibrium within the ER membrane. Activation of these UPR
pathways elicits transcriptional and translational remodeling of
ER and global cellular physiology that functions to alleviate the
ER stress and promote cellular adaption following an acute
insult (Fig. 1). Through this activity, the UPR functions as a pro-
tective signaling pathway that is involved in regulating diverse
aspects of cellular physiology, including maintenance of secre-
tory proteostasis, proliferation, redox regulation, differentia-
tion, and metabolism (14, 15). However, in response to chronic
or severe ER insults that cannot be alleviated through protec-
tive remodeling, prolonged UPR activation leads to pro-apo-
ptotic signaling (10, 17). Thus, the UPR serves a critical role in
dictating both protective and apoptotic signaling in response to
pathologic ER insults.

Due to the importance of UPR signaling for regulating ER
function, it is not surprising that alterations in UPR signaling con-
tribute to human disease pathogenesis. For example, hypomor-
phic or “loss-of-function” mutations in the EIF2AK3 gene, which
encodes the PERK protein, are associated with multiple diseases,
including Wolcott—Rallison syndrome, progressive supranuclear
palsy, and late-stage Alzheimer’s disease (21-24). Similarly, envi-
ronmental or aging-related deficiencies in UPR signaling contrib-
ute to diverse types of disease, including cardiovascular disorders
and neurodegenerative diseases (10, 11). In contrast, overactivity
of UPR signaling is also associated with disease pathogenesis. For
example, overactive PERK signaling is implicated in many differ-
ent neurodegenerative diseases (11, 25, 26). Similarly, chronic
IRE1 activity is associated with atherosclerosis in mouse models
(27). Thus, either too much or too little signaling through UPR
signaling pathways can promote pathogenesis in the context of
human disease. This effect may be best demonstrated in the he-
reditary vision disorder achromatopsia, where mutations in the
ATF6 gene that either increase or decrease ATF6 activity are
both causatively implicated in the impaired retinal development
central to disease pathogenesis (28, 29).

The importance of altered UPR signaling in the patho-
genesis of etiologically-diverse diseases makes these pathways
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Figure 1. The three ER stress-sensing proteins that activate UPR signal-
ing. Activation of IRE1, PERK, and ATF6 promotes integrated signaling that
translationally and transcriptionally remodels ER and cellular proteostasis.

attractive targets for therapeutic intervention (9, 30, 31). This
has led to significant interest in establishing compounds that ei-
ther activate or inhibit select UPR signaling pathways to pro-
vide new opportunities to define the therapeutic potential for
targeting the UPR in human disease. Here, we discuss currently
available compounds that target individual UPR pathways, spe-
cifically highlighting how they were discovered, their described
mechanism of action, and their applicability for studying the
importance of UPR signaling in cellular and in vivo models. In
addition, we summarize lessons learned from these available
UPR-modulating compounds to identify specific properties
that confer increased translational potential for application in
human disease to help guide the future development of next-
generation compounds.

The IRE1 arm of the UPR

The IRE1 signaling pathway is the most highly conserved
arm of the UPR, found in all organisms from yeast to humans
(Fig. 1) (20, 32). Notably, it was the first UPR pathway to be
identified and is likely the most well-studied. IRE1 is a type  ER
membrane protein comprising three domains: an ER luminal
domain, a cytosolic kinase domain, and a cytosolic RNase do-
main (Fig. 2, A and B) (33, 34). Mammals encode two different
IRE1 isoforms: IRE1a and IRE1f. IREl« is the predominant iso-
form associated with UPR signaling in most cell types, whereas
IRE1B appears to primarily function through tissue-specific
mechanisms and/or the regulation of IRE1« activity (35-37). For
the purposes of this review, we primarily focus on the IREl« iso-
form (herein referred to as IRE1 unless otherwise noted).

IRE1 is activated in response to diverse cellular insults,
including ER stress and lipid disequilibrium (38, 39). Despite
being the most well-studied arm of the UPR, the molecular
mechanism of IRE1 activation remains somewhat controver-
sial, with multiple proposed models, all of which involve ER
stress sensing by the IRE1 luminal domain. One prominent
model suggests that IRE1 detects ER stress through dynamic

SASBMB

interactions between the ER HSP70 chaperone binding immu-
noglobulin protein (BiP) and the IRE1 luminal domain through
a process regulated by BiP co-chaperones, such as ER DNA ]
domain—containing protein 4 (ERdj4) (19, 40-42). In this
model, BiP dissociates from the IRE1 luminal domain in
response to the accumulation of misfolded proteins with the
ER lumen, thus activating signaling through this pathway (Fig.
2A). However, another model proposes that IRE1 directly binds
non-native protein conformations in a putative peptide-bind-
ing groove found in the IRE1 luminal domain, suggesting that
IRE1 directly senses the accumulation of non-native proteins
during ER stress (Fig. 24) (43-45). Whereas the precise mecha-
nism of IRE1 activation is still being scrutinized, the down-
stream events of IRE1 signaling are well-established to involve
IRE1 oligomerization, autophosphorylation, and RNase activa-
tion (Fig. 2A4) (38). IRE1 exists predominantly as a monomer in
the ER membrane and in response to ER stress undergoes
dimerization/oligomerization and subsequent trans-autophos-
phorylation (Fig. 2A4) (18, 19, 38). Whereas both dimer and
higher-order IRE1 oligomers have been described in vitro, it
appears that clustering of IRE1 into higher-order assemblies
parallels maximal activation as measured by downstream sig-
naling outputs (46, 47). IRE1 autophosphorylation occurs at
several sites on a conserved “activation loop” within its cyto-
solic kinase domain (Fig. 2C) (48). Extensive structural and bio-
chemical studies on yeast and human IRE1 have characterized
the displacement of this loop upon ATP binding, due to direct
interactions of bound ADP with a conserved DFG motif in the
kinase active site (Fig. 2C) (48). These events cause coordinated
conformational changes through the IRE1 cytosolic domain,
which allosterically activate the IRE1 RNase (48). This RNase
domain cleaves the mRNA encoding X-box binding protein 1
(XBP1), which is then re-ligated by the RTCB RNA ligase,
resulting in a frameshift in this transcript (Fig. 2A4) (49-53).
Spliced XBP1 mRNA (XBP1Is) encodes the active transcription
factor spliced XBP1 (XBP1s), which up-regulates transcrip-
tional targets that promote ER proteostasis, including genes
involved in ER-associated degradation (ERAD), ER chaperones
and folding enzymes, and N-linked glycosylation (Fig. 24) (50,
54). In addition, XBP1s has also been proposed to up-regulate
transcripts involved in other biological pathways, including
lipid biosynthesis (Fig. 24) (54, 55). In general, XBP1s tran-
scriptional signaling is a protective mechanism to promote ER
proteostasis and cellular adaptation in response to acute stress.
Aside from inducing transcriptional changes via activation of
XBP1s, IRE1 has other functionalities that play a role in stress-
responsive signaling following ER stress. One of these addi-
tional functions is termed regulated IRE1-dependent decay
(RIDD), in which the activated IRE1 RNase degrades a variety
of ER-associated mRNAs (Fig. 2A4) (56, 57). Whereas the speci-
ficity for these RIDD substrates is not yet understood, many pu-
tative RIDD targets have been identified, including scavenger
receptor class A member 3 (SCARA3) and biogenesis of lysoso-
mal organelles complex 1 (BLOSI) (57, 58). Unlike protective
XBP1s transcriptional signaling, IRE1 RIDD activity has been
implicated in both protective and pro-apoptotic signaling. For
example, RIDD activity reduces incoming protein folding load
within the ER and suppresses apoptotic signaling through
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Figure 2. Pharmacologic targeting of the IRE1 UPR signaling pathway. A,

simplified mechanism of ER stress—dependent activation and downstream sig-

naling of the IRET UPR signaling pathway. B, domain architecture of IRE1, including the luminal domain, transmembrane domain (TM), and the cytosolic kinase
and RNase domains. Enzymatic activities of key domains are as shown in A, where the cytosolic kinase domain of IRE1 participates in trans-autophosphoryla-
tion, and, upon activation, the RNase domain functions through both XBP7 mRNA splicing and RIDD. C, image showing the binding of ADP to the nucleotide-
binding pocket of human IRE1 (48). D, structures of the IRET RNase active site inhibitors 4u8c and STF-083010. E, structures of the Type Il IRE1 kinase inhibitors
Compound 3 and KIRA6 that inhibit both IRE1 kinase activity and RNase activity. F, structures of Type | IRE1 kinase inhibitors that inhibit IRET kinase activity
while allosterically activating the IRE1 RNase. G, structures of the new IRE1/XBP1s-activating compounds IXA1, IXA4, and IXA6 identified through an HTS that

prioritized transcriptional profiling.

degradation of mRNA encoding death receptor 5 (DRS) (59).
Similarly, IRE1-dependent degradation of BLOSI mRNA through
RIDD promotes repositioning of late endosomes for degradation
of protein aggregates (58). In contrast, RIDD has also been sug-
gested to promote apoptotic signaling through the degradation of
mRNA encoding protective UPR-regulated chaperones (e.g. BiP)
and the degradation of anti-apoptotic pre-miRNAs (60, 61).
Thus, RIDD activity appears to be involved in the transitioning of
IRE1 signaling from adaptive to pro-apoptotic in response to
severe or prolonged ER stress. Interestingly, IRE1-dependent deg-
radation of BLOSI and other RIDD targets has been suggested to
involve signaling through the PERK arm of the UPR, although
PERK activation on its own is not sufficient to promote RIDD,
highlighting the importance of integration between UPR signal-
ing pathways in regulating cellular responses to ER stress (62).
IRE1 also promotes signaling independent of its RNase activ-
ity. Active, phosphorylated IRE1 can bind tumor necrosis factor
receptor—associated factor 2 (TRAF2) to promote apoptotic
signaling downstream of the ASK-JNK signaling axis and inflam-
matory signaling downstream of nuclear factor kB (NF«B) (Fig.
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2A) (63, 64). This IRE1-TRAF2 signaling promotes cell death and
inflammation in response to severe or chronic ER insults associ-
ated with pathologic conditions, including fatty liver disease and
neurodegeneration (65—67). This ability of IRE1 to promote cell
death independent of its RNase activity is an important consider-
ation when developing pharmacologic approaches to modulate
IRE1 activity in the context of human disease.

The potential to influence diverse aspects of IRE1 signaling
using pharmacologic approaches represents a unique opportu-
nity to alter pathologic imbalances in UPR signaling implicated
in diverse diseases. Below, we discuss the different types of
compounds available to activate or inhibit IRE1 signaling and
their application to probe IRE1 function in cellular and in vivo
models of disease.

Preventing IRE1 signaling with RNase inhibitors

Whereas IRE1 activity is often protective during acute ER
stress, chronic activity of this pathway has been associated with
numerous disease etiologies and can support the persistence of
certain cancers (68, 69). Thus, multiple strategies have been
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employed to develop potent inhibitors of IRE1 signaling. One
such strategy focuses on developing compounds that block
IRE1 RNase activity to prevent XBPI splicing. To this end,
high-throughput screening using in vitro FRET assays for XBP1
cleavage has been commonly utilized to identify these types of
IRE1 RNase inhibitors. This approach has been used to identify
classes of salicylaldehyde analogs (e.g. MK0186893) and umbel-
liferones (e.g. 4p8c), as promising IRE1 inhibitors that selec-
tively prevent IRE1 RNase activity but do not elicit cellular
toxicity (Fig. 2D) (70, 71). Another IRE1 RNase inhibitor, STF-
083010, was identified using a phenotypic cell-based high-
throughput screen monitoring the activity of an XBP1-splicing
luciferase reporter in human fibrosarcoma cells subjected to ER
stress, demonstrating that cell-based strategies can also be
applied to identify this class of inhibitor (Fig. 2D) (72). All of
these IRE1 RNase inhibitors exhibit selectivity for IRE1 in cell-
based models and have been shown to covalently modify resi-
dues in the IRE1 RNase domain via Schiff base formation (70).
Importantly, 4u8c and STF-083010, but not MKO0186893,
directly bind the IRE1 RNase domain without modification of
the kinase domain, indicating that these compounds are able to
block IRE1 signaling activated by the RNase domain (e.g. RIDD
and XBP1 splicing), without interfering with IRE1 phosphoryla-
tion status (70). This specific activity provides a useful strategy
to separate the enzymatic activities involved in IRE1 signaling
and to probe the direct role of the RNase domain in the various
IRE1 signaling functionalities.

Importantly, use of IRE1 RNase inhibitors has shown prom-
ise as a potential therapeutic strategy to counteract disease
pathogenesis associated with overactive IRE1 signaling. For
example, both STF-083010 and 48c prevent the systemic up-
regulation of inflammatory factors IL-13 and IL-18 down-
stream of IRE1 in response to hyperlipidemia in mice, prevent-
ing the chronic “metainflammation” known to play a role in the
development of metabolic disorders (27). Consistent with this,
these compounds lower immune responses and atherosclerotic
plaque development in mouse models of atherosclerosis (27).
Additionally, 418c and STF-083010 slow cancer cell prolifera-
tion in models of multiple myeloma, demonstrating the poten-
tial of inhibiting prosurvival UPR functionality in carcinogenic
cells as a mode of chemotherapy (70, 72). Importantly, whereas
both 418c and STF-083010 are widely used and exhibit limited
toxicity, 4u8c has some reported off-target effects. For example,
treatment of pancreatic B-cells with 4u8c resulted in reduced
insulin secretion independent of IRE1 RNase inhibition (73). In
addition, 418c appears to have antioxidant properties, demon-
strated by decreases in angiotensin II-induced reactive oxygen
species production (74). Therefore, whereas STF-083010, 4u8c,
and related analogs have distinguished themselves as useful
tools to inhibit IRE1 RNase signaling, special consideration
must be given when using 4u8c for investigating the specific
consequences of IRE1 inhibition in cellular and iz vivo models.

Inhibiting IRET autophosphorylation with kinase inhibitors

Similar in vitro approaches to those described above have
also been used to establish compounds that inhibit IRE1 kinase
activity. Generally, kinase inhibitors are classified as Type I or
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Type II based on their ability to stabilize kinase active sites in
opposing conformations (75). In the context of IRE1, Type II
inhibitors have been shown to stabilize the IRE1 activation loop
in a conformation that blocks both IRE1 autophosphorylation
and allosteric activation of the IRE1 RNase (76). Thus, Type II
kinase inhibitors are predicted to inhibit both IRE1 RNase-de-
pendent activities (e.g XBP1I splicing and RIDD) and RNase-in-
dependent functions dependent on IRE1 phosphorylation (e.g.
TRAF2 binding). A class of pyrazolopyrimidine-based Type II
kinase inhibitors was identified by FRET-based screening, lead-
ing to the development of Compound 3, which prevented XBPI
cleavage to a similar extent as the RNase inhibitor, STF-083010
(Fig. 2E) (76). Whereas Compound 3 was further validated to
inhibit IRE1 in INS-1 cells, its selectivity for IRE1 remains to be
defined in cell-based models (76). A second generation of IRE1
Type II kinase inhibitors, called kinase-inhibiting RNase
attenuators (KIRAs), included KIRA6, which had the same
mechanistic properties as Compound 3 (Fig. 2E) (77). However,
KIRA®6 afforded increased potency for inhibition of cytosolic
IRE1 activity in vitro (77). Further characterization in INS-1
cells demonstrated that KIRA6 prevented IRE1 phosphoryla-
tion and XBPI splicing induced by the ER stressor, tunicamy-
cin, in a dose-dependent manner (77). Studies in other cellular
and in vitro models, however, describe KIRA6-induced cell
death at nanomolar concentrations and poor specificity against
a panel of diverse kinases, thus demonstrating the need for vali-
dating the selectivity of these types of UPR modulators in mul-
tiple contexts (78, 79). Despite these challenges, KIRA6 and the
related compound KIRAS8 have been shown to reduce pancre-
atic damage associated with Type I diabetes, protect the retina
against ER stress—induced apoptosis, and decrease Zika virus
infection, demonstrating the potential for these types of kinase
inhibitors to mitigate pathologic events associated with IRE1
signaling in disease models (77, 80, 81). However, further stud-
ies are still needed to validate the dependence of these observed
benefits on the specific inhibition of IRE1 activity as opposed to
off-target effects.

Allosteric activation of IRE1 RNase activity using kinase
inhibitors

Type I kinase inhibitors have opposing effects to Type II
inhibitors on the conformation of the activation loop within
the IRE1 kinase active site (82, 83). Thus, Type I kinase inhibi-
tors are predicted to allosterically activate the IRE1 RNase do-
main, while inhibiting IRE1 autophosphorylation. This class of
kinase inhibitors unsurprisingly includes ATP mimics, such as
the clinically approved kinase inhibitor sunitinib and the ami-
nopyrazole APY29 (Fig. 2F) (46). Co-crystal structures of yeast
Irel bound to APY29 demonstrated this mechanism of alloste-
ric RNase activation by Type I kinase inhibitors (46). Subse-
quent studies with APY29 in INS-1 cells showed divergent
effects of APY29 and the Type II IRE1 kinase inhibitor, Com-
pound 3, on XBP1I splicing and multiple other downstream
consequences of IRE1 signaling, further highlighting the dis-
tinct activities of these two classes of kinase inhibitors on IRE1
RNase activity (76). Importantly, cell-based studies indicated
pleiotropic toxicity from APY29 treatment at low micromolar
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concentrations, making it difficult to apply this compound to
diverse cellular contexts (77).

Targeted compound-engineering efforts have additionally
resulted in the development of other IRE1 kinase inhibitors,
such as IPA (Fig. 2F)(84). This compound binds the IRE1 kinase
active site and stabilizes its active conformation to increase
IRE1 oligomerization and subsequent RNase activation (84).
However, like APY29, IPA demonstrated cellular toxicity at
nanomolar concentrations in cells, limiting the potential for
this compound to probe IRE1 activation in cellular and organis-
mal models (84). This toxicity is likely associated with off-target
binding of IPA to other kinases. Consistent with this, the IPA
scaffold also bound to the PERK kinase active site to activate
PERK signaling at low concentrations (<2 um) and inhibit
PERK signaling at higher concentrations (>2 um) in HEK293T
cells (84).

Type I and Type II IRE1 kinase inhibitors have proven very
useful for deconvoluting the molecular mechanism of IRE1
activation and allow a unique opportunity to inhibit or activate
IRE1 RNase signaling through kinase inhibition without
directly targeting the RNase domain. However, due to the off-
target activity of these compounds (likely associated with bind-
ing to other kinases), toxicity, and/or poor bioavailability, these
compounds have proven less useful for determining the func-
tional implications of IRE1 signaling in the context of complex
cellular and in vivo systems, as compared with other IRE1-mod-
ulating compounds. Regardless, these compounds can be used
in certain cellular contexts, as well as in tandem with com-
pounds that directly modulate IRE1 RNase activity, to validate
the role of IRE1 signaling in a variety of biological and patho-
logical settings.

Phenotypic screening for IRE1-activating compounds with a
novel mechanism

In addition to targeted screening for IRE1 activators, pheno-
typic screening provides a useful approach to identify com-
pounds that activate specific aspects of IREl signaling.
Recently, a cell-based phenotypic high-throughput screen
(HTS) was applied to identify compounds that selectively acti-
vate the protective IRE1/XBP1s signaling arm of the UPR. This
screening strategy prioritized transcriptional selectivity to iden-
tify compounds that show preferential activation of IRE1/
XBP1s over other arms of the UPR or other stress-responsive
signaling pathways. This HTS used an IRE1-dependent XBP1
splicing luciferase reporter to screen a >650,000-compound
library to identify IREl-activating compounds (85). Hits were
then counterscreened against a luciferase reporter for the
ATF6 UPR signaling pathway to identify compounds that pref-
erentially activate IRE1/XBP1s signaling over other arms of the
UPR. Through this screen, three compounds were identified,
IXAl, IXA4, and IXA6, which were shown to selectively acti-
vate IRE1-dependent XBP1s signaling without significantly
activating RIDD or TRAF2-dependent signaling (Fig. 2G).
Importantly, these compounds were non-toxic in HEK293™**
cells (IC50 > 3 uM) (85). The selectivity of these compounds for
the IRE1/XBP1s pathway was further defined by RNA-seq tran-
scriptional profiling, confirming that these compounds do not
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activate other arms of the UPR or other stress-responsive sig-
naling pathways (85). Importantly, these compounds increase
IRE1/XBP1s signaling without inhibiting kinase activity, indi-
cating that these compounds activate IRE1 through a mecha-
nism distinct from the above-mentioned Type I kinase inhibi-
tors (85). Although the mechanism of action for these
compounds as well as in vivo efficacy remains to be established,
these compounds have already proven useful for demonstrating
the potential for pharmacologic IRE1 activation to reduce the
production and toxicity of amyloid precursor protein proteo-
lytic fragments in cell culture models (85).

The PERK arm of the UPR

The PERK UPR signaling pathway has proven to be an
extremely attractive target for pharmacologic intervention.
PERK is composed of an N-terminal luminal domain and a cy-
tosolic effector kinase domain (Fig. 3, A and B) (86, 87). Like
IRE1, PERK can be activated by both ER stress and lipid dise-
quilibrium (39, 87). Interestingly, the mechanism of PERK acti-
vation is similar, although not identical, to that observed for
IREL. In response to ER stress, BiP dissociates from the PERK
luminal domain, promoting oligomerization and autophospho-
rylation of the cytosolic PERK kinase domain (Fig. 34) (40, 88,
89). However, unlike IRE1, BiP co-chaperones such as ERdj4 do
not appear to be involved in the regulation of PERK signaling,
highlighting subtle differences between the activation of these
different ER stress sensors (41). Once activated, PERK primarily
functions through phosphorylation of the a-subunit of eukary-
otic initiation factor 2 (eIF2«) at residue Ser-51 (90), although
other PERK kinase targets, such as nuclear factor erythroid 2—
related factor 2 (NRF2), have also been reported (91). Phospho-
rylation of elF2« disrupts protein translation by increasing the
affinity of the eIF2 complex for the eIF2B GTP exchange factor.
This prevents elF2B activity, which is required for translation
initiation (92, 93). As a result, ribosomal protein synthesis is
globally reduced. This reduction protects the ER by reducing
the load of newly synthesized, unfolded proteins entering into
the ER lumen, allowing ER proteostasis factors (e.g. chaperones
and folding enzymes) to engage existing misfolded ER proteins
and facilitate their refolding or clearance through mechanisms
including ERAD or autophagy (Fig. 3A4) (86, 87, 94, 95). Apart
from reducing folding load, PERK-dependent translational
attenuation has also been shown to regulate other aspects of
cellular physiology, including cell-cycle progression, mitochon-
drial protein import, and mitochondrial morphology, through
mechanisms such as the increased degradation of short-lived
proteins (96—99).

Whereas general protein synthesis is decreased by PERK-de-
pendent elF2a phosphorylation, a specific group of proteins is
selectively translated under these conditions. These include the
stress-responsive transcription factor activating transcription
factor 4 (ATF4) (Fig. 34) (100-102). The mRNA encoding this
protein escapes translational inhibition afforded by elF2«a
phosphorylation through upstream ORFs found in its 5'-UTR
(103). ATF4 induces the expression of stress-responsive genes
involved in diverse biological functions, including cellular re-
dox, mitochondrial proteostasis, tRNA charging, and nutrient
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PERK kinase inhibitors GSK2606414, AMG52, and AMG44. WRS, Wolcott-Rallison syndrome associated mutations are indicated. D, structures of the inhibitors

of PERK signaling ISRIB and trazodone that block PERK signaling downstream

of elF2a phosphorylation. E, structures of the putative elF2«a phosphatase inhibi-

tors salubrinal, guanabenz, and sephin 1. F, structures of PERK activators CCT020312, compound A, and MK-28 identified through phenotypic and computa-

tional screening approaches.

transport (Fig. 34) (104, 105). Many of these genes are also
transcriptionally regulated via upstream ORFs and thus are
translated during PERK activation (103). ATF4 also induces the
expression of the e[F2« phosphatase regulator subunit growth
arrest and DNA damage—inducible protein 34 (GADD34),
which is involved in dephosphorylating elF2a and restoring
translation in a negative feedback loop that suppresses PERK
signaling (106, 107). Through this transcriptional activity,
PERK promotes cellular adaptation and survival in response to
acute insults.

However, severe or chronic ER stress promotes pro-apopto-
tic signaling downstream of PERK (10). One mechanism by
which PERK promotes apoptosis is through the up-regulation
of the transcription factor C/EBP-homologous protein 10
(CHOP) (108). CHOP induces the expression of multiple pro-
apoptotic factors, including Bcl2-like protein 11 (BIM) and
DR5 to activate intrinsic apoptotic signaling cascades and cas-
pase activation (10, 59, 109—111). PERK can also promote cell
death through other mechanisms, including increased oxida-
tive stress associated with the recovery of protein synthesis fol-
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lowing translational attenuation, increased expression of
microRNAs that disrupt cellular metabolism, and the suppres-
sion of antiapoptotic factors, such as X-linked inhibitor of apo-
ptosis (XIAP) (10, 104, 112, 113). Interestingly, this pro-apopto-
tic signaling downstream of PERK coordinates with other UPR
signaling to dictate cell fate in response to severe ER insults. For
example, the CHOP-regulated, pro-apoptotic DR5 mRNA is a
target of the RIDD pathway, which functions to suppress apo-
ptotic signaling (59). In response to prolonged ER stress, RIDD
activity declines, releasing this “break” on apoptosis and allow-
ing DR5-mediated apoptotic signaling. This type of integration
provides a sophisticated mechanism to regulate cell fate in
response to varying levels of ER stress.

Considering the importance of PERK in dictating both adap-
tation and survival in response to ER stress, it is not surprising
that both increases and decreases in PERK activity are impli-
cated in diverse types of disease. For example, mutations in
EIF2AK3 (the gene encoding PERK) that reduce or eliminate
signaling through this UPR pathway are associated with Wol-
cott—Rallison syndrome and progressive supranuclear palsy
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(Fig. 3B) (22—-24). In contrast, overactivity of PERK is observed
in clinical samples and mouse models of many neurodegenera-
tive diseases, including prion disease, Alzheimer’s disease, and
frontotemporal dementia (25). Because of this, there has been
significant interest in establishing new strategies to pharmaco-
logically inhibit or activate PERK signaling for different human
diseases.

Inhibiting PERK autophosphorylation using kinase inhibitors

One of the earliest strategies to modulate PERK focused on
targeting its kinase active site to inhibit the PERK autophos-
phorylation step required for activation. The initial compound
that emerged from this approach was GSK2606414, which was
shown to have >100-fold selectivity for the PERK kinase do-
main relative to other kinases tested (Fig. 3C) (114, 115). How-
ever, more recent studies have indicated that GSK2606414 and
its close analog GSK2656157 can inhibit other kinases, such as
receptor-interacting serine/threonine kinase (RIPK) and recep-
tor protein tyrosine kinase (KIT), reflecting off-target activity
often associated with targeting kinase active sites and potential
complications when interpreting the direct cause of physiologi-
cal changes from treatment by these compounds (78, 116).
New analogs of these two compounds, such as AMG52, and
novel quinoline-based PERK inhibitors, such as AMG44, have
been recently engineered to decrease RIPK inhibition. How-
ever, these compounds show reduced activity for inhibiting
PERK signaling in cellular models as compared with
GSK2606414 (Fig. 3C) (117). Regardless, PERK kinase inhibi-
tors (e.g. GSK2606414) have been widely used both in vitro and
in vivo to define the pathologic and therapeutic implications of
PERK signaling in diverse diseases. For example, administra-
tion of PERK kinase inhibitors reduced tumorigenesis in pan-
creatic and multiple myeloma tumor xenograft models and
improved outcomes in mouse models of neurodegenerative
diseases, including prion disease and frontotemporal dementia
(114, 118-120). However, these compounds are still somewhat
limited in their in vivo application as they have demonstrated
dose-dependent defects, including weight loss and pancreatic
toxicity (121, 122). Regardless, PERK kinase inhibitors have
proven valuable for defining the therapeutic potential for inhib-
iting PERK in models of disease and continue to be explored for
clinical use.

Pharmacologic activation of elF2B to inhibit PERK signaling

As opposed to the direct targeting of the kinase active site,
other strategies have employed unbiased cell-based phenotypic
screens to identify compounds that inhibit PERK signaling. The
most prominent compound to emerge from this approach is
ISRIB (Fig. 3D). ISRIB was identified from an HTS, where
>100,000 compounds were screened for inhibition of ER
stress—dependent activation of a cell-based luciferase reporter
for ATF4 translation (123). ISRIB showed high potency for selec-
tively inhibiting PERK-regulated transcriptional and translational
signaling without significantly affecting other arms of the UPR
(123). Interestingly, ISRIB did not reduce PERK-dependent phos-
phorylation of elF2«, indicating that this compound worked
downstream of PERK kinase activity and likely functions by

15698 J Biol. Chem. (2020) 295(46) 15692—15711

desensitizing cells to elF2a phosphorylation. A consequence of
this specific mechanism is that ISRIB can block elF2« phospho-
rylation-dependent signaling induced by other stress-regulated
elF2a kinases, including general control nonderepressible 4
(GCN4), activated in response to nutrient deprivation, heme-
regulated inhibitor (HRI), activated by oxidative or mitochondrial
stress, and protein kinase R (PKR), activated by viral infection
(92). This means care must be taken when assigning ISRIB-sensi-
tive phenotypes specifically to PERK signaling under conditions
where these other kinases may be active.

The biological target of ISRIB was identified using genetic
screening approaches that showed disruption of specific subu-
nits of eIF2B-desensitized cells to ISRIB (124, 125). Two subse-
quent cryo-EM structures of eIlF2B bound to ISRIB showed
that this molecule binds eIF2B at a regulatory site localized
between its 3 and y subunits, stabilizing the decameric enzyme
complex in its active conformation (126, 127). This binding
increases e[F2B dimerization and subsequent activation, allow-
ing eIF2B to remain active even in the presence of phosphoryl-
ated elF2a. This structural elucidation of ISRIB binding to
elF2B has enabled structure-based drug design to establish
next-generation ISRIB analogs with improved efficacy and po-
tency for biological applications.

Unlike PERK kinase inhibitors, ISRIB does not induce off-
target activity, such as weight loss or pancreatic toxicity (121).
This observation can be explained by the fact that ISRIB func-
tions as a partial inhibitor of e[F2« phosphorylation-dependent
signaling, with efficacy varying, depending on the amount and
extent of eIF2a phosphorylation (121, 128). In response to mild
to moderate acute insults, ISRIB is effective at inhibiting eIF2a-
mediated signaling. However, chronic or severe insults show
reduced sensitivity to ISRIB-dependent inhibition of elF2« sig-
naling. As a consequence, ISRIB can mitigate pathologic out-
comes associated with moderate increases in e[F2a phospho-
rylation, while allowing for protective signaling through this
pathway in tissues such as the pancreas that experience high
levels of ER stress.

The relatively low toxicity associated with ISRIB has allowed
this compound to be widely used to probe the importance of
PERK activity and/or elF2a phosphorylation in diverse in vivo
and cellular models of disease. For example, ISRIB has been
shown to improve cognitive function in mice, reduce stress
granule formation, promote cytotoxicity in xenograft models of
prostate cancer, and protect against neurodegeneration in
rodent models of prion disease and vanishing white matter dis-
ease (121, 123, 129-131). Further, ISRIB has proven invaluable
for probing the importance of elF2a phosphorylation-medi-
ated signaling in regulating diverse biological processes, includ-
ing ER proteostasis and mitochondrial regulation (97, 132,
133). Taken together, the development of ISRIB has proven
transformative for improving our understanding of both the
pathologic and potential therapeutic implications of e[F2a-de-
pendent signaling in the context of health and disease.

Despite the promise of ISRIB, a limiting factor in the further
translational development of this compound is its poor solubil-
ity. Although new analogs of ISRIB, such as 2BAct, that show
improved solubility and chemical properties continue to be
developed (129), there is significant interest in identifying other
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compounds that target the PERK signaling pathway in ways
analogous to ISRIB. One potential alternative is the antidepres-
sant selective serotonin uptake inhibitor trazodone (Fig. 3D).
Trazodone was identified as a UPR modulator in a phenotypic
screen of a >1000-compound library enriched for Food and
Drug Administration—approved drugs that monitored ER
stress—induced developmental delays in Caenorhabditis ele-
gans (134). Trazodone, like ISRIB, was shown to block elF2«
transcriptional and translational signaling downstream of
elF2a phosphorylation. However, unlike ISRIB, which activates
elF2B, trazodone is suggested to prevent elF2a phosphoryla-
tion—dependent reductions in ternary complex formation
required for translation initiation, although this mechanism
remains to be formally defined (134). Despite this, initial studies
show that treatment with trazodone mimics benefits observed
with ISRIB, including reductions in both neurodegeneration in
models of prion disease and tumor metastasis (134, 135).
Whereas additional studies are required to fully appreciate the
potential of trazodone as an inhibitor of el[F2«a phosphoryla-
tion—dependent signaling (e.g. the possibility of separating
selective serotonin uptake inhibitor activity from its effects on
signaling downstream of eIF2«), the identification of trazodone
further highlights the potential for targeting PERK signaling
downstream of elF2a phosphorylation as a promising strategy
to intervene in disease.

Targeting protein phosphatases to enhance PERK-elF2«
signaling

Apart from inhibiting PERK-mediated elF2« signaling,
enhancing activity through this pathway also offers opportuni-
ties to improve pathologic outcomes in human disease. A sig-
nificant challenge in developing compounds that activate PERK
is the pro-apoptotic signaling induced by this pathway. To
avoid pro-apoptotic signaling, strategies to increase PERK ac-
tivity have primarily focused on targeting downstream aspects
of PERK signaling, most notably the phosphatases responsible
for dephosphorylating elF2a. Dephosphorylation of elF2« is
mediated by complexes of protein phosphatase 1 (PP1), G-
actin, and one of two regulatory subunits, CreP or GADD34
(136, 137). CreP (PPP1RI5B) is constitutively expressed and
functions to dephosphorylate elF2a under basal conditions
(138). In contrast, GADD34 (PPPIRI5A) is a stress-activated
elF2a phosphatase regulatory subunit that is induced through
transcriptional signaling activated by elF2a phosphorylation
and functions to dephosphorylate elF2« as part of a negative
feedback loop in the PERK signaling pathway (107, 139, 140).
Thus, targeting the activity of CreP or GADD34 offers opportu-
nities to increase elF2a phosphorylation—dependent signaling
by changing the dynamics of its dephosphorylation.

The first compound suggested to target these phosphatases
was salubrinal, which was identified in a screen for compounds
that block ER stress—induced apoptosis (Fig. 3E) (141). Treat-
ment with salubrinal induced elF2a phosphorylation and
delayed dephosphorylation of elF2a following acute stress.
Although these results indicate that salubrinal impacts elF2«
dephosphorylation, its precise mechanism of action remains
undefined. Despite this, salubrinal is widely used and has pro-
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ven protective in cellular and in vivo models of diverse diseases,
including viral infection (141), retinitis pigmentosa (142, 143),
and familial ALS (144). However, treatment with salubrinal
also has been shown to exacerbate neurotoxic el[F2a-depend-
ent signaling in mouse models of prion disease, highlighting the
challenges of activating this pathway in human disease (145).

Based on the protection afforded by genetic reductions of
GADD34 in models of ALS and Charcot-Marie-Tooth disease
(146, 147), there has been significant interest in identifying
compounds that selectively inhibit GADD34 activity to delay
translational recovery following acute insult. One of the first
compounds proposed to selectively target GADD34 was the
ar-adrenergic agonist guanabenz (Fig. 3E). Both guanabenz
and its close analog sephin-1, which lacks a,-adrenergic activ-
ity, were previously shown to delay translation recovery follow-
ing acute ER insult (Fig. 3E) (148, 149). Whereas initial bio-
chemical studies suggested that this delay could be attributed
to selective inhibition of GADD34 (148-150), other studies
indicate that this compound does not inhibit GADD34-de-
pendent phosphatase activity in vitro, casting doubt on this
potential mechanism of action (151, 152). Further, the reduc-
tions in ER stress—associated signaling afforded by treatment
with guanabenz and sephin-1 appear independent of elF2«
phosphorylation, suggesting that these compounds exert their
effects through an alternative mechanism (152). Although the
mechanism of action for these compounds remains to be estab-
lished, guanabenz and sephin-1 are protective in mouse models
of multiple diseases, including Charcot-Marie-Tooth, familial
ALS, multiple sclerosis, and prion disease, reflecting their abil-
ity to improve pathologic outcomes in the context of different
diseases (148, 149, 153, 154). That being said, it is important to
use caution when interpreting the relationship between this
protection and signaling through PERK and related pathways
due to the lack of clarity regarding the mechanism of action for
these compounds. Regardless, GADD34 remains an attractive
therapeutic target for modulating eIlF2a-dependent signaling
in the context of health and disease.

PERK activators

Phenotypic screening has also been employed to identify
compounds that activate the PERK pathway. Initial reports of a
small molecule that selectively activates PERK signaling
resulted from a high-throughput screen in human colon carci-
noma cells focused on identifying compounds that halt cancer
cell progression by activating the G;/S cell-cycle checkpoint
(155). The identification of compound CCT020312 by this
method was then linked to PERK signaling by microarray tran-
scriptional profiling, revealing similarities between this com-
pound and other positive effectors of elF2a phosphorylation
signaling (Fig. 3F) (155). CCT020312 did not appear to exhibit
global UPR activation in cell culture models, and compound-
dependent increases in elF2a phosphorylation were shown to
be PERK-dependent via RNAi depletion (155). However, the
mechanism of PERK activation by CCT020312 remains unde-
fined. Another phenotypic screen using a FRET-based reporter
of elF2a phosphorylation also identified promising pyrazole-
carboxylate derivatives, including Compound A, which elicited
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elF2a phosphorylation and NRF2 activation in a PERK activ-
ity—dependent manner (Fig. 3F) (156). Further, computational
screening for compounds that activate the PERK kinase identi-
fied compound A4, which was subsequently shown to activate
PERK in cell culture models and protect against HTT-associ-
ated toxicity in neuronal cells (157, 158). Subsequent biochemi-
cal studies indicated that this compound (and its more potent
derivative MK-28) activates PERK signaling both in vitro and in
vivo and protects against ER stress—associated insults (Fig. 3F)
(159). Although the mechanism of action for MK-28 remains to
be established, molecular modeling suggests that MK-28 could
activate PERK kinase activity through allosteric regulation of
the kinase active loop, suggesting a direct effect on the PERK ki-
nase, although this remains to be formally tested (159).

The identification of these PERK-activating compounds pro-
vides new opportunities to activate PERK signaling in cellular
and in vivo models. Initial results using these activators have
shown protection in mouse models of diverse diseases, includ-
ing mitochondrial diseases, tauopathy, and Huntington’s dis-
ease, through mechanisms linked to both increased elF2a
phosphorylation and NRF2 activation (159-161). However,
because the mechanism of action for these compounds and the
selectivity of these compounds for PERK relative to other UPR
or stress-responsive signaling pathways remain to be defined,
care should be taken when relating biologic effects of these
compounds specifically to PERK activation.

The ATF6 arm of the UPR

The last arm of the UPR to be identified was the ATF6 path-
way. As with IRE1, humans encode two different ATF6 genes,
ATF6c and ATF6B. ATF6 functions in a predominantly regu-
latory role, whereas ATF6a is the primary protein responsible
for adapting cellular physiology in response to ER stress (162—
169). Thus, we primarily discuss ATF6« in this review, which
will be referred to as ATF6 herein. ATF6 is a type II transmem-
brane protein comprising an N-terminal bZIP transcription
factor domain and a C-terminal ER luminal domain (Fig. 4, A
and B). Unlike IRE1 and PERK, which rely on oligomerization
and autophosphorylation for activation, ATF6 is activated
through a different mechanism. In the absence of ER stress,
ATF®6 exists as monomers and disulfide-bound dimers/oligom-
ers that are maintained by protein disulfide isomerases (PDIs)
localized to the ER lumen (Fig. 4A4) (170-172). Oxidized ATF6
is bound at its luminal domain by the ER HSP70 BiP and
retained within the ER (Fig. 44) (173, 174). In response to ER
stress, ATF6 disulfides are reduced through a PDI-dependent
mechanism, and BiP is released from the luminal domain,
resulting in an increase in reduced monomeric ATF6. This
reduced ATF6 monomer is then trafficked to the golgi and pro-
teolytically processed by site 1 and site 2 proteases (S1P and
S2P, respectively) (Fig. 4A4) (170, 175-178). This releases the
active, N-terminal ATF6 bZIP transcription factor domain,
which dimerizes and localizes to the nucleus. This active ATF6
transcription factor elicits a transcriptional response that includes
the up-regulation of multiple ER proteostasis factors (e.g. BiP)
through binding ER stress—responsive elements (ERSEs) in target
gene promoters (Fig. 44) (54, 179, 180). Apart from ER proteosta-
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sis, ATF6 activation also transcriptionally regulates other aspects
of cellular physiology, including cell growth and redox regulation,
through the up-regulation of transcriptional targets, including
RHEB and catalase, respectively (181-184). ATF6 transcriptional
activity integrates with IRE1 signaling through multiple mecha-
nisms, including the ATF6-dependent up-regulation of XBPI
and heterodimerization between the cleaved ATF6 transcription
factor and XBP1s, which increases expression of genes involved
in ER proteostasis, including ERAD factors (50, 54, 165). Through
this transcriptional activity, ATF6 functions to promote adaptive
remodeling of cellular physiology following ER stress.

Significant mouse and human genetic evidence highlights
the unique potential for targeting ATF6 to intervene in human
disease. Unlike IRE1 and PERK, genetic deletion of Atf6« or
Atf6B in mice does not result in any prominent phenotype
(165), although aged mice lacking Atf6a show rod and cone
dysfunction in the eye (185) and increased sensitivity to ER
stress (165, 186). However, combined deletion of both Atf6a
and Atf6( is embryonic lethal, suggesting a potential overlap in
developmental roles of these two ATF6 isoforms (165). Regard-
less, these results indicate that reducing ATF6 activity does not
significantly impact organismal physiology in the absence of
stress. Similarly, overexpression of the active ATF6 transcrip-
tion factor domain in various mouse tissues is well-tolerated
and is not associated with tissue-specific toxicity. Instead,
increased ATF6 transcriptional activity has been shown to be
protective in cellular and rodent models of multiple diseases,
including diabetes, protein-misfolding diseases, myocardial in-
farction, and stroke (54, 182, 187—-192). Further, mutations in
ATF6 associated with the retinal disease achromatopsia have
been shown to either inhibit or activate ATF6 transcriptional sig-
naling (Fig. 4B) (28, 29, 185, 193). Although these mutations lead
to impaired retinal development, to date, no other neurologic or
systemic phenotype has been reported in these patients, despite
having the mutant ATF6 ubiquitously expressed in all tissues.
This suggests that increasing or decreasing ATF6 activity is likely
to be well-tolerated in humans after retinal development. Collec-
tively, these genetic results highlight the translational potential
for pharmacologically targeting ATF6 in the context of diverse
diseases. However, only recently has this potential been realized
with the establishment of new compounds that selectively modu-
late ATF6 signaling.

Inhibiting ATF6 signaling by preventing trafficking and
processing

The first pharmacologic approaches used to inhibit ATF6
signaling primarily focused on blocking S1P-dependent prote-
olysis of ATF6 in the golgi. Numerous S1P inhibitors, including
PF429242 and AEBSF, have been and continue to be used to in-
hibit ATF6 signaling both in cells and in vivo (Fig. 4C) (175,
194). Whereas these compounds are effective at inhibiting
ATF6 activation, pharmacologic inhibition of S1P also blocks
the regulation of other stress-responsive transcription factors
similarly dependent on this protease, such as SREBP (195).
Thus, the potential impact on other signaling pathways must
be considered when using S1P inhibitors for probing ATF6 ac-
tivity in biological systems.

SASBMB



JBC REVIEWS: Pharmacologic UPR modulators and discovery strategies

B ATF®6 structure

Cytosolic domain

XBP1
ER chaperones

Nucleus

E119Gfs8-] 1304 R573del Cleavage sites L479VIs™ 11
P118LIs"31 | gk G512L1s739
NH, [Leucine zipper[SZPHS1 P| TM|  Luminaldomain  —COOH
: D28_T82del Na66His 121 | -Ra7e* D564G- Ls67N 6;0
D28Gfs"36 N267* R324C V37153
C ATF® signaling inhibitors
HN 0410 FUF
gast' O eardy
o~ N F
) ioj@ W £N F
HoN F
PF429242 AEBSF Ceapin-A7

D ATF6 signaling activators

HO. OH H OH H
N \N' N
N
A : ol
o NO.

BiX AA147 AA263

Figure 4. Identification and targeting of the ATF6 UPR signaling pathway. A, mechanism of ATF6 activation and downstream transcriptional signaling. B,
domain architecture of ATF6, including the N-terminal bZIP transcription factor domain, the transmembrane domain (TM), and the luminal domain. Upon
ATF6 activation, the N-terminal cytosolic domain containing the leucine zipper motif is liberated via processing in the golgi as shown in A, resulting in release
of the active ATF6 transcription factor. Specific inhibiting (red) or activating (blue) mutations in ATF6 implicated in achromatopsia are indicated. C, structures of
ATF6 inhibitors, including the S1P inhibitors PF429242 and AEBSF and the selective ATF6 inhibitor Ceapin-A7. D, structures of ATF6-activating compounds BiX,

AA147,and AA263.

Recently, more selective ATF6 inhibitors were identified
from a phenotypic HT'S that sought to identify compounds that
blocked activation of an ATF6-selective ERSE-luciferase re-
porter in cells treated with the global ER stress—activating com-
pound thapsigargin. This screen identified a class of pyrazole
amides called “Ceapins,” particularly Ceapin-A7, which inhibits
ATF6 activation by stabilizing ATF6 oligomers within the ER
lumen and preventing ER stress—dependent trafficking to the
Golgi (Fig. 4C) (196, 197). The mechanistic basis of this inhibi-
tion was defined using a functional genomic strategy, which
showed that Ceapin-A7 stabilizes ATF6 in the ER through the
formation of neomorphic interactions between the N-terminal
90 residues of ATF6 and the peroxisome-localized membrane
protein ABCD3 (198). Despite binding to ABCD3, Ceapin-A7
did not influence the activity of ABCD3, indicating that this
Ceapin-A7 is likely to have few off-target activities associated
with the stabilization of this protein-protein interaction.
Whereas the in vivo efficacy and global selectivity of Ceapin-A7
remains to be demonstrated, this compound provides an im-
portant new pharmacologic tool to selectively block ATF6 acti-
vation in cell culture models.

Phenotypic screening for ATF6 activators

Overexpression of the active ATF6 transcription factor do-
main is protective in cellular and mouse models of numerous
diseases, including myocardial infarction, stroke, protein-mis-
folding diseases, and obesity-associated metabolic disease (182,
188, 199, 200). However, few ATF6-activating compounds have
been developed, likely owing to the difficulty in targeting ATF6
due to its lack of a known enzymatic function or small molecule—
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binding sites. To confront this challenge, ATF6 activator screens
have primarily focused on phenotype-based approaches to iden-
tify compounds that activate this pathway.

The first such screen used a firefly luciferase (FLuc) reporter
expressed downstream of the ERSE-containing BiP promoter—
an ATF6-selective reporter identical to that used to identify the
Ceapin compounds (201). Screening a 10,000-compound
library, the compound BiX was identified to selectively pro-
mote the expression of the ATF6-regulated chaperone BiP
through an ATF6-dependent mechanism in both cellular and
in vivo models (Fig. 4D) (201-204). However, BiX did not show
significant increases in other ATF6 target genes, likely reflect-
ing a low level of ATF6 activation afforded by this compound
(201). Regardless, BiX has proven valuable in probing the
potential for ATF6-dependent increases in BiP to ameliorate
pathologies associated with multiple pathologic conditions,
including stroke and kidney ischemia in rodent models (202—
204). Because the mechanism of action and selectivity of BiX
for ATF6 remain largely undefined, the potential of this com-
pound to specifically probe ATF6 activity in cellular and in vivo
models is currently somewhat limited.

More recently, another screen for ATF6 activators utilized
an analogous ERSE-Fluc reporter assay to identify compounds
that selectively activate the ATF6 arm of the UPR (205). This
screening strategy prioritized transcriptional selectivity at every
step to enrich for compounds that showed preferential activa-
tion of the ATF6 transcriptional program over other arms of
the UPR or other stress-responsive signaling pathways. Starting
with >650,000 compounds, this screen identified highly selec-
tive ATF6-activating compounds, including AA147 and
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AA263, that preferentially activate the ATF6 transcriptional
program to levels ~50% that observed with global ER stressors
(Fig. 4D) (205). Importantly, RNA-seq transcriptional profiling
showed that these compounds do not increase expression of
other stress-responsive signaling pathways, highlighting their
selectivity for ATF6 (205). Follow-up mechanistic studies using
medicinal chemistry and biochemistry demonstrated that these
compounds activate ATF6 through a mechanism involving
compound metabolic activation to an electrophile by ER oxi-
dases followed by covalent modification of a subset of ER pro-
teins, including PDIs involved in regulating ATF6 disulfide for-
mation (Fig. 4A) (206). This selective PDI modification
increases the ER concentration of reduced ATF6 monomers,
allowing a subset of ATF6 to traffic to the golgi and undergo
proteolytic activation.

These selective ATF6-activating compounds have proven
valuable for probing ATF6 activity in multiple biological and
pathologic contexts, including stem cell differentiation and
mouse models of tissue-specific ischemia and reperfusion
injury (207, 208). Importantly, in both cases, genetic disruption
of ATF6 blocked compound-mediated effects, confirming that
these compounds influence cellular physiology in these models
through ATF6 activation. However, care must be taken when
defining whether a compound’s effects are mediated by ATF6,
as two recent studies highlight how these ATF6-activating
compounds can afford protection through an on-target, ATF6-
independent mechanism involving compound metabolic acti-
vation and covalent modification of ER proteins (e.g. PDIs)
(209, 210). Thus, whereas these compounds have provided new
opportunities to probe ATF6 activity both in vitro and in vivo,
it is important that this protection be paired with genetic or
pharmacologic approaches that block ATF6 signaling to define
the dependence of this protection on ATF6 activation, as
opposed to upstream steps in the activation mechanism or
potential off-target activities of these compounds.

Lessons learned from pharmacologic UPR modulators

As described above, there are many strategies for identifying
and developing modulators of specific UPR signaling pathways.
Each of these, however, comes with respective downstream
challenges associated with defining mechanisms of action,
compound specificity, and suitability for applying these com-
pounds in diverse cellular and organismal models. For example,
compounds that target IRE1 and PERK kinase sites often suffer
from off-target activities that can confer toxicity in some cell
types (77, 78). It is therefore paramount to characterize the
extent of these off-target effects, via kinase activity assays and
transcriptional profiling to define compound selectivity for spe-
cific UPR signaling pathways. Conversely, UPR modulators
that have been identified via phenotypic screening, such as the
ATF6 activator, AA147, and the PERK signaling inhibitor,
ISRIB, have no initial indications as to protein target and mech-
anism of action. This can make targeted medicinal chemistry
efforts to improve compound efficacy significantly less directed
and therefore less efficient. This aspect of phenotypic screening
additionally presents a challenge in evaluating cellular models
for profiling compound activity, as cell types can significantly
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vary in genetic background and cellular physiology. Therefore,
it is crucial that compounds identified via phenotypic screening
be re-evaluated for arm-selective UPR activation in each new
model system in which they are utilized. This consideration is
important to ensure a model system includes all necessary pro-
tein targets at the appropriate abundance for selective UPR
modulation by small molecules.

Despite these challenges, the wide variety of UPR-modulat-
ing compounds identified to date are beginning to reveal spe-
cific properties of the most useful compounds that can dictate
further medicinal chemistry and drug discovery efforts for the
continued development of these types of compounds for
human disease. Below, we discuss some of the lessons learned
from currently available UPR-modulating compounds to pro-
vide some guidance that can be applied when developing and
prioritizing next generation compounds for use in probing the
importance of UPR signaling in disease models and translating
these compounds for the treatment of human disease.

Compound selectivity for specific UPR signaling pathways

One of the most important challenges in establishing arm-
selective UPR activators or inhibitors is defining their selectiv-
ity for a specific UPR pathway. Off-target activity of UPR-mod-
ulating compounds significantly challenges the utility of these
compounds to probe the physiologic, pathologic, and therapeu-
tic implications of UPR signaling in diverse models. Similarly,
toxicity associated with off-target activity limits the application
of certain UPR-modulating compounds, as discussed above.
Therefore, understanding compound selectivity and the limita-
tions thereof is critical when identifying and developing new
compounds that target individual UPR signaling pathways.

Over the past 5 years, multiple different strategies have been
developed to probe the selectivity of compounds for specific
stress-responsive transcriptional signaling pathways, including
the three arms of the UPR. For example, the integration of
reporters for multiple different UPR signaling pathways into
the screening pipeline has proven useful in identifying com-
pound selectivity for a specific pathway in a high-throughput
format (85, 205). Similarly, incorporating cell-based toxicity
screening early in an HTS pipeline provides a useful approach
to remove compounds that are toxic through either on-target
or off-target pathways (85, 205), although this toxicity could
still emerge when compounds are applied to other cell models.
Further, the development and implementation of transcrip-
tional and kinase-profiling strategies has proven extremely use-
ful for identifying compounds that are selective for a specific
UPR pathway. Transcriptional profiling approaches, such as
gene set enrichment analysis (GSEA), are powerful tools to
demonstrate selective activation of UPR signaling pathways
(211). However, whereas GSEA is highly effective at identifying
modulation of UPR signaling pathways, this approach is chal-
lenged by the difficulty in separating the overlapping transcrip-
tional targets and variable gene induction by different stress-re-
sponsive signaling pathways, such as those regulated by XBP1s
and ATF6 (54) (Fig. 5A). A recent strategy to confront this chal-
lenge in the context of UPR activators includes normalizing
induction of different UPR target genes to that observed upon
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Figure 5. Lessons learned from currently available UPR-modulating
compounds. A, graph demonstrating the types of variable expression for
ATF6, IRE1/XBP1s, and PERK/ATF4 transcriptional targets induced by specific
UPR activators or global ER stressors (e.g. thapsigargin (Tg)). B, graph showing
how normalization to thapsigargin-dependent expression can allow more
accurate comparisons of target gene induction induced by different com-
pounds. C, illustration showing how ISRIB functions to partially suppress
pathologic PERK overactivity to improve outcomes in diverse diseases with-
out inducing severe toxicity. D, graph showing the complexity in defining
PK/PD for UPR-activating compounds, such as ATF6 activators. Whereas the
parent compound is rapidly lost (PK), the initiated ATF6 transcriptional activ-
ity and consequences of this activation (PD) can maintain the protection
even in the absence of the activator compound.

treatment with global ER stressors (e.g. thapsigargin), providing
a way to directly compare gene induction on a normalized scale
(54, 212) (Fig. 5B). Using this approach, selectivity for IRE1/
XBP1s and ATF6 can be partially deconvoluted, providing a
transcriptional profiling strategy that can be applied to improve
identification of selective activators for these two UPR path-
ways (212).

Importantly, transcriptional profiling also provides an op-
portunity to define compound selectivity beyond the UPR, to
confirm that compounds do not globally activate other stress-
responsive signaling pathways (e.g the heat shock response or
oxidative stress response) that could complicate phenotypic
readouts. This is an important consideration with regard to the
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complex interplay between stress-responsive signaling path-
ways in pathologic and physiologic conditions. The develop-
ment of high- to medium-throughput transcriptional profiling
strategies (e.g. Drug-seq (213)) provides new opportunities to
integrate this type of profiling either early in the screening pipe-
line or during subsequent medicinal chemistry development of
“hit” compounds, allowing for improved capacity to identify
compounds with a high level of specificity for a given UPR
pathway.

Apart from transcriptional profiling, other proteome-wide
profiling strategies can also be important for specific types of
compounds. For example, compounds that bind to the IRE1 or
PERK kinase domains should be profiled for activity against
other kinases using different assays, such as the in vitro Kino-
meScan or a cell-based phosphokinase array, to confirm selec-
tivity (214, 215). Further, proteomic strategies can be applied to
identify potential post-transcriptional alterations in the pro-
teome induced by on-target or off-target activity of UPR-mod-
ulating compounds, an important consideration when altering
the activity of core proteostasis pathways involved in regulating
proteome stability. Whereas no single cell-wide profiling
approach can provide a complete picture for compound-de-
pendent changes to cellular physiology, the increased applica-
tion of these approaches when developing UPR-modulating
compounds will increase our ability to define the most selective
UPR-modulating compounds for use in probing the pathologic
and therapeutic implication of UPR pathways in the context of
health and disease.

Partial modulators that “reshape” the UPR response

Another notable challenge in developing UPR modulators is
associated with the fact that both too much and too little signal-
ing through a specific arm can lead to pathology (29). Thus,
small molecules that completely inhibit or activate UPR path-
ways can both lead to toxicity. Whereas this on-target toxicity
can be beneficial in the context of certain diseases, such as can-
cers, it can preclude the development of UPR-modulating com-
pounds for other diseases due to severe side effects (e.g pancre-
atic toxicity associated with PERK kinase inhibitors) (121). One
solution to this problem lies in the development of UPR modu-
lators that only partially alter signaling through a specific arm
of the UPR. These types of compounds offer the unique oppor-
tunity to “reshape” the UPR response in a way that can often
avoid toxicity associated with complete activation or inhibition
of a given pathway. ISRIB is a good example of this type of par-
tial modulation, as it is well-established as a partial inhibitor of
elF2a phosphorylation—dependent signaling (121). This partial
inhibitory activity allows ISRIB to attenuate pathologic PERK
signaling associated with moderate ER stress without affecting
PERK-dependent regulation of insulin production required for
pancreatic function (Fig. 5C) (121). Apart from ISRIB, new
ATF6 and IRE1/XBP1s activators modulate these pathways to
levels ~40-60% that observed for global ER stressors, allowing
for effective reshaping of these protective stress responses while
minimizing potential on-target toxicity associated with high
levels of signaling through these pathways (85, 205, 207). Ulti-
mately, these results highlight the benefits of compounds that

J. Biol. Chem. (2020) 295(46) 15692-15711 15703



JBC REVIEWS: Pharmacologic UPR modulators and discovery strategies

partially modulate signaling through a specific arm of the UPR,
to reshape UPR signaling and mitigate pathologies associated
with human disease.

Whereas it can be difficult to identify these types of partial
modulators in HTS pipelines, multiple strategies can be applied
downstream to identify compounds most suitable for this type of
UPR modulation. Again, incorporating transcriptional profiling
approaches into screening pipelines provides a useful tool to
identify compounds that robustly and selectively activate or in-
hibit UPR pathways to moderate levels. Further, focusing on
compounds that target proteins involved in regulating down-
stream aspects of UPR signaling pathways (e.g elF2B) and not
core components of the signaling pathway (e.g. PERK or IRE1)
also appears to be an effective strategy to develop these types of
partial modulators. Last, tailoring compounds that modulate
UPR signaling to levels optimized for a given phenotypic readout
also can be used to identify compounds with the most effective
level of signaling to improve pathogenic outcomes in a specific
disease context. Thus, whereas it can be appealing to develop
compounds that show the largest changes to UPR signaling, it is
important to understand the extent of UPR modulation required
and the extent tolerated when developing next generation com-
pounds for specific disease indications.

Phenotypic selectivity of UPR-modulating compounds

Another important consideration when applying UPR-mod-
ulating compounds to cellular and in vivo models is the chal-
lenges associated with attributing a phenotype to the activation
or inhibition of a particular UPR pathway. One approach to
confront this challenge is to use genetic strategies to disrupt a
specific UPR signaling pathway to confirm compound-depend-
ent activity through that pathway. For example, cardiac-specific
knockout of A#f6 blocked the protection against myocardial in-
farction afforded by the ATF6-activating compound AA147,
indicating that this protection is mediated through a mecha-
nism involving ATF6 activation (207). However, whereas this
type of genetic approach is useful, it is important to consider
challenges that can result from compensation of UPR (and
other) signaling pathways associated with chronic loss or deple-
tion of an ER stress—sensing protein or downstream effector.
With the development of new compounds that selectively acti-
vate or inhibit all three arms of the UPR, it is now becoming
possible to use different combinations of UPR-modulating
compounds to probe the dependence of compound-mediated
phenotypes on a given pathway, although to date this approach
is best suited for cell-based studies. For example, combinations
of IRE1 activators and inhibitors were used to confirm that the
reduction in AB production afforded by the activator IXA4
depended on IRE1 activity (85). When applying pharmacologic
strategies of this type, it is important, when possible, to use
multiple compounds that activate or inhibit UPR signaling at
different regulatory steps to minimize potential complications
that can result from off-target activity. For example, the use of
both ISRIB and GSK2606414 is a better strategy to define the
dependence of a given phenotype on PERK signaling relative to
use of either compound alone (133). Importantly, with this type
of phenotypic profiling, it is possible that specific compounds
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could be found to promote protection through a mechanism
independent of UPR activity. For example, the ATF6-activating
compound AA147 reduces secretion of amyloidogenic light
chain and protects against viral infection through a mechanism
involving covalent modification of proteins such as ER-resident
PDIs (209, 210). However, whereas this “on-target” protein
modification is crucial for the activation of ATF6 by AA147,
both of these downstream effects have been described to be in-
dependent of ATF6 activity (209, 210). Thus, whereas we can
define the dependence of a given compound-dependent effect
on a specific UPR pathway, it remains critical to establish com-
pound mechanism of action to fully understand the physiologic
impact of these compounds in different systems.

Defining compound PK and PD for UPR-modulating
compounds

Finally, it is important when developing next generation
UPR-modulating compounds to establish new tools that can
function in disease relevant in vivo models, such as mice. New
compounds should be characterized for their activity in vivo to
maximize benefit across different models and allow for global
understanding of how targeting UPR pathways impacts organis-
mal physiology in health and disease. Whereas the in vivo activity
of UPR inhibitor compounds can generally be determined using
traditional pharmacokinetic (PK)/pharmacodynamic (PD) strat-
egies, defining the in vivo PK/PD for UPR-activating compounds
is more challenging. These types of compounds only have to initi-
ate the adaptive transcriptional signaling pathway to promote a
phenotypic effect, so optimizing PK may not be the most impor-
tant aspect to follow for compound development, although it is
always important to understand the metabolic breakdown of
compounds. Instead, understanding the PD of these compounds
(e.g the tissue activity and duration of pathway activation) is likely
the more important aspect of compound development. Under-
standing PD will allow for the establishment of doses and dosing
regimens optimized to promote protective remodeling in rele-
vant tissues without leading to potential toxicity associated with
chronic activation of a given pathway. One example of this effect
is observed with the ATF6 activator AA147, where it was shown
that this compound is rapidly cleared from the blood but results
in ATF6 transcriptional activity that persists for ~3 days follow-
ing IV injection (Fig. 5D) (207). Thus, when considering the de-
velopment of UPR-activating compounds, it is important to
understand how these compounds impact different tissues and
the duration of this effect to allow for the identification of com-
pounds with the best properties for in vivo applications.

Moving forward

Whereas many new UPR-modulating compounds still
require further characterization to define selectivity and/or
mechanism of action, many of these compounds can already be
applied in a variety of experimental settings to probe the effects
of UPR signaling in diverse physiologic and pathologic con-
texts. For example, potent and selective inhibitors for each UPR
signaling pathway can be applied in combination with global
ER stressors to probe the individual roles of IRE1, ATF6, and
PERK signaling in regulating ER and cellular physiology.

SASBMB



JBC REVIEWS: Pharmacologic UPR modulators and discovery strategies

Further, combinatorial strategies pairing activators and inhibi-
tors for a given UPR signaling arm can be applied to elucidate
the biological importance of individual UPR pathways in cellu-
lar and organismal models. As we continue to implement new
screening pipelines and medicinal chemistry efforts to establish
next-generation compounds with improved activity and/or
translational potential, it is important to integrate new strat-
egies to define selectivity and/or potency of these compounds,
allowing the identification of compounds with the most poten-
tial to influence a given phenotype or disease indication. In
addition, it is critical to develop optimized dosing paradigms
that provide sufficient activity to mitigate specific pathologic
outcomes while minimizing potentially deleterious on- or off-
target activity associated with signaling through a given path-
way. It is now abundantly clear that pharmacologic targeting of
UPR signaling pathways represents a promising strategy to
intervene in etiologically-diverse diseases, with some com-
pounds (e.g. ISRIB) demonstrating significant potential for mul-
tiple disorders. Thus, as we continue to develop and employ
UPR-modulating compounds using the strategies described
above, we will improve our ability to probe the importance of
UPR signaling in diverse physiologic and disease contexts using
pharmacologic approaches. Further, through these efforts, we
will be able to optimize compounds for translational develop-
ment to treat numerous diseases.
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