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Abstract: Inositol-requiring enzyme type 1 (IRE1) is a serine/threonine kinase acting as one of
three branches of the Unfolded Protein Response (UPR) signaling pathway, which is activated upon
endoplasmic reticulum (ER) stress conditions. It is known to be capable of inducing both pro-survival
and pro-apoptotic cellular responses, which are strictly related to numerous human pathologies.
Among others, IRE1 activity has been confirmed to be increased in cancer, neurodegeneration,
inflammatory and metabolic disorders, which are associated with an accumulation of misfolded
proteins within ER lumen and the resulting ER stress conditions. Emerging evidence suggests
that genetic or pharmacological modulation of IRE1 may have a significant impact on cell viability,
and thus may be a promising step forward towards development of novel therapeutic strategies.
In this review, we extensively describe the structural analysis of IRE1 molecule, the molecular
dynamics associated with IRE1 activation, and interconnection between it and the other branches of
the UPR with regard to its potential use as a therapeutic target. Detailed knowledge of the molecular
characteristics of the IRE1 protein and its activation may allow the design of specific kinase or RNase
modulators that may act as drug candidates.

Keywords: inositol-requiring enzyme type 1 (IRE1); endoplasmic reticulum (ER) stress; Unfolded
Protein Response (UPR); factor X-box binding protein 1 (XBP1); Regulated IRE1-Dependent Decay
(RIDD); c-Jun N-terminal kinase (JNK); apoptosis; drug development

1. Introduction

The Endoplasmic Reticulum (ER) constitutes the major membrane trafficking system
responsible for the folding and assembly of most of the secretory proteins, as well as protein
quality control [1,2]. Physiological or pathological stimuli generate stress in the ER through
the accumulation of misfolded proteins [3]. Under such circumstances, a signaling network
termed the Unfolded Protein Response (UPR) becomes activated in order to rebalance the
ER homeostasis [4]. At the initial phase of the UPR, the adaptive response is triggered
to relieve this stress. Upon activation of the above-mentioned pro-adaptive branch of
the UPR, the synthesis of ER resident chaperones and folding catalysts occurs in order to
increase the ER folding capacity, whereas the folding load in the ER is decreased through
attenuation of the global mRNA translation and increased clearance of misfolded proteins
by ER-associated degradation (ERAD). However, if the ER stress conditions are prolonged
and severe, the pro-apoptotic branch of the UPR signaling pathway is activated [5].

The three ER-resident transmembrane sensors comprise inositol-requiring enzyme
type 1 (IRE1), activating transcription factor 6 (ATF6), and protein kinase R (PKR)-like
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endoplasmic reticulum kinase (PERK). All these proteins become activated upon ER stress
conditions and act as molecular gatekeepers of the UPR [6].

Among the UPR-related proteins, IRE1 is said to be the most evolutionarily conserved
as it has been found not only in animals, but also in plants and the yeast Saccharomyces
cerevisiae [7]. IRE1 consists of two domains: The N-terminal, ER luminal domain, which
senses unfolded proteins, and C-terminal cytoplasmic region, which initiates UPR via
serine/threonine kinase and endoribonuclease (RNase) domains [8]. The latter becomes
activated via conformational change, autophosphorylation, and higher-order assembly [9].
Like PERK, IRE1 is capable of inducing cell fate by two distinct routes: The first by induction
of adaptive cellular response by unconventional splicing of the transcription factor X-box
binding protein 1 (XBP1) mRNA or Regulated IRE1-Dependent Decay (RIDD) posttranscrip-
tional modifications, and the second by activation of the pro-apoptotic c-Jun N-terminal
kinase (JNK), which takes place under prolonged or severe stress conditions [10,11].

The other two mammalian ER stress sensors of UPR signaling are PERK and ATF6; they
possess similar structures to IRE1: An ER luminal stress-sensing domain, a transmembrane
region, and a cytoplasmic enzymatic domain. Among all three transducers, PERK becomes
activated first, followed by IRE1 and ATF6 [12]. Each of the transducers independently
governs distinct branches of the UPR signal transduction pathways. When activated, PERK
phosphorylates eukaryotic initiation factor 2α (eIF2α), which transiently inhibits general
protein translation within the cell; this prevents further increases in protein-folding demand
in the ER and inhibits cellular protein synthesis by reducing the load of proteins entering
the ER [13,14]. Simultaneously, phosphorylated eIF2α selectively activates translation of
particular mRNAs containing small open reading frames in their 59 untranslated regions,
including activating transcription factor 4 (ATF4), which regulates the transcription of
UPR target genes [15]. When stress conditions become prolonged or too severe to cope
with, ATF4 upregulates the transcription of a gene encoding for pro-apoptotic C/EBP
homologous protein (CHOP) [16]. By contrast, upon ER stress, ATF6 is being packed into
transport vesicles and relocates from the ER to the Golgi apparatus where it undergoes
proteolytic cleavage by the site 1 (S1P) and site 2 (S2P) proteases [17]. Next, the cleaved
cytosolic domain of ATF6 (ATF6n) enters the nucleus, where it regulates the UPR target
genes [5,18] (Figure 1).

Numerous studies have confirmed the upregulation or presence of activated forms of
IRE1, implying it plays a role either in physiological processes or in the pathogenesis of
numerous human diseases [19–24]. For instance, increased IRE1 activity has been confirmed
in cancer, neurodegenerative, inflammatory, and metabolic disorders, which are strictly
associated with accumulation of malfolded proteins and induction of ER stress [25–28].
These findings shed light on the potential of IRE1 as a novel target in personalized molecular
therapies [29,30].

To date, several inhibitory compounds targeting IRE1 have been developed, yet little
is currently known of their properties [31,32]. Moreover, the exact mechanisms regulating
IRE1 activity and the way it resolves upon late ER stress have not yet been comprehensively
described [33]. It is of utmost importance to understand how intensity and duration of the
response to ER stress dictate the cell fate and thus to establish the balance between pro-
survival and pro-apoptotic IRE1-dependent signaling [6]. Recent studies have described
IRE1 as a master regulator in cell fate determination rather than a positive regulator for
cell survival upon ER stress conditions [34,35]. The discovery of novel IRE1-dependent
regulatory events indicates that, besides the protein-folding status, they appear to be
essential for maintenance of cellular homeostasis within the cell [5]. This review aims to
address mentioned issues and elucidate the recent groundbreaking findings in the field of
research on IRE1-related molecular events.
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Figure 1. The structure of the Unfolded Protein Response (UPR)-dependent signaling branches and the crosstalk between 
them. Upon ER stress, the activating transcription factor 6 (ATF6) undergoes proteolytic cleavage in the Golgi apparatus, 
wherein its transcriptionally active form (ATF6n) is produced. The inositol-requiring enzyme type 1α (IRE1α) possesses 
several activities: It induces the regulated IRE1-Dependent Decay (RIDD) of specific mRNAs, the unconventional splicing 
of x-box binding protein 1 (XBP1) mRNA, as well as it interacts with the TNF Receptor Associated Factor 2 (TRAF2) to 
initiate the c-Jun N-terminal kinase (JNK) signaling cascade. Activated protein kinase R (PKR)-like endoplasmic reticulum 
kinase (PERK) phosphorylates the eukaryotic initiation factor 2α (eIF2α), which blocks general translation initiation and 
selectively induces translation of particular mRNAs at the same time, including activating transcription factor 4 (ATF4). 
The downstream targets of all UPR branches, namely ATF6n, ATF4, and the spliced form of XBP1 (XBP1s), translocate to 
the nucleus to regulate the transcription of UPR target genes. Additionally, both ATF6n and ATF4 upregulate IRE1α ac-
tivity, via induction of XBP1 mRNA and increase in IRE1α expression, respectively. 

2. The Crosstalk between IRE1α, ATF6, and PERK Branches of the UPR 
2.1. Crosstalk between IRE1- and ATF6-Dependent Signaling Branches 

The ATF6 branch of UPR, which becomes activated by intramembrane proteolysis, 
induces the XBP1 mRNA before it undergoes the IRE1-dependent unconventional splic-
ing. Importantly, the activated IRE1/XBP1 pathway is known to exert broader effects on 
ER stress-triggered transcription than ATF6 itself. However, significant levels of XBP1 
mRNA have to be induced before spliced form of XBP1 (XBP1s) is produced in amounts 
sufficient for its detection and transactivation [36]. In addition, IRE1α can splice a negli-
gible amount of XBP1 mRNA, if they were not generated beforehand by ATF6 [37]. Men-
tioned findings make ATF6 cleavage absolutely essential for IRE1α/XBP1-intitiated tran-
scription of UPR target genes. Conversely, IRE1α is not required for the cleavage, nuclear 
translocation, or transcriptional activation of ATF6 [36]. The fact that the splicing by IRE1α 
increases the XBP1 potential to autoregulate its own transcription implies the requirement 
of both ATF6- and IRE1α-mediated processing for full UPR activation [38]. 

It is important to note that the active form of ATF6, which is derived from the preex-
isting precursor protein, is generated faster than XBP1s, which has to be newly translated 
from the previously induced and spliced mRNA. Oddly enough, ER stress does not drive 
the upregulation of ATF6 mRNA. It has also been proposed that IRE1 and ATF6 activities 
have differing time courses: Low ER stress levels are dealt with by ATF6 activation only, 
medium-to-high levels of ER stress by activation of both ATF6 and IRE1/XBP1 axes, whilst 

Figure 1. The structure of the Unfolded Protein Response (UPR)-dependent signaling branches and the crosstalk between
them. Upon ER stress, the activating transcription factor 6 (ATF6) undergoes proteolytic cleavage in the Golgi apparatus,
wherein its transcriptionally active form (ATF6n) is produced. The inositol-requiring enzyme type 1α (IRE1α) possesses
several activities: It induces the regulated IRE1-Dependent Decay (RIDD) of specific mRNAs, the unconventional splicing
of x-box binding protein 1 (XBP1) mRNA, as well as it interacts with the TNF Receptor Associated Factor 2 (TRAF2) to
initiate the c-Jun N-terminal kinase (JNK) signaling cascade. Activated protein kinase R (PKR)-like endoplasmic reticulum
kinase (PERK) phosphorylates the eukaryotic initiation factor 2α (eIF2α), which blocks general translation initiation and
selectively induces translation of particular mRNAs at the same time, including activating transcription factor 4 (ATF4). The
downstream targets of all UPR branches, namely ATF6n, ATF4, and the spliced form of XBP1 (XBP1s), translocate to the
nucleus to regulate the transcription of UPR target genes. Additionally, both ATF6n and ATF4 upregulate IRE1α activity,
via induction of XBP1 mRNA and increase in IRE1α expression, respectively.

2. The Crosstalk between IRE1α, ATF6, and PERK Branches of the UPR
2.1. Crosstalk between IRE1- and ATF6-Dependent Signaling Branches

The ATF6 branch of UPR, which becomes activated by intramembrane proteolysis,
induces the XBP1 mRNA before it undergoes the IRE1-dependent unconventional splicing.
Importantly, the activated IRE1/XBP1 pathway is known to exert broader effects on ER
stress-triggered transcription than ATF6 itself. However, significant levels of XBP1 mRNA
have to be induced before spliced form of XBP1 (XBP1s) is produced in amounts sufficient
for its detection and transactivation [36]. In addition, IRE1α can splice a negligible amount
of XBP1 mRNA, if they were not generated beforehand by ATF6 [37]. Mentioned findings
make ATF6 cleavage absolutely essential for IRE1α/XBP1-intitiated transcription of UPR
target genes. Conversely, IRE1α is not required for the cleavage, nuclear translocation, or
transcriptional activation of ATF6 [36]. The fact that the splicing by IRE1α increases the
XBP1 potential to autoregulate its own transcription implies the requirement of both ATF6-
and IRE1α-mediated processing for full UPR activation [38].

It is important to note that the active form of ATF6, which is derived from the preex-
isting precursor protein, is generated faster than XBP1s, which has to be newly translated
from the previously induced and spliced mRNA. Oddly enough, ER stress does not drive
the upregulation of ATF6 mRNA. It has also been proposed that IRE1 and ATF6 activi-
ties have differing time courses: Low ER stress levels are dealt with by ATF6 activation
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only, medium-to-high levels of ER stress by activation of both ATF6 and IRE1/XBP1 axes,
whilst extremely high levels are managed by multiple rounds of XBP1 cycle activation [36].
According to one model, ER stress first induces ATF6-driven upregulation of chaperones;
however, in cases of persistent stress, IRE1 mediates production of ERAD components, such
as ER degradation-enhancing α-mannosidase-like protein (EDEM) or E3 ubiquitin ligase
HRD1, which promote degradation of misfolded proteins [39]. Another study has demon-
strated that loss of ATF6 expression led to uncontrolled IRE1-reporter activity and resulting
increase in XBP1 splicing upon ER stress, which implies that ER stress-mediated IRE1
signaling may possess an ATF6-dependent ‘off-switch’ [40]. Taken together, the utilization
of the two transcriptional induction systems, IRE1- and ATF6-dependent, may constitute a
fail-safe mechanism that enables the cell to cope with ER stress more effectively, regardless
of the amounts of accumulation of unfolded proteins. Yet, the maximal activation of the
UPR is achieved only when both systems are activated.

2.2. Crosstalk between IRE1- and PERK-Dependent Signaling Pathways

Recently, it has been reported that PERK/ATF4 arm of the UPR may also induce
the IRE1α/XBP1 pathway in ER-stressed cell, in addition to ATF6: ATF4 upregulates the
expression of IRE1α mRNA in HeLa cells and mouse embryonic fibroblasts (MEFs), which
as a result increases the splicing ratio of XBP1 [37]. Thus, the output of the IRE1α/XBP1
pathway seems to be regulated separately by PERK/ATF4 and ATF6 so as to reinforce
the cell against various types and intensities of stress. Intriguingly, differing effects of
IRE1 splicing activity on ATF4 regulation were observed in distinct cellular models. For in-
stance, genetic or pharmacological inhibition of XBP1 resulted in exacerbated ATF4/CHOP
signaling in mouse oligodendrocyte progenitors and sensitized cells to ER stress [41]. In
lung mucosal conventional dendritic cells type 1 (cDC1s), XBP1 deficiency resulted in
execution of apoptosis, whilst intestinal cDC1s appeared to be quite resistant to XBP1
loss. This phenomenon was confirmed not to be CHOP- or JNK-dependent but was rather
associated with modulation of RIDD activity and ATF4-mediated adaptive integrated stress
response [10]. Mentioned findings are indicative not only of crosstalk between IRE1/XBP1
and PERK/ATF4 pathways, but also cell- and tissue-specific regulation of IRE1/XBP1
activity.

Mounting evidence suggests that the duration of PERK and IRE1 signaling signifi-
cantly varies after the imposition of protein misfolding. For instance, it has been established
that the IRE1 branch becomes inactivated upon irresolvable ER stress conditions, whilst
PERK signaling remains unaffected and leads to cell apoptosis [42]. These results are in
accordance with another study, in which activated IRE1 exerted a cytoprotective effect
for its RNAse function in isogenic human cells. Consequently, selectively activated and
persistent PERK signaling contributed to cell death upon chronic ER stress conditions,
whereas the equivalent duration of IRE1 signaling did not [5].

In contrast to IRE1, which degrades death receptor 5 (DR5) mRNA via RIDD, PERK
promotes cell death by activating DR5 and other pro-apoptotic genes in a phosphatase
RNA polymerase II-associated protein 2 (RPAP2)-dependent manner. It has been proposed
that the mechanism of IRE1 attenuation by PERK/RPAP2 aims to abort failed adaptation
to ER stress and trigger apoptosis [43]. In a separated experiment, the depletion of PERK
inhibited RIDD in a substrate-specific manner, and this effect was fully restored by blocking
the translation of the stem-loop (SL) region of target mRNAs, which is indicative of the
involvement of PERK in the spatial and temporal regulation of RIDD [44].

In HEK293 cells, persistent ER stress conditions attenuated IRE1 and ATF6 activities
with maintained PERK/CHOP signaling; however, artificially sustained IRE1 activity
enhanced cell survival [42]. Consistently, early onset and attenuation of XBP1 splicing in
the IRE1-reporter SH-SY5Y cells emerged as cytoprotective, whereas shRNA-dependent
inhibition of IRE1/XBP1s expression resulted in early cell death. By contrast, silencing
of PERK had no impact on overall rate of ER stress-induced cell death, but it markedly
sensitized cells to ER stress shortly after treatment with the corresponding ER stressors [45].
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Along these lines, it is the relative timing of IRE1 and PERK signaling that is responsible
for the shift from cell survival to apoptosis, rather than preferential activation of a single
UPR branch or switch from one branch to the other. There is strong evidence that early
depletion of IRE1 in cells is lethal, and that the progression of the UPR towards the pro-
apoptotic signaling depends on IRE1 signaling attenuation with the coexisting sustained
PERK activity. To sum up, the duration of UPR signaling pathways seems to be a key factor
in ER stress-related cell fate decisions.

2.3. Coronavirus-Mediated Activation of the UPR Signaling Pathways and Their
Possible Crosstalk

In view of the current epidemiological situation with COVID-19 pandemic, multiple
studies have aimed to establish the role of IRE1 signaling in the severe acute respiratory
syndrome coronavirus (SARS-CoV) infections [46]. In study by Versteeg et al., SARS-
CoV did not induce IRE1-dependent XBP1 splicing [47], as compared to the other known
coronavirus, murine hepatitis virus (MHV) [47,48]. These results are in compliance with
another interesting finding by Chan et al., who have confirmed that SARS-CoV spike (S)
protein in fact accumulated in the ER and selectively induced activation of PERK/CHOP
branch of the UPR with the simultaneous upregulation of GRP78/94 in 293FT cells, but
it did not affect XBP1 mRNA splicing nor ATF6 transcriptional activity [49]. However, it
has recently been suggested that SARS-CoV-2 may affect IRE1 activity indirectly, as the
Non-Structural Protein 6 (NSP6) in its membrane interacts with Sigma receptor 1, which is
known to control the activation of IRE1 [50].

On the other hand, study on another coronavirus, infectious bronchitis virus (IBV),
found that IBV-induced autophagy required activity of IRE1, but not of its substrate,
XBP1 [51]. By contrast, IRE1α protected IBV-infected cells from apoptosis and this effect
resulted from both kinase and RNase activity, and the subsequent conversion of XBP1 from
its pro-apoptotic form, XBP1u, towards the pro-survival XBP1s protein; in addition, the
IRE1α-dependent cytoprotection was found to involve modulation of JNK phosphory-
lation and the RAC-alpha serine/threonine-protein kinase (Akt) signaling [52]. As CoV
requires formation of ER-derived vesicles for its replication cycle, with the subsequent
RNA synthesis and assembly of virions out of viral structural proteins at the ER-Golgi
intermediate compartment, it has been implied that SARS-CoV specifically modulates the
UPR to facilitate the replication process [50].

3. The Structure of IRE1α and Molecular Events Associated with Its Activation
3.1. The Inactive and Active States of the IRE1 upon Distinct Molecular Events

ERdj4/DNAJB9, a J domain co-chaperone of immunoglobin-binding protein (BiP),
has been identified to function as a selective IRE1α repressor that promotes the formation
of a complex between the N-terminal luminal domain (NLD) of IRE1α and BiP. Upon
association with NLD, ERdj4 recruits BiP by the induction of ATP hydrolysis, which forcibly
disrupts the IRE1 dimers. The active, dimeric state of IRE1 can be subsequently restored
by the unfolded proteins competing for BiP [53]. In accordance with this theory, BiP has
been suggested to promote monomerization of IRE1 and thus initiate active repression of
IRE1-dependent signaling upon waning ER stress, rather than play a role of a direct ER
stress sensor [54]. Consistently, BiP buffers IRE1 activity via stabilization of its monomers
in non-stressed conditions until they are activated by unfolded protein ligands [55]. As
ERdj4 is specifically related to IRE1, and it does not regulate the activity of the other major
UPR effectors like PERK, it would be an interesting target for the assessment of indirect
modulation of the IRE1-dependent signaling.

Recently, an allosteric mechanism for UPR induction has been suggested instead of
the previously described competition model; this theory is based either on qualitative pull-
down assays or in vitro Förster resonance energy transfer (FRET) assay. In the proposed
model, the interaction between IRE1 and BiP is mediated via the ATPase domain of BiP
independently of nucleotides, which discounts a chaperone-substrate type interaction.
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When the misfolded protein becomes recognized or sensed by the BiP and binds to its
substrate-binding domain (SBD), the allosteric changes occur resulting in the dissociation
from IRE1, which does not involve ATPase activity. Thus, the binding to IRE1 and detection
of misfolded proteins require two different domains of BiP coupled by conformational
change [56].

According to the other theory, NLD can bind peptides and unfolded proteins with a
characteristic amino acid bias to the MHC-like groove, which induces allosteric changes
and leads to oligomerization. Consequently, specific mutations of a hydrophobic patch
at the dimer interface have been shown to disturb binding and oligomerization process,
and the impaired oligomerization of NLD led to abolishment of IRE1 activity in living
cells [57]. However, in view of the presumptions that MHC-like groove is too narrow
and not hydrophobic enough to accommodate a peptide, it cannot be excluded that other
possibilities may exist, such as multiple binding sites within the IRE1 molecule [58]. It is
likely that NLD may bind misfolded proteins via a conserved hydrophobic groove, in a
manner similar to that of PERK [59]. Nevertheless, it has been demonstrated that besides
direct binding of misfolded protein, the IRE1 activation depends primarily on dissociation
of BiP [60].

Recent findings have also suggested that IRE may in fact be induced not only by
the misfolded proteins, but also by the aberrant lipid compositions of the ER membrane,
referred to as a lipid bilayer stress. It has been demonstrated that for this purpose, IRE1 uses
an amphipathic helix (AH), which enables for sensing membrane aberrancies and control of
UPR activity [61]. In view of the fact that PERK has been found to possess an intrinsic lipid
kinase activity towards diacylglycerol (DAG) by which it generates phosphatidic acid (PA)
and regulates Akt, mTOR, and mitogenic pathways [62], it would be worth investigation
whether IRE1 exhibits similar activities (Figure 2).

One key regulator of IRE1 activity constitutes the ribonuclease inhibitor called ribonu-
clease/angiogenin inhibitor 1 (RNH1), a leucine-rich repeat domains-containing protein
that binds to and inhibits the RNase domain of IRE1. That said, RNH1 is regarded as a
direct negative controller of the IRE1 branch that attenuates IRE1-dependent signaling
upon ER stress [6]. Ubiquitin-specific protease 14 (USP14), a protein that also interacts
with the cytosolic portion of IRE1, is on the other hand regarded as physiological inhibitor
of ERAD machinery under non-stressed conditions, and, conversely, is inhibited by ER
stress [63]. The other modulator proteins known to directly interact with IRE1 include heat
shock proteins (HSPs), poly (ADP-ribose) polymerase 16 (PARP16), RING finger protein 13
(RNF13), pro-apoptotic proteins Bax and Bak, and Bax inhibitor-1 (BI-1) [34].

Several pieces of evidence indicate the ability of IRE1 to autoregulate its activity. In
this regard, Ser840, Ser841, Ser850, and Thr844 have been identified as the regulatory sites
within the activation segment of the IRE1 [64]. Mechanistically, the self-association of
IRE1 facilitates the activation loop phosphorylation, which unlocks the autoinhibition in
the kinase domain, and the RNase activation induces the conformational rearrangement
of IRE1 dimers from face-to-face to back-to-back [65]. The structural analysis revealed
that in such back-to-back conformation, the kinase domain is primed for catalysis with
the RNase domains being disengaged. It has also been suggested that IRE1 may in fact
be autoinhibited in a Tyr-down mechanism, similar to the one found in the unrelated
serine/threonine protein kinase Nek7, and that the kinase activity may be potently inhibited
while the XBP1 splicing remains stimulated at the same time [66].
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Figure 2. The activation of human inositol-requiring enzyme type 1α (IRE1α)-dependent signaling
pathway with its downstream targets. The IRE1α activation occurs upon association of binding
immunoglobulin protein (BiP) with misfolded protein and its subsequent dissociation from IRE1α,
or alternatively upon direct binding of misfolded protein by the N-terminal luminal domain (NLD)
of IRE1α. The following oligomerization, often of more than four IRE1α molecules, is required for
further trans-autophosphorylation process and activation of kinase and RNase domains. The full
kinase/RNase activity positively correlates with the increasing number of IRE1α oligomers. Acti-
vated IRE1α induces the following cellular processes: The unconventional splicing of x-box binding
protein 1 (XBP1) mRNA, regulated IRE1-Dependent Decay (RIDD) and TNF Receptor Associated
Factor 2/apoptosis signal-regulating kinase 1/mitogen-activated protein kinase kinase4/7/c-Jun
N-terminal kinase/p38 (TRAF2/ASK1/MKK4/7/JNK/p38) signaling pathway. The pro-survival or
pro-apoptotic effect of IRE1α activation is exerted by selective induction of its specific branches and
depends on numerous factors, mainly the severity and timing of cellular stress conditions.

3.2. Details of the Structure of IRE1

Two IRE1 genes have been identified in the mammalian genome: IRE1α and IRE1β.
The former is expressed in all types of cells and tissues, whereas the latter is expressed
only in the intestinal epithelium [67]. The structure of both forms of IRE1 is similar to that
of TGF-β serine/threonine protein kinase receptors and mechanistically they are similar
to receptor tyrosine kinases, depending on ligand binding-induced dimerization as the
activation mechanism for the cytoplasmic domains [68].

The N-terminal luminal domain (NLD) on the other hand, which serves as an ER
stress sensor, appears to rely on the ligand-independent activation mechanism [69]. The
crystal structure of the monomer of the NLD of human IRE1α has been found to comprise
367 amino acid residues (S24–V390) organized into a unique fold of triangular β-sheet
cluster. Structural analysis revealed the three sides of the triangular plate to include three
major β-structural motifs (namely N, C, and M), which are connected with several α-helices
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inserted between them [67]. Additionally, an 18 amino acid signal sequence (SS) is localized
at the N-terminus [70].

The cytoplasmic region of IRE1 consists of two major parts: The kinase domain and the
structurally continuous kinase-extension nuclease (KEN)/RNase domain localized at the
C-end of the molecule. The protein kinase domain (residues 571–832) has a characteristic
bilobal fold with the ATP-binding site located in the cleft between the β-sheet N-terminal
lobe and the α-helical C-terminal lobe [64], and it comprises the C-helix (residues 603–623)
and the activation segment (residues: 711–741) [71]. The central B10 residues (720–729)
of the kinase activation segment are disordered and contain a potential phosphorylation
site at Ser724, the disordered residues 746–748 carry the APE motif, residues 711–713—the
DFG motif, whereas the RNase domain (residues 835–963) has a helical conformation with
a fully ordered connection between helices 3 and 4 [72].

3.3. Structural Changes and the Different Activities of IRE1

Upon activation, the NLD forms stable dimers with a molecular mass of approximately
96 kDa, and the extensive dimerization interface is additionally stabilized by hydrogen
bonds and hydrophobic interactions. Dimerization creates an MHC-like groove at the
interface, which does not require peptide binding [67,73]. Under normal conditions, the
NLD interacts with the ER resident chaperone, BiP, which maintains IRE1 in a monomeric
state. Mechanistically, when misfolded proteins accumulate, BiP binds to the misfolded
protein and dissociates from IRE1, allowing for dimerization of the released NLD to
occur [69]. The association of the NLDs of two IRE1 molecules on the opposite sides of
the ER membrane brings the cytoplasmic kinase domains into close proximity, which in
turn drives transphosphorylation [57]. For this purpose, the kinase domains juxtapose
in a face-to-face orientation, which allows for the binding of nucleotides such as ADP or
ATP. Once ATP binds, the interaction is strengthened by the active sites of the opposite
monomers which can access each other in trans orientation [64,74]. In addition, anti-parallel
β-sheet comprising residues of the N-terminal end of the partially unwound C-helix is
formed to bolster and support the projecting activation loop. Such conformation directs
the conserved phosphorylation target Ser724 at the tip of the activation segment from one
IRE1α molecule towards the opposite one in the ‘phosphoryl-transfer’ competent dimeric
face-to-face complex [43,72], and this phenomenon is referred to as a reciprocal face-to-face
transphosphorylation.

These molecular interactions resulting in oligomeric association, trans-autophosphorylation,
and cofactor binding within the kinase domain are essential for the activation of the RNase
domain and for its splicing activity [64,75]. Recent structural work has implied that the
inactive, dephosphorylated IRE1α is able to bind nucleotides in the presence of Mg2+, and
that its autophosphorylation is competitively inhibited by ADP. Upon activation, IRE1α
turns into a competent protein kinase capable of phosphorylating a heterologous peptide
substrate. It has been proven that the sequence-specific RNase activity by which IRE1
is able to initiate XBP1 mRNA splicing is an additional helical domain, which is struc-
turally continuous with and fused to the C-terminal lobe of the kinase domain. Thus, the
XBP1-specific RNase activity depends on autophosphorylation, which could be permitted
by ATP-competitive inhibitors like staurosporine and sunitinib [72]. Intriguingly, several
pieces of evidence suggest that, instead of phosphotransfer reaction, it is the conformational
change in the kinase domain that is essential for IRE1 activation, as the binding of ligands
such as ATP mimetic 1NM-PP1 or IPA to the ATP-binding pocket within kinase domain is
able to activate RNase directly [34]. Studies in yeast have also demonstrated that the kinase
activity of IRE1 can be entirely bypassed, and that specific IRE1 mutants with inactivated
kinase domain are still able to oligomerize and induce splicing reaction upon ER stress [55].

Notably, direct binding of unfolded protein by IRE1 is not required for the formation
of homodimer of catalytically functional RNase domains and induction of RNase activities
within the cytosolic domain [60]. It is the release of BiP that initiates the first stage of in-
tramolecular autophosphorylation which is dimerization-independent; however, complete
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activation of the RNase function requires dimerization-dependent intermolecular autophos-
phorylation. Thus, the activation of IRE1α occurs in stages, each of which correlates with
increasing degrees of autophosphorylation and resulting RNase activity [67,75]. Moreover,
the newest findings have identified the five amino acid residues within IRE1α molecule,
which are required for RNase activity but not kinase activity [76], which indicates that the
kinase and RNase activities of IRE1 are in fact independent and that it is the RNase activity
that is actually essential for UPR induction. The oligomerization of the kinase/RNase
domain of IRE1 has been therefore established as an intrinsic mechanistic requirement
for its full activity [77,78], and it has been suggested that preventing dimerization by
phosphatase action or disrupting homodimer formation may constitute a target in terms of
IRE1 inhibitor designing [76].

It has been demonstrated that upon activation, IRE1 forms oligomers larger than four
molecules characterized by complex topologies and higher-order organization [79]. In an-
other study, the oligomer of IRE1 cytosolic domains was obtained in a form of a rod-shaped
assembly, which had no known precedence among kinases [77]. Such clusters remain
anchored into the ER membrane, with bunches of IRE1 molecules being trapped within the
assembly. When the ER stress attenuates, disassembly occurs, and the constituent molecules
of IRE1 clusters are released back into the ER network in a distinct manner than that of
cluster assemble. Whilst the actual role of IRE1 clusters remains elusive, it is speculated
that they act as temporary storage compartments for hyperactivated IRE1 or excessive IRE1
molecules, behaving as some sort of buffering mechanism against overactivation of IRE1;
alternatively, they may target different mRNA substrates than single IRE1 subunits, with
the former ones selectively inducing XBP1 mRNA processing and the latter—RIDD [9,80].
This is in accordance with the recent finding that IRE1 clustering and RNase activity are in
fact functionally independent of each other. Although both processes occur upon ER stress
conditions within similar timeframes, RNase-inactive IRE1 molecules are still capable of
assembly, and clustering is not necessary for full RNase activity. Interestingly, such clusters
of RNase-inactive IRE1 are characterized by different morphology and dynamics than the
active ones [81].

Prolonged or unmitigated ER stress attenuates IRE1 signaling and makes it shift to
a refractive state via dissolution of oligomers, dephosphorylation, and decline in RNase
activity [82]. The newest findings not only suggest that the timing appears to be major
regulator that governs IRE1 activity, but also that IRE1 signaling can be reset upon res-
olution of ER stress, which makes it in fact reversible. In general, three states of IRE1
activation have been described: An inactive state, an active state, and a refractive state in
which IRE1 no longer responds to unresolved ER stress. It has also been suggested that
the dephosphorylation process is pivotal for regulation of IRE1 activity and entering the
refractive state, as anti-p-IRE1 antibodies recognize neither inactive nor refractive state [79]
(Figure 3).
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thus allowing for its trans-autophosphorylation and cofactor binding. This results in the activation of protein kinase,
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cytoplasmic region: 4Z7G (monomer), 3P23 (face-to-face dimer), 2RIO (back-to-back dimer), 3FBV (oligomer).

3.4. The Pro-Survival XBP1 Pathway Restores Cellular Proteostasis

After detection of elevated levels of malfolded proteins in the ER, IRE1 transmits a
signal to the nucleus via spliceosome-independent splicing of mRNAs, which encode for
bZIP transcription factors HAC1/XBP1 [76]. HAC1 serves as the master transcriptional
regulator of the UPR in yeast, and XBP1 in mammals. Briefly, XBP1 pre-messenger RNA
(pre-mRNA) is converted to mature mRNA in order to gain transcriptional activity. For
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the unconventional splicing, the interconnected activity of kinase and RNase domains is
required to cleave mRNAs at the non-canonical splice sites before the translation occurs [8].

The IRE1-dependent removal of 26-nucleotide intron from XBP1 pre-mRNA with the
subsequent re-ligation by RtcB introduces a translational frame shift through switching
of the reading frame in the C-terminal portion of the respective proteins [64,83]. Besides
the frame shift, activated IRE1 mediates the insertion of a new carboxyl domain in the
XBP1 protein, so that the functional UPR activator, XBP1s, is eventually obtained [36].
XBP1s contains the nuclear localization signal and the transcriptional activation domain
which induces transcription of target gene products required for the re-establishment of
proteostasis, such as chaperones and other ER-resident proteins [18,84]. In contrast to
RIDD, maximum XBP1 splicing activity requires the combined action by the subunits
within the IRE1 oligomer [80].

Notably, XBP1 pre-mRNA is also translated into a functional protein XBP1u, a negative
regulator of the UPR that accumulates upon the recovery phase of ER stress. This mecha-
nism enables the cell to quickly adapt to environmental changes via switch of the proteins
encoded in the XBP1 mRNA from a negative regulator to an activator [83,85,86]. Generally,
the splicing reaction requires ongoing cellular transcription, whilst it does not require active
translation nor nuclear processing of the RNA substrate, and that the dimerization of IRE1α
is sufficient to initiate the splicing in the absence of the UPR activation [87]. It has been
well known that the conventional splicing exclusively takes place in the nucleus, while
the unconventional splicing of XBP1 mRNA occurs mainly in the cytoplasm [85,87,88].
However, as it has recently been indicated that the unconventional splicing may also take
place in the nucleus, depending on the secondary structure of XBP1 mRNA [89], the actual
mechanisms of this molecular event require further explanation.

3.5. Dual Role of RIDD Pathway in Cell Fate Regulation

Apart from the unconventional XBP1 mRNA splicing, IRE1 promotes the cleavage of
mRNAs encoding for mostly ER-targeted proteins in the process called RIDD, which aims
to reduce the cargo protein load in the ER during severe stress conditions. RIDD-mediated
cleavage of RNA occurs at an XBP1-like consensus site, but in a manner divergent from
XBP1 mRNA splicing. RIDD pathway involves the relatively promiscuous degradation of
wide variety of membrane-associated mRNAs, which enables their rapid turnover, and the
whole process requires the activity of IRE1 nuclease [90] as well as cellular exoribonucleases,
e.g., exosomes. The mRNAs targeted by RIDD encode for proteins localized in the cytosol,
nucleus, ER, or the secreted ones [91], and are sequence-specific; they possess a cleavage
site with a consensus sequence (CTGCAG) and a secondary structure similar to that of SL
of XBP1 mRNA [92]. Such XBP1-like SLs within the target mRNAs are necessary for RIDD
operation [44].

Basal activity of RIDD is required to maintain ER homeostasis and it has been demon-
strated to play key role in numerous physiological processes, such as endocrine pancreas
and liver function, as well as functioning of other tissues that undergo intense secretory
processes [93]. Intriguingly, in contrast to XBP1 mRNA splicing, which is regarded mainly
as cytoprotective, RIDD has revealed many unexpected features and is capable of either
preservation of ER homeostasis or induction of cell death [91]. According to the current
knowledge, the selective activation of RIDD by IRE1 results in cell death, whilst XBP1s
promotes cell survival. Induction of RIDD does not require oligomerization of active IRE1
subunits and it involves the same catalytic residues as unconventional splicing, but differ-
ent substrate binding sites [80]. It has been proven that IRE1α is increased and activated,
and the RIDD activity is intensified upon XBP1 depletion. Conversely, IRE1α is down-
regulated to suppress apoptosis-inducible RIDD activity at low XBP1 mRNA expression,
which is indicative of the importance of IRE1α protein/XBP1 mRNA ratio in biological
processes [37].

It is believed that basal RIDD constitutes the first IRE1-induced homeostatic response
to ER stress—if this mechanism is insufficient, XBP1 splicing is activated and RIDD in-
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creases; however, when ER stress is unmitigated, XBP1 mRNA splicing decreases, whereas
RIDD ultimately initiates apoptosis. The action of pro-death RIDD depends on degradation
of antiapoptotic pre-miRNAs, mainly anti-Casp2 pre-miRNAs, and mRNAs encoding
pro-survival proteins [91]. The phosphotransfer function of IRE1 is not required for XBP1
splicing and upregulation of caspase-2 (Casp2) expression, but it is essential for the sub-
sequent Casp2 cleavage and resulting initiation of apoptosis [94]. On the contrary, the
pro-survival role of RIDD has been shown to depend on inhibition of certain proapoptotic
proteins, including TNF-related apoptosis-inducing ligand (TRAIL) receptor 2 [95].

3.6. The IRE1α/TRAF2/JNK Arm Initiates the Pro-Apoptotic Signals

JNK constitutes the member of a mitogen-activated protein kinase (MAPK) family, and
it emerges as a part of late ER stress response that promotes apoptosis. The JNK-dependent
apoptotic pathway of the UPR becomes activated by the cytoplasmic kinase part of IRE1,
which binds to the E3 ubiquitin ligase TRAF2, an adaptor protein coupling plasma mem-
brane receptors, and one of the MAP3Ks, Apoptotic-Signaling Kinase-1 (ASK1/MAP3K5),
with the formation of a complex. This in turn stimulates activation of ASK1 downstream
targets, JNK/MAPK8/SAPK1 and p38 MAPK, which constitute the stress kinases that
promote apoptosis. In general, the entire pathway of JNK activation, initiated in the ER by
intracellular signals, resembles the one induced by the cell surface receptors in response to
extracellular stimuli [96]. Not only does the JNK mediate apoptotic pathways, but it can
also induce necrosis under certain ER stress conditions [97].

Upon activation, JNK phosphorylates its substrates Bcl-2 and Bim, with the former
one being inhibited, and the latter activated, which contributes to initiation of the apoptotic
cascade. On the other hand, p38 MAPK phosphorylates and activates CHOP, which favors
apoptosis via upregulation of Bim and DR5 and simultaneous downregulation of Bcl-2.
JNK-mediated phosphorylation causes Bcl-2 to lose its anti-apoptotic abilities as it fails to
bind to pro-apoptotic BH3-only members of Bcl-2 family, as well as ER-to-mitochondria
Ca2+ influx becomes induced in JNK-dependent manner. Conversely, the pro-apoptotic
proteins Bax and Bak, which antagonize the ER Ca2+-modulating activities of Bcl-2 and
Bcl-XL at the ER membrane, have been shown to bind to IRE1α, resulting in its pathological,
pro-apoptotic activation [98]. When ER stress is triggered, the IRE1 branch prevents Bax-
and Bak-mediated ER membrane permeabilization and the resulting cell death. This makes
IRE1-deficient cells susceptible to leakage of ER contents, accumulation of calcium in the
mitochondria, oxidative stress, and ultimately cell death [99].

IRE1α may promote apoptosis via both its protein kinase and RNase domains. For the
establishment of a time window to adapt to ER stress conditions and avoid apoptosis, IRE1α
induces RIDD-dependent degradation of DR5 mRNA. On the other hand, the cleavage
of miRNA-17, -34a, -96, and -125b are induced by the RNase domain to stabilize and
promote translation of TXNIP; TXNIP orchestrates apoptosis in caspase-1- and interleukin
1β-dependent manner, and also involves caspase-2 mRNAs. Besides, the sequestration
of TRAF2 by IRE1α may contribute to the direct activation of caspase-12. However,
the recent study has confirmed that the IRE1/TRAF2-dependent JNK activation in fact
precedes the activation of XBP1, and that it involves the expression of several antiapoptotic
genes, namely cIap1/Birc2, cIap2/Birc3, Xiap, and Birc6. Thus, it can be concluded that the
JNK-dependent transcriptional induction of these targets contributes to the inhibition of
apoptosis at the early stage of response to ER stress. It has also been suggested that JNK
signaling becomes pro-apoptotic 12 h or later after ER stress induction [100].

More recently, a novel mechanism of caspase-mediated IRE1 cleavage has been de-
tected in several leukemic cell lines. The cleavage occurred within the cytoplasmic linker
region of IRE1, which separates the luminal and cytoplasmic moieties, and this resulted in
disruption of IRE1-dependent signaling upon ER stress. Ectopic expression of the cleavage-
generated fragment (LDTM), consisting of NLD and transmembrane region of IRE1, was
shown to promote growth of multiple myeloma (MM) cells in vivo. Mechanistically, LDTM
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inhibited the recruitment of Bax to the mitochondria, so as to counteract the apoptotic
signals [35].

4. Pharmacological Modulation of IRE1 Activity

In general, IRE1 inhibitors may be divided into specific subgroups: Type I and II
kinase inhibitors that target the ATP-binding kinase domain, and RNase inhibitors that
inhibit the RNase domain. The kinase inhibitors act by stabilizing kinase active sites of
IRE1 in opposing conformations via interaction with the same ATP-binding pocket, which
can selectively inhibit or activate various enzymatic potencies. Such binding provides
a shift between the two conserved kinase conformations, C-helix in (active) and C-helix
out (inactive) [55]. For instance, type II inhibitors are known to selectively stabilize the
inactive conformation of the ATP-binding site, characterized by the outward movement
of catalytically important DFG motif (so-called DFG-out conformation). Under such a
DFG-out conformation, they are able to block both autophosphorylation and RNase activity
by making contact with both the ATP-binding site and an adjacent allosteric site. They have
also been demonstrated to inhibit the other IRE1 phosphorylation-dependent molecular
events, like TRAF2 binding. The type I inhibitors, on the other hand, also interact with
the ATP-binding site but do not penetrate the allosteric pocket and do not significantly
affect RNase activity [101]. Thus, the kinase conformational state evidently has a crucial
impact on inhibitor potency and selectivity, which should be taken into consideration in
terms of kinase inhibitor drug discovery. Type II kinase inhibitors are generally considered
to be more selective than type I inhibitors, although the underlying mechanism is poorly
understood. Overall, kinase inhibitors constitute the nucleotide analogs or other ATP
competitive ligands. Type I inhibitors of kinase domain include, among others, APY29,
AT9283, AP26113, TAE684, AZD7762, VX-680, sunitinib, dasatinib and IPA [74,101,102],
and the type II inhibitors: 1-(4-(8-amino-3-isopropylimidazo[1,5-a]pyrazin-1-yl)naphthalen-
1-yl)-3-(3-(trifluoromethyl)phenyl)urea (C27H23F3N6O), and the series of kinase-inhibiting
RNase attenuators (KIRAs) [74,103].

Recently, particular attention has been drawn towards IRE1-derived peptide fragments
that selectively affect oligomerization and RNase activation, instead of the widely used
pharmacological inhibitors. Such fragments align well in the ATP-binding pocket and
are therefore characterized by high selectivity for IRE1 binding. This approach may also
reduce off-target effects, as demonstrated by the inhibitors above: These peptides are
structurally homologous and complementary to the IRE1 regions itself. By means of a
structural homology approach, the development of 18–50 amino acid peptide fragments
derived from the IRE1 cytosolic domain led to the identification of non-peptide substitutes
out of the FDA-approved drugs, namely methotrexate, folinic acid, cefoperazone, and
fludarabine phosphate. Furthermore, experiments performed in primary RADH87 and
common U87 glioblastoma multiforme (GBM) cell lines have shown that all drugs influence
IRE1 activity, with the IC50 values ranging between 0.2–2 µM, and thus they have similar
potency to that of specific RNase inhibitor MKC-8866. More importantly, administration
of the inhibitors sensitized GBM cells to chemotherapy with temozolomide (TMZ) [32].
This finding indicates for potential clinical relevance of the tested substances and the need
for further exploration of their effectiveness against GBM in the other models. As these
drugs are in widespread clinical use, their application as selective IRE1 inhibitors could
overcome a plethora of peptide-related issues such as decreased bioavailability, instability,
sheer size, and crossing the blood–brain barrier (BBB).

Large-scale screening efforts have led to the discovery of the direct inhibitors of the
IRE1 RNase domain like salicylaldehydes, 4µ8c, toyocamycin, series of MKC compounds,
and STF-083110. Most of them constitute small hydrophobic molecules with the ortho-
hydroxyl aryl aldehyde moiety; this forms a Schiff base with the K907 residue of IRE1 and
allows for immersion within the hydrophobic pocket of the RNase domain [32,104]. Like-
wise, type II kinase inhibitors, such molecules indiscriminately shut off either XBP1 mRNA
splicing or RIDD, providing a complete inhibition of distinct IRE1 functionalities [105].
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Inhibition of RNase domain seems to be more clinically significant, as it demonstrates
more predictable effects than targeting the kinase domain and does not exhibit as many
off-target activities. Nevertheless, the application of specific IRE1 modulators has proven to
be useful in the certain cellular contexts, as it allows the investigation of molecular events
associated with selective activation or inhibition of the respective IRE1 activities. It may
also clarify the exact role of IRE1-dependent signaling pathways in diverse physiological
and pathological settings (Figure 4).
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Importantly, despite numerous reports on therapeutic potential of activation of
IRE1/XBP1-dependent signaling pathway and the cytoprotective effects that it exerts
in certain pathological conditions, the subset of selective IRE1 RNase activators has not yet
been extensively evaluated.

4.1. The Kinase Type I Inhbitors
4.1.1. APY29

APY29 is an ATP-competitive, type I kinase inhibitor of IRE1α activity. It acts through
interaction with an ATP-binding site, stabilization of kinase conformation, and allosteric-
dependent activation of the adjacent RNase domain, even in the absence of ER stress.
It has been shown to exert opposing effects on RNase activity to the type II inhibitor
C27H23F3N6O, and it is also able to reverse its action. Structurally, the kinase catalytic
domain of yeast IRE1 bound with APY29 is, as in the case of ATP or ADP, in an active
conformation (DFG-in) [103]. Although APY29 is widely used in structural studies on
IRE1 activity and drug development, it has been found to be toxic at low micromolar
concentrations, which considerably limits its application in different cellular models [102].

4.1.2. Sunitinib

Sunitinib is an FDA-approved anti-cancer drug that blocks the autophosphorylation
activity of IRE1α in a dose-dependent manner and, as a type I pharmacophore, is regarded
as a potent activator of IRE1 RNase activity. As in the case of APY29, sunitinib stabilizes an
ATP-binding site conformation, which induces activation of the RNase domain [103]. The
underlying mechanism of partial activation of the enzyme could be explained by the fact
that the inhibitor fills the ATP-binding site, but not the phosphate or ribose subsites [77].
Unexpectedly, Sunitinib was demonstrated to effectively inhibit both IRE1 autophosphory-
lation and XBP1 mRNA splicing in H929 and U266 myeloma cells treated with tunicamycin
(Tm) in vitro and in vivo. Thus, it was suggested that Sunitinib-mediated block of XBP1
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splicing is a consequence of the autophosphorylation-dependent inhibition of IRE1 RNase
activity of IRE1 in myeloma cells [72]. Sunitinib co-administered with chloroquine or/and
gemcitabine exerted synergistic effect against pancreatic ductal adenocarcinoma (PDAC)
in vitro and in vivo. Mice treated with all three compounds demonstrated increased sur-
vival, with the corresponding reduced BiP expression, decreased cell proliferation, and
increased apoptosis in the pancreas [106]. Nonetheless, the contradictory effects that Suni-
tinib exerts on RNase domain in distinct experimental models require further exploration
to establish its actual mechanism of action.

4.1.3. IPA

IPA, a potent second-generation IRE1 activator of low molecular weight, activates
the RNase domain via interaction with ATP-binding site, which in turn predisposes the
kinase domain to oligomerize. A study in HEK293T cells revealed that IPA may in fact
bind to PERK kinase active site and inhibit it or, at the low concentrations, activate a small
subset of PERK molecules (15%) in a manner dependent on ligand-induced conformational
changes [107]. Additionally, IPA exerted toxicity at nanomolar concentrations in treated
cells, which presumably resulted from off-target binding of IPA to the other kinases.
Mentioned findings indicate that IPA is not recommended to be used as a selective IRE1
modulator in terms of further research on cellular and organismal models [102].

4.2. The Kinase Type II Inhbitors
4.2.1. C27H23F3N6O

C27H23F3N6O belongs to the second class of kinase inhibitors, which can inhibit RNase
activity via interaction with the ATP-binding site, also under ER stress conditions. This is
achieved by stabilization of kinase domain in a conformation alternative to that induced
by first class inhibitors, so as to disable RNase activity. The above-mentioned inhibitor was
able to suppress XBP1 mRNA splicing to a similar extent as a direct small molecule RNase
inhibitor, STF-083010, and it also reduced autophosphorylation of IRE1α kinase domain
in vitro in a dose-dependent manner, similarly to APY29. In the competition experiments,
increasing concentrations of APY29 or sunitinib progressively reversed the inhibitory
effect on RNase caused by C27H23F3N6O, and conversely, increasing concentrations of
C27H23F3N6O inhibited RNase activity previously induced by APY29. This suggests that
all tested inhibitors act on the same binding site, and that APY29 serves as a slight activator
of RNase function [103].

4.2.2. KIRA Analogs

In contrast to type I inhibitors, kinase inhibiting RNase attenuators (KIRAs) constitute
ATP-competitive, imidazopyrazine-based inhibitors that inhibit RNase activity by allosteric
interaction with the kinase domain. Structural analysis of 1-32 KIRA analogs revealed that
these inhibitory compounds contain an aryl-urea moiety that stabilizes the kinase domain
in a DFG-out inactive conformation [74]. Moreover, KIRAs have been demonstrated to
specifically target distinct IRE1 oligomerization states and have the ability to break down
IRE1 oligomers. KIRAs therefore preferentially block terminal RIDD activity triggered by
hyperactive IRE1 levels over cytoprotective XBP1s signaling, and the effect is apparently
dose-dependent [105]. Indeed, it has been found that a C32H31ClN6O3S KIRA inhibitor
developed by Amgen projects an arylsulfonamide moiety, which causes the displacement of
C-helix from the active conformation. This in turn disrupts the RNase interface of the active
IRE1 back-to-back dimers, resulting in monomerization and loss of RNase activity [74].
The other report based on structural analyses proposed a model in which KIRAs act at an
early stage of IRE1 activation via interaction with IRE1 face-to-face dimer formation, which
as a result disables the RNase activation [71]. It has recently been discovered that KIRAs
block the enzymatic activity not only of IRE1α, but also of the IRE1β isoform [108].

One of the KIRA analogs, KIRA6, has been tested in several pathological back-
grounds with promising results—it preserved photoreceptor functional viability in ER
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stress-induced retinal degeneration rat model, function of pancreatic β cells in Akita dia-
betic mice, and the viability of Zika virus (ZIKV)-infected cells, but demonstrated no signif-
icant off-target effects after systemic administration [105,109,110]. Furthermore, in 5TGM1
cells, KIRA6 managed to suppress the bacterial subtilase cytotoxin (SubAB)-induced S729
phosphorylation of IRE1, whereas other inhibitors like staurosporine, imatinib, or suma-
tinib did not. KIRA6 had negligible impact on the XBP1s levels, and it also did not inhibit
IRE1 phosphorylation at other sites [111]. However, in addition to IRE1, KIRA6 has re-
cently been demonstrated to directly bind to KIT kinase at sub-micromolar concentrations
and inhibit it; it was also found to induce cell death in a mast-cell leukemia cell line in a
KIT-dependent manner [112]. In view of the mentioned off-target kinase inhibitory effects,
the application of KIRA6 is limited for further research and instead, other selective IRE1
inhibitors should be applied. However, KIRA7 and KIRA8 analogs efficaciously mitigated
ER stress-induced apoptosis in murine alveolar epithelial cells exposed to bleomycin. Both
inhibitors prevented or even reversed pulmonary fibrosis in vivo, which makes them
promising candidates in terms of anti-fibrotic drug development [113].

C32H31ClN6O3S and C31H29ClN6O3S (KIRA8), which were obtained by means of a
high-throughput screen (HTS) of the Amgen library and structure–activity relationship
(SAR) studies, proved to be inefficient in cellular models, despite having high selectivity for
IRE1. Strikingly, screening of more than 300 native tumor cell lines against the investigated
compounds did not reveal any effects on cell viability. Importantly, the panel included
15 MM cell lines, which are known to exhibit high levels of IRE1/XBP1s activity. These
results contradict previous findings, implying that IRE1 does not play a critical role in
tumor cell survival in vitro, and they call into question the utility of IRE1 inhibitors as
novel antineoplastic agents [114]. Interestingly, further studies on KIRA8 revealed that it
markedly inhibited the growth of MM and B-derived, nonmyeloma cancer cell lines in 3D
cultures, while it had a much weaker impact on cells growing in 2D cultures. Moreover,
the inhibitor managed to attenuate the growth of human MM xenografts in mice, either
in subcutaneous (s.c.) and more clinically relevant orthometastatic models. Besides the
antitumor effect, KIRA8 spared the function of nonmalignant hematopoietic cells, including
plasma cells, primary hepatocytes, and pancreatic microislets, wherein it preserved insulin
secretion in vitro; it was also well tolerated by treated animals [115].

4.3. RNase Inhbitors
4.3.1. Salicylaldehydes

Salicylaldehyde analogs, which were identified through HTS, inhibit the site-specific
cleavage of several mini-XBP1 SL RNAs as the substrates of IRE1 RNase in a dose-dependent
manner. One potent salicylaldehyde analog is 3-ethoxy-5,6-dibromosalicylaldehyde, which
has been demonstrated to bind to IRE1 in a specific, reversible, and dose-dependent fashion.
Further in vitro analyses revealed that salicylaldehydes not only inhibit pharmacologically
induced XBP1 mRNA processing, but they also block transcriptional upregulation of XBP1
target genes and RIDD-targeted mRNAs. Additionally, 3-methoxy-6-bromosalicylaldehyde
effectively inhibited splicing of XBP1 mRNA in vivo, in Tm-treated mice [116]. The ef-
fectiveness of 3-methoxy-6-bromosalicylaldehyde has also been tested in several pancre-
atic cancer cell lines: In contrast to 2-hydroxy-1-naphthaldehyde (HNA), 3-methoxy-6-
bromosalicylaldehyde inhibited the splicing of XBP1 mRNA, the colony formation in vitro,
and it reduced tumor size in a mouse xenograft model [117].

4.3.2. 4µ8C

Mechanistically, 4µ8C, which selectively binds to K907 in the RNase catalytic pocket
with a formation of stable imine, blocks substrate access to the active site of IRE1 and
consequently inhibits either XBP1 splicing or RIDD [118]. Treatment of H4IIE hepatoma
cells with 4µ8C decreased splicing of XBP1 mRNA and RIDD activities of IRE1, regardless
of presence of ER stress, and the drug significantly reduced cell proliferation in a dose-
response manner. Notably, only higher concentrations of the inhibitor (60 µM) induced
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significant off-target effects [119]. 4µ8C effectively suppressed proliferation of luminal
breast cancer cells and the aggressive phenotypes overexpressing IRE1, although the
mechanism did not involve inhibition of XBP1 splicing [120]. By contrast, 4µ8C inhibited
the XBP1 mRNA splicing in response to ER stress triggered by mutant proinsulin (C96Y)
production in insulinoma cell line; however, the inhibition affected neither ERAD nor ER
stress-induced apoptosis [121]. 4µ8C has also been shown to suppress inflammation in
the arthritis mouse model and to counteract lipid-induced inflammation in in vitro and
in vivo models of atherosclerotic disease [31]. Despite having remarkable selectivity for
IRE1 in vitro, 4µ8C attenuated tumor growth, but did not evoke severe cytotoxicity in MM
cell lines, whilst the inhibitor affected ER expansion and amylase secretion in AR42J cells
co-treated with dexamethasone [118]. However, 4µ8C has demonstrated several off-target
activities, as it decreased xanthine/xanthine oxidase- and angiotensin II-mediated ROS
generation in vitro at low micromolar concentrations. Thus, it has been concluded that
4µ8C may act as a potent reactive oxygen species (ROS) scavenger and should be carefully
used in research aimed at IRE1α inhibition [122]. Furthermore, the utility of 4µ8C in animal
models seems to be limited due to its unfavorable pharmacokinetics [118].

4.3.3. STF-083010

STF-083010, an RNase inhibitor, comprises an aldehyde moiety and an imine bond that
undergoes hydrolysis in aqueous solution with a formation of an active product, 2-hydroxy-
1-naphthaldehyde (HNA) [104]. HNA is smaller than STF-083010 but demonstrates full
inhibitory potency [123]. Both inhibitory molecules have proven to be effective against
several pancreatic cancer and chronic lymphocytic leukemia (CLL) cell lines, wherein
they inhibited the XBP1 splicing reaction in a dose-dependent manner. Moreover, the
normalized isobologram analysis revealed the synergistic effect of STF combined with
bortezomib in four pancreatic cancer cell lines [117]. In acute myeloid leukemia (AML)
cell lines and patient samples, either STF-083010 or HNA attenuated XBP1 mRNA splicing
and evoked a cytotoxic effect. The apoptosis induced by inhibitors was caspase-dependent
and involved G1 cell cycle arrest. HNA combined with bortezomib or As2O3 induced
synergistic, cytotoxic effect against NB4 cells and AML patient-derived cells, depending
on an increase in p-JNK levels and decrease in p-PI3K and p-MAPK levels. By contrast,
normal human marrow mononuclear cells appear to remain unaffected upon treatment
with HNA. As compared to STF-083010 and MKC-3946, HNA showed slightly greater
inhibition of IRE1/XBP1s signaling [124]. In patient-derived pre-B acute lymphoblastic
leukemia (ALL) cells, STF-083010 also reduced XBP1s levels in a dose-dependent fash-
ion. HNA demonstrates similar effects to STF-083010 on the proliferation and survival of
patient-derived pre-B ALL cells, and both inhibitors employ mechanisms that encompass
cell cycle arrest at the G0/G1 phase. In addition, HNA significantly increased survival in
xenotransplant-recipient mice, injected with pre-B ALL cells at lower cell counts (50,000
and 10,000). Besides pre-B ALL cells, the inhibitory molecules managed to affect Ph+
ALL cells, especially the ones carrying the Tyrosine Kinase Inhibitor (TKI)-resistant mu-
tant BCR-ABL1T315I, whereas mature B-cell lymphoma and MM cells were significantly
less sensitive to treatment [123]. The antileukemic activity of STF-083010 was also con-
firmed in human MM xenograft model and freshly isolated CD138+ human MM cells [125].
Furthermore, STF-083010 was demonstrated to possess fungistatic properties, as it inhib-
ited colony growth of cultured A. fumigatus, whereas Toyocamycin did not [126]. Alike
4µ8C, STF-083010 reduced lipid-induced metainflammation and alleviated progression of
atherosclerosis upon administration to macrophages and ApoE−/− mice on a Western-type
diet [31].

4.3.4. Toyocamycin

Toyocamycin is an agent derived from Actinomycete strains that was shown to selec-
tively inhibit ER stress-mediated cleavage of XBP1 mRNA in HeLa cells without affecting
IRE1 phosphorylation. Moreover, toyocamycin suppressed the constitutive activation of
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XBP1 expression in MM cell lines, inhibited tumor growth in a MM xenograft in vivo
model, and synergistically enhanced the chemotherapeutic effect of bortezomib in MM
cells, including the bortezomib-resistant ones [127]. In multiple pancreatic cancer cell
lines, toyocamycin decreased the clonogenic growth in a dose-dependent manner, exerted
synergistic effect with bortezomib, 17-DMAG, gemcitabine or dasatinib, and affected the
mitochondrial membrane potential (MMP) of treated cells [117]. Toyocamycin reduced the
viability of prostate cancer PC-3 cells via induction of apoptosis, mitochondrial dysfunction,
ROS generation, and activation of MAPK-dependent signaling; however, it did not affect
non-malignant RWPE-1 cells [128]. The inhibitor also abolished the clonogenic growth of
human renal cell carcinoma (RCC) under hypoxic conditions, and reduced cyclosporine
A-induced expression of VEGF and IRE1 activation, which is of particular therapeutic
interest in the context of organ transplantation [129].

4.3.5. MKC Inhibitors

One representative of the MKC compounds series is the inhibitor MKC-4485. Admin-
istration of MKC-4485 reduced IRE1α activity and decreased levels of XBP1s in MODE-K
cells. The supernatant from MKC-4485-treated MODE-K cells triggers activation of den-
dritic cells. Interestingly, the results of this study suggest that reduced IRE1α activity plays
a crucial role in the activation of both dendritic and T cells, which is responsible for the
antitumor immunity observed in Rnf5−/− mice [130]. However, in Exn5/Exn5 HCT116
cells, administration of MKC-4485 reduced XBP1s levels but did not protect the cells against
ER stress-induced death; this indicates that IRE1-dependent signaling does not contribute
to the resistance of the HCT116 Exn5/Exn5 phenotype [131].

On the other hand, MKC-8866 showed effectiveness against GBM when combined with
Stupp-like protocol (irradiation/TMZ treatment) in vivo. As the inhibitor does not pass the
BBB, it was delivered intraoperatively by means of a biomaterial scaffold. Such combined
treatment significantly increased mouse survival (~20%) compared to the Stupp protocol
alone and resulted in a completely different tumor phenotype [132]. Co-administration
of MKC-8866 with another chemotherapeutic agent, paclitaxel, enhanced tumor suppres-
sion and delayed tumor relapse after therapy in a triple-negative breast cancer (TNBC)
xenograft mouse model [133]. Dual therapy with MKC-8866 and nilotinib showed a
striking synergism against BCR-ABL1+ ALL cell lines, SUP-B15 and TOM-1, and the pro-
apoptotic mechanism involved activation of p38 MAPK [134]. In prostate cancer (PC) cells,
not only did MKC-8866 demonstrate synergistic antitumor activity with currently used
chemotherapeutics, but also proved to be effective in monotherapy in PC murine mod-
els [135]. Intriguingly, treatment of rhabdomyosarcoma (RMS) cell lines with MKC-8866
significantly diminished cell viability, proliferation, and colony formation, with the alveolar
RMS subtype being highly sensitive to MKC-8866 exposure, and the embryonal subtype
susceptible to the selective PERK inhibitor AMGEN44 [136].

As in the case of 4µ8C, the MKC-3946 mutant abolished proinsulin-induced XBP1
mRNA splicing in insulinoma cell line [121]. In AML cell lines and patient samples, MKC-
3946 also effectively blocked cleavage of XBP1 mRNA and exerted a cytotoxic effect, in
a manner similar to that of STF-083010, HNA, and toyocamycin [124]. Its antineoplastic
potency has also been confirmed in MM in vitro and in vivo; in these, the inhibitor triggered
modest growth inhibition but did not affect normal mononuclear cells. In addition, MKC-
3946 fostered bortezomib- and 17-AAG-induced ER stress and the resulting apoptotic cell
death, and the effect was independent of the presence of bone marrow stromal cells or
IL-6 [137].

4.3.6. HAA

Apart from 4µ8C and MKC-3946, other aromatic ring systems containing hydroxy-
aldehyde moieties that belong to the hydroxy–aryl–aldehydes (HAA) class have recently
been identified [138]. HAA inhibitors have been demonstrated to selectively target IRE1α
RNase function, and thus inhibit both XBP1 splicing and RIDD activity in the cellular
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context. Similar to other direct RNase inhibitors, the mechanism of action of HAA involves
Schiff base formation with the K907 residue. Additionally, HAA molecules dock into a
shallow pocket at the RNase-active site, which involves pi-stacking interactions with H910,
F889, and Y892 [139]. A detailed understanding of present molecular interactions may
lead to development of novel HAA-derivative IRE1 inhibitory compounds that could have
potential clinical use in the future.

4.3.7. B-I09

B-I09 is a novel, highly selective RNase inhibitor with a structure based on tricyclic
chromenone. It was recently developed to improve the cellular and in vivo efficacy, bioavail-
ability, and pharmacokinetics of the existing inhibitors. B-I09 potently suppressed XBP1
activity and triggered apoptosis in CLL cells, and effectively attenuated leukemic progres-
sion in CLL-bearing Eµ-TCL1 mice, without inducing systemic toxicity. Mechanistically,
B-I09 compromised B cell receptor (BCR)-dependent signaling in treated cells but did not af-
fect the secretory and integral membrane-bound protein transport. Upon co-administration
with the BTK inhibitor ibrutinib, the two drugs synergize to orchestrate apoptosis in several
hematopoietic malignancy models, including B cell leukemia, lymphoma, and MM [140].
Additionally, B-I09 has recently been found to exert synergistic effects with doxorubicin
against c-Myc-overexpressing Burkitt’s lymphoma (BL) [141]. Thus, further studies should
examine whether the other tumors known to overexpress c-Myc, such as hepatocellular car-
cinoma, neuroblastoma, or PC [142], are equally sensitive to pharmacological modulation
of IRE1 signaling.

4.3.8. K114

Recently, a novel, luciferase reporter-based in vivo assay using medaka fish was
developed for more detailed investigation of IRE1 inhibitors and monitoring of their
pharmacokinetics. This phenotypic screening approach identified K114 from 1280 other
compounds. The inhibitor proved to be effective against ER stress-induced XBP1 mRNA
splicing in human colorectal cancer HCT116 cells, and it was shown to inhibit the cleavage
of XBP1 mRNA by purified IRE1-C in vitro as effectively as 4µ8C, in a dose-dependent
manner. In the reported assay, usage of the investigated inhibitor appeared to be detri-
mental to ATF6-knockout medaka, as it induced intracerebral hemorrhage in ATF6α−/−

embryos, but not in the wild-type ones. Interestingly, the effective concentration of 4µ8C
in the mentioned in vivo model was significantly higher than the one established in vitro.
This phenomenon was presumably associated with the formation of a Schiff base with
K907, which makes 4µ8C prone to nonspecific inactivation in vivo [29].

4.4. Other Inhibitors Specific for IRE1

Several acridine derivatives have recently been identified using a luciferase reporter–based
HTS and topological data analysis (TDA), among which the N9-(3-(dimethylamino)propyl)-
N3,N3,N6,N6-tetramethylacridine-3,6,9-triamine (3,6-DMAD) demonstrated the most po-
tent inhibition of IRE1-dependent signaling. 3,6-DMAD disrupted oligomerization of IRE1
and inhibited RNase activity with the resulting XBP1 mRNA splicing in the novel, unique
mechanism of action, distinct from that of any other existing IRE1 inhibitor. Moreover, 3,6-
DMAD exerted a cytotoxic effect in MM cell lines and suppressed the growth of MM tumor
xenografts in vivo via inhibition of IRE1/XBPs signaling [138]. These findings provide a
strong preclinical rationale for potential application of 3,6-DMAM in future therapeutic
approaches against MM. Nevertheless, further studies including SAR analysis are required
in order to clarify the detailed structural properties of 3,6-DMAD and the mechanisms
underlying its inhibitory effect.
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4.5. IRE1 Activators
4.5.1. Quercetin

The flavonol quercetin was demonstrated to activate IRE1 RNase function in yeast.
As revealed by structural analysis, the compound potentiates ADP-mediated activation
of IRE, with the engagement of a nucleotide-binding cleft at the dimer interface of the
RNase domain, distinct from the previously described nucleotide-binding site. Therefore,
it has been suggested that the mechanism of action of quercetin involves enhanced dimer
formation. These findings shed light on the novel possibilities of potential modulation
of IRE1-dependent signaling and may assist in the development of further modulatory
compounds interacting with mentioned unanticipated site of the RNase domain [143].

4.5.2. NM-PP1

1NM-PP1 is an ATP mimetic that has been demonstrated to activate RNase by an
allosteric mechanism by binding specifically to a designed pocket of an IRE1(I642G) mutant
with a disabled kinase domain. This provided evidence that the requirement for ATP
binding can be bypassed by incubation with 1NM-PP1, and that the activation of kinase
domain can be entirely bypassed for induction of RNase activity [144,145]. Notably, upon
application of the 1NM-PP1 in IRE1(I642G) overexpressing cells, XBP1 mRNA splicing
was induced, even in the absence of ER stress, whereas RIDD was not [93]. Surprisingly,
upon development of IRE1 kinase domain mutants particularly sensitized to the effects
of 1NM-PP1, it has been found that obtained mutants were not inhibited by 1NM-PP1,
but, conversely, required the drug as a cofactor for their activation. These findings suggest
that it is ATP competitive ligand-induced conformational change that is responsible for the
activation of the kinase domain and its associated molecular events, not necessarily the
phosphotransfer reaction [144].

4.5.3. Other Activators of IRE1 Function

In contrast to the allosteric activators of RNase domain described above, recent work
has identified a new class of ATP-competitive RNase activators displaying high selectivity
and strong cellular activity. The two most potent allosteric IRE1 activators identified so
far, namely G-9807 and G-1749, were selected by means of ATP-competitive TR-FRET
assay. Both IRE1 modulators bound to the kinase domain and induced RNase activation
with low-nanomolar IC50 values. Treatment of the KMS-11 MM cell line with G-9807 and
G-1749 resulted in significant elevation of the XBP1s mRNA cellular levels and decreased
levels of the RIDD-specific target, DGAT2. One of the selected molecules, G-1749, proved
to be potent and to demonstrate nigh kinase selectivity towards IRE1, and neither G-9807
nor G-1749 inhibited PERK. Moreover, it has been found that G-1749 is structurally similar
to the C31H29ClN6O3S (KIRA8); however, the two molecules exert opposing effects on the
modulation of RNase activity. G-1749 promotes IRE1 RNase activity via occupation of the
kinase pocket proximal to the DFG motif, which leads to a distinct conformation of the
activation loop (DFG-in or C-helix in), and this mechanism does not stabilize the dimer
interface [146]. These finding suggests that the IRE1 kinase activation loop may play a role
in the regulation of RNase activity.

IXA1, IXA4, and IXA6 are novel, non-toxic molecules capable of inducing IRE1 RNase
activity; all were identified through HTS approach. All molecules were found to selec-
tively activate IRE1/XBP1s signaling. This mechanism was highly specific, independent
of binding the ATP-binding pocket, and did not globally activate other signaling path-
ways related to ER stress, including heat shock response and oxidative stress response.
Interestingly, exposure of HEK293T cells to IXA4 evoked XBP1 splicing, but not the other
IRE1-specific activities such as RIDD or JNK phosphorylation, which are associated with
the activation of IRE1-dependent signaling under chronic stress conditions. In SH-SY5Y
cells expressing amyloid precursor protein (APP) mutants, that are directly associated with
the pathogenesis Alzheimer’s disease (AD), IXA4 increased targeting of APP to degra-
dation in IRE1-dependent fashion, and thus contributed to reduced Aβ secretion and
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improvement of ER proteostasis. Furthermore, IXA4 alleviated mitochondrial toxicity
related to overexpression of mutant APP [147]. These findings emphasize the unique
character of the investigated modulatory compounds as compared to previously described
IRE1 activators. Nevertheless, further studies are needed in order to assess their potency in
the other experimental models and under varying conditions.

5. Summary and Perspective

As the most conserved and the most well studied branch of the UPR, IRE1 has been
suggested to be a key player in the regulation of intracellular homeostasis and cell fate
determination. It is also for these reasons that IRE1 is considered as technically easier
to target by pharmaceuticals, as compared to PERK or ATF6. Recent structural analyses
have provided a deeper insight into molecular mechanisms underlying the activation
of IRE1 and of its corresponding, downstream signaling pathways. On the contrary, the
initiating mechanism and regulatory components associated with activation of the molecule
remain much more elusive and controversial, with the multiple models being proposed. As
described above, IRE1 can become activated in distinct ways: Via dissociation of BiP, direct
interaction with misfolded protein or lipid disequilibrium, and the activity is regulated
by numerous factors like ERdj4, RNH1, or XBP1u, but more detailed characteristics of
regulatory events that fine tune IRE1-dependent signaling are yet to be established. The
unique, separate activity of the two enzymatic domains of IRE1, which can be targeted
independently of each other, makes it a desirable feature for experimental evaluation of
distinct IRE1 functionalities and development of potential pharmacological approaches.
Importantly, the ability of IRE1 to induce apoptotic cell death via TRAF2/JNK cascade,
without the involvement of RNase domain, may serve as another interesting therapeutic
target. The IRE1-driven cell fate determination is also dependent on the establishment of
the balance between XBP1 splicing and RIDD activities. According to one theory, it is the
oligomerization of IRE1 molecules into higher-order assemblies that drives the maximal
splicing activity. All these molecular events associated with the activation and signaling of
IRE1 are crucial for establishing its role in human pathologies and development of new
therapeutics.

In view of the newest findings, there is no doubt that it is the timing of the stressful
stimuli that eventually switches the IRE1 response from pro-survival towards pro-apoptotic
and results in execution of apoptotic cell death. Accordingly, ER stress may in fact be
overcome with gradually switching of the respective UPR signaling pathways, from ATF6
towards IRE1/XBP1, whereas at the late phases, the cell fate depends on inactivation
of IRE1 with a persistent, pro-apoptotic PERK activity. Of note, the IRE1 branch has
been demonstrated to interact with other signaling pathways, like MAPK and mTOR,
as well as with the other two arms of the UPR. In particular, the essential role of ATF6
signaling in maintenance of IRE1-dependent XBP1s processing should be taken into account.
The fact that both IRE1- and PERK-dependent pathways converge on CHOP-mediated
DR5 processing with the subsequent induction of pro-apoptotic signaling indicates for
importance of integration between these UPR branches in determining cell fate under
stressful conditions. Further studies are needed to distinguish the separate activities of the
two molecules.

As a plethora of cellular functions is under control of the UPR signaling cascades,
these could be targeted in various contexts of human diseases. Basal UPR signaling is
pivotal for proper functioning of secretory cells like plasma B cells, which require tight
regulation of secretory mechanisms and are prone to protein overload. In particular, XBP1
has been demonstrated to regulate the synthesis of immunoglobulins as well as expression
of genes encoding for early B-cell antigens. Conversely, persistent overactivation of this
pathway under chronic stress conditions is linked to numerous pathologies and was shown
to promote survival of certain cancer types. With this regard, emerging evidence suggests
the potential of pharmacological inhibition of IRE1 signaling in the case of highly secretory
malignancies with high utilization of XBP1s signaling, like insulinoma or multiple myeloma.
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Studies summarized here support this concept, as a broad range of specific IRE1 inhibitors
were tested with promising results in preclinical MM in vitro and in vivo models, as well
as in numerous leukemic and pancreatic cancer cell lines. Importantly, KIRA8 and several
RNase inhibitors (HNA, STF-083010, MKC-8866, and MKC-3946) did not alter functioning
of nonmalignant cells and were well tolerated in in vivo studies. Furthermore, the fact that
leukemic cells benefit from UPR signaling to acquire drug resistance provides a strong
rationale for use of IRE1 inhibitors in combined therapeutic approaches; this is of utmost
importance especially in terms of resistance to TKIs. Consistently, the effectiveness of STF-
083010 and HNA against the Ph+ ALL cells with TKI-resistant BCR-ABL1T315I mutation
is indicative of their great potential for novel, personalized molecular therapy against
this type of leukemia. The other aspect of IRE1-targeted antitumor therapy that could be
assessed is the expression of pro-angiogenic factor VEGF, the regulation of which was also
shown to depend on IRE1 signaling.

Understanding the crosstalk between the complex intramolecular signaling pathways
and the way it executes cell fate decisions may lead towards discovery of novel therapeutic
approaches as regards selective IRE1 inhibitors. Nevertheless, it should be kept in mind
that selective inhibition of the respective kinase and RNase activities of IRE1 leads to
differing effects, which is strictly associated with the binding site that the modulatory
compounds interact with and the potential conformational changes of the enzyme. Such
pharmacological intervention may also involve some compensatory mechanisms within
the other branches of the UPR, which requires further investigation. The effects of IRE1
inhibition by specific molecules should be therefore investigated carefully, with special
regard to their potential off-target properties, including affinity for other kinases. Although
kinase inhibitors provide a unique opportunity for modulation of RNase activity of IRE1
without interaction with RNase domain, direct RNase inhibitors seem to be more favorable
candidates for application in preclinical models. As a complete inhibition or activation of
the specific UPR signaling pathways may in fact cause severe on-target toxicity, and this
effect is not desirable in non-cancer cells, it is warranted to exploit the partial modulators
of IRE1 signaling, that can provide a sort of restoration of the UPR function or modulate it
in a unique way. Another problem to be solved is the actual mechanism of action of several
newly discovered inhibitors like 3,6-DMAD, which could not be classified either as type I
or type II kinase inhibitor.

A plethora of studies indicate that loss of IRE1/XBP1 signaling significantly impairs
cell survival, which is of particular importance in the context of neurodegenerative diseases,
infarction, and several metabolic disorders. In the light of this latest evidence for the
cytoprotective role of IRE1 suggesting that it is in fact the abolishment of IRE1 signaling
that contributes to cell apoptosis, the development of specific IRE1 activators and extensive
evaluation of their properties should also be considered. Intriguingly, one of such molecules,
G-1749, potently activate RNase domain in contrast to KIRA8 inhibitor, despite structural
similarity of the two compounds and the same binding site; this finding reflects the
importance of further structural studies on the regulatory sites within kinase domain. The
other newly developed IRE1 activators (IXA compounds) induce RNase activity in a highly
specific manner, distinct from that of type I kinase inhibitors, and modulate IRE1/XBP1s
signaling to moderate levels (~30–40%), which considerably reduces the risk of potential
on-target toxic effects. The careful evaluation of multiple cellular and animal models of
distinct genetic and physiological backgrounds is crucial for more refined assessment of the
efficacy of novel IRE1 modulators, especially in the context of innovative, reporter-based
in vivo assays. Along these lines, further research is needed to answer all unresolved issues,
continue the development of IRE1 modulatory compounds, and eventually translate them
into clinical practice.
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cleavage of IRE1 controls apoptotic cell commitment during endoplasmic reticulum stress. Elife 2019, 8. [CrossRef] [PubMed]

36. Yoshida, H.; Matsui, T.; Yamamoto, A.; Okada, T.; Mori, K. XBP1 mRNA is induced by ATF6 and spliced by IRE1 in response to
ER stress to produce a highly active transcription factor. Cell 2001, 107, 881–891. [CrossRef]

37. Tsuru, A.; Imai, Y.; Saito, M.; Kohno, K. Novel mechanism of enhancing IRE1α-XBP1 signalling via the PERK-ATF4 pathway. Sci.
Rep. 2016, 6, 24217. [CrossRef] [PubMed]

38. Lee, K.; Tirasophon, W.; Shen, X.; Michalak, M.; Prywes, R.; Okada, T.; Yoshida, H.; Mori, K.; Kaufman, R.J. IRE1-mediated
unconventional mRNA splicing and S2P-mediated ATF6 cleavage merge to regulate XBP1 in signaling the unfolded protein
response. Genes Dev. 2002, 16, 452–466. [CrossRef]

39. Hampton, R.Y. IRE1: A role in UPREgulation of ER degradation. Dev. Cell 2003, 4, 144–146. [CrossRef]
40. Walter, F.; O’Brien, A.; Concannon, C.G.; Düssmann, H.; Prehn, J.H.M. ER stress signaling has an activating transcription factor 6

(ATF6)-dependent “off-switch”. J. Biol. Chem. 2018, 293, 18270–18284. [CrossRef]
41. Saraswat Ohri, S.; Howard, R.M.; Liu, Y.; Andres, K.R.; Shepard, C.T.; Hetman, M.; Whittemore, S.R. Oligodendrocyte-specific

deletion of Xbp1 exacerbates the endoplasmic reticulum stress response and restricts locomotor recovery after thoracic spinal
cord injury. Glia 2020, 69. [CrossRef] [PubMed]

42. Lin, J.H.; Li, H.; Yasumura, D.; Cohen, H.R.; Zhang, C.; Panning, B.; Shokat, K.M.; LaVail, M.M.; Walter, P. IRE1 signaling affects
cell fate during the unfolded protein response. Science 2007, 318, 944–949. [CrossRef] [PubMed]

43. Chang, T.K.; Lawrence, D.A.; Lu, M.; Tan, J.; Harnoss, J.M.; Marsters, S.A.; Liu, P.; Sandoval, W.; Martin, S.E.; Ashkenazi, A.
Coordination between Two Branches of the Unfolded Protein Response Determines Apoptotic Cell Fate. Mol. Cell 2018, 71,
629–636.e5. [CrossRef] [PubMed]

44. Moore, K.; Hollien, J. Ire1-mediated decay in mammalian cells relies on mRNA sequence, structure, and translational status. Mol.
Biol. Cell 2015, 26, 2873–2884. [CrossRef] [PubMed]

45. Walter, F.; Schmid, J.; Dussmann, H.; Concannon, C.G.; Prehn, J.H.M. Imaging of single cell responses to ER stress indicates that
the relative dynamics of IRE1/XBP1 and PERK/ATF4 signalling rather than a switch between signalling branches determine cell
survival. Cell Death Differ. 2015, 22, 1502–1516. [CrossRef]

46. Sureda, A.; Alizadeh, J.; Nabavi, S.F.; Berindan-Neagoe, I.; Cismaru, C.A.; Jeandet, P.; Łos, M.J.; Clementi, E.; Nabavi, S.M.;
Ghavami, S. Endoplasmic reticulum as a potential therapeutic target for covid-19 infection management? Eur. J. Pharmacol. 2020,
882. [CrossRef]

http://doi.org/10.1038/nrneurol.2017.99
http://doi.org/10.1172/JCI95873
http://www.ncbi.nlm.nih.gov/pubmed/29480818
http://doi.org/10.1016/j.biopha.2019.109249
http://www.ncbi.nlm.nih.gov/pubmed/31351428
http://doi.org/10.3390/ijms21062108
http://www.ncbi.nlm.nih.gov/pubmed/32204380
http://doi.org/10.1007/s10495-016-1296-4
http://www.ncbi.nlm.nih.gov/pubmed/27815720
http://doi.org/10.1007/s00125-017-4462-5
http://doi.org/10.1247/csf.19032
http://doi.org/10.1126/scitranslmed.aau5266
http://www.ncbi.nlm.nih.gov/pubmed/30728287
http://doi.org/10.1073/pnas.1621188114
http://doi.org/10.1111/febs.15372
http://www.ncbi.nlm.nih.gov/pubmed/32446294
http://doi.org/10.3389/fmolb.2019.00011
http://www.ncbi.nlm.nih.gov/pubmed/30931312
http://doi.org/10.1159/000443039
http://www.ncbi.nlm.nih.gov/pubmed/26910807
http://doi.org/10.7554/eLife.47084
http://www.ncbi.nlm.nih.gov/pubmed/31453810
http://doi.org/10.1016/S0092-8674(01)00611-0
http://doi.org/10.1038/srep24217
http://www.ncbi.nlm.nih.gov/pubmed/27052593
http://doi.org/10.1101/gad.964702
http://doi.org/10.1016/S1534-5807(03)00032-7
http://doi.org/10.1074/jbc.RA118.002121
http://doi.org/10.1002/glia.23907
http://www.ncbi.nlm.nih.gov/pubmed/32926479
http://doi.org/10.1126/science.1146361
http://www.ncbi.nlm.nih.gov/pubmed/17991856
http://doi.org/10.1016/j.molcel.2018.06.038
http://www.ncbi.nlm.nih.gov/pubmed/30118681
http://doi.org/10.1091/mbc.E15-02-0074
http://www.ncbi.nlm.nih.gov/pubmed/26108623
http://doi.org/10.1038/cdd.2014.241
http://doi.org/10.1016/j.ejphar.2020.173288


Biomedicines 2021, 9, 156 25 of 29

47. Versteeg, G.A.; van de Nes, P.S.; Bredenbeek, P.J.; Spaan, W.J.M. The Coronavirus Spike Protein Induces Endoplasmic Reticulum
Stress and Upregulation of Intracellular Chemokine mRNA Concentrations. J. Virol. 2007, 81, 10981–10990. [CrossRef]

48. Bechill, J.; Chen, Z.; Brewer, J.W.; Baker, S.C. Coronavirus Infection Modulates the Unfolded Protein Response and Mediates
Sustained Translational Repression. J. Virol. 2008, 82, 4492–4501. [CrossRef]

49. Chan, C.-P.; Siu, K.-L.; Chin, K.-T.; Yuen, K.-Y.; Zheng, B.; Jin, D.-Y. Modulation of the Unfolded Protein Response by the Severe
Acute Respiratory Syndrome Coronavirus Spike Protein. J. Virol. 2006, 80, 9279–9287. [CrossRef]

50. Sicari, D.; Chatziioannou, A.; Koutsandreas, T.; Sitia, R.; Chevet, E. Role of the early secretory pathway in SARS-CoV-2 Infection.
J. Cell Biol. 2020, 219, e202006005. [CrossRef]

51. Fung, T.S.; Liu, D.X. The ER stress sensor IRE1 and MAP kinase ERK modulate autophagy induction in cells infected with
coronavirus infectious bronchitis virus. Virology 2019, 533, 34–44. [CrossRef]

52. Fung, T.S.; Liao, Y.; Liu, D.X. The Endoplasmic Reticulum Stress Sensor IRE1 Protects Cells from Apoptosis Induced by the
Coronavirus Infectious Bronchitis Virus. J. Virol. 2014, 88, 12752–12764. [CrossRef] [PubMed]

53. Amin-Wetzel, N.; Saunders, R.A.; Kamphuis, M.J.; Rato, C.; Preissler, S.; Harding, H.P.; Ron, D. A J-Protein Co-chaperone Recruits
BiP to Monomerize IRE1 and Repress the Unfolded Protein Response. Cell 2017, 171, 1625–1637.e13. [CrossRef] [PubMed]

54. Amin-Wetzel, N.; Neidhardt, L.; Yan, Y.; Mayer, M.P.; Ron, D. Unstructured regions in IRE1α specify BiP-mediated destabilisation
of the luminal domain dimer and repression of the UPR. Elife 2019, 8, e50793. [CrossRef]

55. Walter, P.; Ron, D. The Unfolded Protein Response: From Stress Pathway to Homeostatic Regulation; American Association for the
Advancement of Science: Washington, DC, USA, 2011; Volume 334, pp. 1081–1086.

56. Kopp, M.C.; Nowak, P.R.; Larburu, N.; Adams, C.J.; Ali, M.M.U. In vitro FRET analysis of IRE1 and BiP association and
dissociation upon endoplasmic reticulum stress. Elife 2018, 7, e30257. [CrossRef]

57. Karagöz, G.E.; Acosta-Alvear, D.; Nguyen, H.T.; Lee, C.P.; Chu, F.; Walter, P. An unfolded protein-induced conformational switch
activates mammalian IRE1. Elife 2017, 6, e30700. [CrossRef] [PubMed]

58. Preissler, S.; Ron, D. Early events in the endoplasmic reticulum unfolded protein response. Cold Spring Harb. Perspect. Biol. 2019,
11. [CrossRef] [PubMed]

59. Wang, P.; Li, J.; Tao, J.; Sha, B. The luminal domain of the ER stress sensor protein PERK binds misfolded proteins and thereby
triggers PERK oligomerization. J. Biol. Chem. 2018, 293, 4110–4121. [CrossRef] [PubMed]

60. Oikawa, D.; Kimata, Y.; Kohno, K.; Iwawaki, T. Activation of mammalian IRE1α upon ER stress depends on dissociation of BiP
rather than on direct interaction with unfolded proteins. Exp. Cell Res. 2009, 315, 2496–2504. [CrossRef] [PubMed]

61. Halbleib, K.; Pesek, K.; Covino, R.; Hofbauer, H.F.; Wunnicke, D.; Hänelt, I.; Hummer, G.; Ernst, R. Activation of the Unfolded
Protein Response by Lipid Bilayer Stress. Mol. Cell 2017, 67, 673–684.e8. [CrossRef] [PubMed]

62. Bobrovnikova-Marjon, E.; Pytel, D.; Riese, M.J.; Vaites, L.P.; Singh, N.; Koretzky, G.A.; Witze, E.S.; Diehl, J.A. PERK Utilizes
Intrinsic Lipid Kinase Activity To Generate Phosphatidic Acid, Mediate Akt Activation, and Promote Adipocyte Differentiation.
Mol. Cell. Biol. 2012, 32, 2268–2278. [CrossRef] [PubMed]

63. Nagai, A.; Kadowaki, H.; Maruyama, T.; Takeda, K.; Nishitoh, H.; Ichijo, H. USP14 inhibits ER-associated degradation via
interaction with IRE1α. Biochem. Biophys. Res. Commun. 2009, 379, 995–1000. [CrossRef] [PubMed]

64. Lee, K.P.K.; Dey, M.; Neculai, D.; Cao, C.; Dever, T.E.; Sicheri, F. Structure of the Dual Enzyme Ire1 Reveals the Basis for Catalysis
and Regulation in Nonconventional RNA Splicing. Cell 2008, 132, 89–100. [CrossRef] [PubMed]

65. Yang, J.; Liu, H.; Li, L.; Liu, H.; Shi, W.; Yuan, X.; Wu, L. Structural Insights into IRE1 Functions in the Unfolded Protein Response.
Curr. Med. Chem. 2016, 23, 4706–4716. [CrossRef] [PubMed]

66. Joshi, A.; Newbatt, Y.; McAndrew, P.C.; Stubbs, M.; Burke, R.; Richards, M.W.; Bhatia, C.; Caldwell, J.J.; McHardy, T.; Collins, I.;
et al. Molecular mechanisms of human IRE1 activation through dimerization and ligand binding. Oncotarget 2015, 6, 13019–13035.
[CrossRef]

67. Zhou, J.; Liu, C.Y.; Back, S.H.; Clark, R.L.; Peisach, D.; Xu, Z.; Kaufman, R.J. The crystal structure of human IRE1 luminal domain
reveals a conserved dimerization interface required for activation of the unfolded protein response. Proc. Natl. Acad. Sci. USA
2006, 103, 14343–14348. [CrossRef]

68. Afzal, A.J.; Wood, A.J.; Lightfoot, D.A. Plant receptor-like serine threonine kinases: Roles in signaling and plant defense. Mol.
Plant Microbe Interact. 2008, 21, 507–517. [CrossRef] [PubMed]

69. Liu, C.Y.; Wong, H.N.; Schauerte, J.A.; Kaufman, R.J. The protein kinase/endoribonuclease IRE1α that signals the unfolded
protein response has a luminal N-terminal ligand-independent dimerization domain. J. Biol. Chem. 2002, 277, 18346–18356.
[CrossRef]

70. Cho, H.; Stanzione, F.; Oak, A.; Kim, G.H.; Yerneni, S.; Qi, L.; Sum, A.K.; Chan, C. Intrinsic Structural Features of the Human
IRE1α Transmembrane Domain Sense Membrane Lipid Saturation. Cell Rep. 2019, 27, 307–320.e5. [CrossRef] [PubMed]

71. Carlesso, A.; Chintha, C.; Gorman, A.M.; Samali, A.; Eriksson, L.A. Effect of Kinase Inhibiting RNase Attenuator (KIRA)
Compounds on the Formation of Face-to-Face Dimers of Inositol-Requiring Enzyme 1: Insights from Computational Modeling.
Int. J. Mol. Sci. 2019, 20, 5538. [CrossRef] [PubMed]

72. Ali, M.M.U.U.; Bagratuni, T.; Davenport, E.L.; Nowak, P.R.; Silva-Santisteban, M.C.; Hardcastle, A.; McAndrews, C.; Rowlands,
M.G.; Morgan, G.J.; Aherne, W.; et al. Structure of the Ire1 autophosphorylation complex and implications for the unfolded
protein response. EMBO J. 2011, 30, 894–905. [CrossRef] [PubMed]

http://doi.org/10.1128/JVI.01033-07
http://doi.org/10.1128/JVI.00017-08
http://doi.org/10.1128/JVI.00659-06
http://doi.org/10.1083/jcb.202006005
http://doi.org/10.1016/j.virol.2019.05.002
http://doi.org/10.1128/JVI.02138-14
http://www.ncbi.nlm.nih.gov/pubmed/25142592
http://doi.org/10.1016/j.cell.2017.10.040
http://www.ncbi.nlm.nih.gov/pubmed/29198525
http://doi.org/10.7554/eLife.50793
http://doi.org/10.7554/eLife.30257
http://doi.org/10.7554/eLife.30700
http://www.ncbi.nlm.nih.gov/pubmed/28971800
http://doi.org/10.1101/cshperspect.a033894
http://www.ncbi.nlm.nih.gov/pubmed/30396883
http://doi.org/10.1074/jbc.RA117.001294
http://www.ncbi.nlm.nih.gov/pubmed/29386355
http://doi.org/10.1016/j.yexcr.2009.06.009
http://www.ncbi.nlm.nih.gov/pubmed/19538957
http://doi.org/10.1016/j.molcel.2017.06.012
http://www.ncbi.nlm.nih.gov/pubmed/28689662
http://doi.org/10.1128/MCB.00063-12
http://www.ncbi.nlm.nih.gov/pubmed/22493067
http://doi.org/10.1016/j.bbrc.2008.12.182
http://www.ncbi.nlm.nih.gov/pubmed/19135427
http://doi.org/10.1016/j.cell.2007.10.057
http://www.ncbi.nlm.nih.gov/pubmed/18191223
http://doi.org/10.2174/0929867323666160927142349
http://www.ncbi.nlm.nih.gov/pubmed/27686654
http://doi.org/10.18632/oncotarget.3864
http://doi.org/10.1073/pnas.0606480103
http://doi.org/10.1094/MPMI-21-5-0507
http://www.ncbi.nlm.nih.gov/pubmed/18393610
http://doi.org/10.1074/jbc.M112454200
http://doi.org/10.1016/j.celrep.2019.03.017
http://www.ncbi.nlm.nih.gov/pubmed/30943411
http://doi.org/10.3390/ijms20225538
http://www.ncbi.nlm.nih.gov/pubmed/31698846
http://doi.org/10.1038/emboj.2011.18
http://www.ncbi.nlm.nih.gov/pubmed/21317875


Biomedicines 2021, 9, 156 26 of 29

73. Liu, C.Y.; Xu, Z.; Kaufman, R.J. Structure and intermolecular interactions of the luminal dimerization domain of human IRE1α. J.
Biol. Chem. 2003, 278, 17680–17687. [CrossRef]

74. Feldman, H.C.; Tong, M.; Wang, L.; Meza-Acevedo, R.; Gobillot, T.A.; Lebedev, I.; Gliedt, M.J.; Hari, S.B.; Mitra, A.K.; Backes, B.J.;
et al. Structural and Functional Analysis of the Allosteric Inhibition of IRE1α with ATP-Competitive Ligands. ACS Chem. Biol.
2016, 11, 2195–2205. [CrossRef] [PubMed]

75. Prischi, F.; Nowak, P.R.; Carrara, M.; Ali, M.M.U. Phosphoregulation of Ire1 RNase splicing activity. Nat. Commun. 2014, 5, 1–11.
[CrossRef]

76. Tirasophon, W.; Lee, K.; Callaghan, B.; Welihinda, A.; Kaufman, R.J. The endoribonuclease activity of mammalian IRE1
autoregulates its mRNA and is required for the unfolded protein response. Genes Dev. 2000, 14, 2725–2736. [CrossRef] [PubMed]

77. Korennykh, A.V.; Egea, P.F.; Korostelev, A.A.; Finer-Moore, J.; Zhang, C.; Shokat, K.M.; Stroud, R.M.; Walter, P. The unfolded
protein response signals through high-order assembly of Ire1. Nature 2009, 457, 687–693. [CrossRef] [PubMed]

78. Itzhak, D.; Bright, M.; McAndrew, P.; Mirza, A.; Newbatt, Y.; Strover, J.; Widya, M.; Thompson, A.; Morgan, G.; Collins, I.; et al.
Multiple autophosphorylations significantly enhance the endoribonuclease activity of human inositol requiring enzyme 1α. BMC
Biochem. 2014, 15, 3. [CrossRef] [PubMed]

79. Li, H.; Korennykh, A.V.; Behrman, S.L.; Walter, P. Mammalian endoplasmic reticulum stress sensor IRE1 signals by dynamic
clustering. Proc. Natl. Acad. Sci. USA 2010, 107, 16113–16118. [CrossRef]

80. Tam, A.B.; Koong, A.C.; Niwa, M. Ire1 has distinct catalytic mechanisms for XBP1/HAC1 splicing and RIDD. Cell Rep. 2014, 9,
850–858. [CrossRef] [PubMed]

81. Ricci, D.; Marrocco, I.; Blumenthal, D.; Dibos, M.; Eletto, D.; Vargas, J.; Boyle, S.; Iwamoto, Y.; Chomistek, S.; Paton, J.C.; et al.
Clustering of IRE1α depends on sensing ER stress but not on its RNase activity. FASEB J. 2019, 33, 9811–9827. [CrossRef]

82. Zhang, L.; Zhang, C.; Wang, A. Divergence and Conservation of the Major UPR Branch IRE1-bZIP Signaling Pathway across
Eukaryotes. Sci. Rep. 2016, 6. [CrossRef] [PubMed]

83. Yoshida, H.; Oku, M.; Suzuki, M.; Mori, K. pXBP1(U) encoded in XBP1 pre-mRNA negatively regulates unfolded protein response
activator pXBP1(S) in mammalian ER stress response. J. Cell Biol. 2006, 172, 565–575. [CrossRef] [PubMed]

84. Kanemoto, S.; Kondo, S.; Ogata, M.; Murakami, T.; Urano, F.; Imaizumi, K. XBP1 activates the transcription of its target genes via
an ACGT core sequence under ER stress. Biochem. Biophys. Res. Commun. 2005, 331, 1146–1153. [CrossRef] [PubMed]

85. Yoshida, H. Unconventional splicing of XBP-1 mRNA in the unfolded protein response. Antioxid. Redox Signal. 2007, 9, 2323–2333.
[CrossRef]

86. Coelho, D.S.; Gaspar, C.J.; Domingos, P.M. Ire1 mediated mRNA splicing in a C-terminus deletion mutant of drosophila Xbp1.
PLoS ONE 2014, 9, e105588. [CrossRef] [PubMed]

87. Sung, H.B.; Lee, K.; Vink, E.; Kaufman, R.J. Cytoplasmic IRE1α-mediated XBP1 mRNA splicing in the absence of nuclear
processing and endoplasmic reticulum stress. J. Biol. Chem. 2006, 281, 18691–18706. [CrossRef]

88. Iwawaki, T.; Akai, R. Analysis of the XBP1 splicing mechanism using endoplasmic reticulum stress-indicators. Biochem. Biophys.
Res. Commun. 2006, 350, 709–715. [CrossRef] [PubMed]

89. Wang, Y.; Xing, P.; Cui, W.; Wang, W.; Cui, Y.; Ying, G.; Wang, X.; Li, B. Acute endoplasmic reticulum stress-independent
unconventional splicing of XBP1 mRNA in the nucleus of mammalian cells. Int. J. Mol. Sci. 2015, 16, 13302–13321. [CrossRef]
[PubMed]

90. Hollien, J.; Lin, J.H.; Li, H.; Stevens, N.; Walter, P.; Weissman, J.S. Regulated Ire1-dependent decay of messenger RNAs in
mammalian cells. J. Cell Biol. 2009, 186, 323–331. [CrossRef] [PubMed]

91. Maurel, M.; Chevet, E.; Tavernier, J.; Gerlo, S. Getting RIDD of RNA: IRE1 in cell fate regulation. Trends Biochem. Sci. 2014, 39,
245–254. [CrossRef] [PubMed]

92. Oikawa, D.; Tokuda, M.; Hosoda, A.; Iwawaki, T. Identification of a consensus element recognized and cleaved by IRE1α. Nucleic
Acids Res. 2010, 38, 6265–6273. [CrossRef] [PubMed]

93. Coelho, D.S.; Domingos, P.M. Physiological roles of regulated Ire1 dependent decay. Front. Genet. 2014, 5. [CrossRef]
94. Chen, Y.; Brandizzi, F. IRE1: ER stress sensor and cell fate executor. Trends Cell Biol. 2013, 23, 547–555. [CrossRef]
95. Iurlaro, R.; Muñoz-Pinedo, C. Cell death induced by endoplasmic reticulum stress. FEBS J. 2016, 283, 2640–2652. [CrossRef]
96. Urano, F.; Wang, X.Z.; Bertolotti, A.; Zhang, Y.; Chung, P.; Harding, H.P.; Ron, D. Coupling of stress in the ER to activation of JNK

protein kinases by transmembrane protein kinase IRE1. Science 2000, 287, 664–666. [CrossRef] [PubMed]
97. Saveljeva, S.; Mc Laughlin, S.L.; Vandenabeele, P.; Samali, A.; Bertrand, M.J.M. Endoplasmic reticulum stress induces ligand-

independent TNFR1-mediated necroptosis in L929 cells. Cell Death Dis. 2015, 6, e1587. [CrossRef] [PubMed]
98. Sano, R.; Reed, J.C. ER stress-induced cell death mechanisms. Biochim. Biophys. Acta Mol. Cell Res. 2013, 1833, 3460–3470.

[CrossRef] [PubMed]
99. Kanekura, K.; Ma, X.; Murphy, J.T.; Zhu, L.J.; Diwan, A.; Urano, F. IRE1 prevents endoplasmic reticulum membrane permeabiliza-

tion and cell death under pathological conditions. Sci. Signal. 2015, 8, ra62. [CrossRef]
100. Brown, M.; Strudwick, N.; Suwara, M.; Sutcliffe, L.K.; Mihai, A.D.; Ali, A.A.; Watson, J.N.; Schröder, M. An initial phase of JNK

activation inhibits cell death early in the endoplasmic reticulum stress response. J. Cell Sci. 2016, 129, 2317–2328. [CrossRef]
[PubMed]

101. Treiber, D.K.; Shah, N.P. Ins and outs of kinase DFG motifs. Chem. Biol. 2013, 20, 745–746. [CrossRef] [PubMed]

http://doi.org/10.1074/jbc.M300418200
http://doi.org/10.1021/acschembio.5b00940
http://www.ncbi.nlm.nih.gov/pubmed/27227314
http://doi.org/10.1038/ncomms4554
http://doi.org/10.1101/gad.839400
http://www.ncbi.nlm.nih.gov/pubmed/11069889
http://doi.org/10.1038/nature07661
http://www.ncbi.nlm.nih.gov/pubmed/19079236
http://doi.org/10.1186/1471-2091-15-3
http://www.ncbi.nlm.nih.gov/pubmed/24524643
http://doi.org/10.1073/pnas.1010580107
http://doi.org/10.1016/j.celrep.2014.09.016
http://www.ncbi.nlm.nih.gov/pubmed/25437541
http://doi.org/10.1096/fj.201801240RR
http://doi.org/10.1038/srep27362
http://www.ncbi.nlm.nih.gov/pubmed/27256815
http://doi.org/10.1083/jcb.200508145
http://www.ncbi.nlm.nih.gov/pubmed/16461360
http://doi.org/10.1016/j.bbrc.2005.04.039
http://www.ncbi.nlm.nih.gov/pubmed/15882996
http://doi.org/10.1089/ars.2007.1800
http://doi.org/10.1371/journal.pone.0105588
http://www.ncbi.nlm.nih.gov/pubmed/25136861
http://doi.org/10.1074/jbc.M602030200
http://doi.org/10.1016/j.bbrc.2006.09.100
http://www.ncbi.nlm.nih.gov/pubmed/17026957
http://doi.org/10.3390/ijms160613302
http://www.ncbi.nlm.nih.gov/pubmed/26068456
http://doi.org/10.1083/jcb.200903014
http://www.ncbi.nlm.nih.gov/pubmed/19651891
http://doi.org/10.1016/j.tibs.2014.02.008
http://www.ncbi.nlm.nih.gov/pubmed/24657016
http://doi.org/10.1093/nar/gkq452
http://www.ncbi.nlm.nih.gov/pubmed/20507909
http://doi.org/10.3389/fgene.2014.00076
http://doi.org/10.1016/j.tcb.2013.06.005
http://doi.org/10.1111/febs.13598
http://doi.org/10.1126/science.287.5453.664
http://www.ncbi.nlm.nih.gov/pubmed/10650002
http://doi.org/10.1038/cddis.2014.548
http://www.ncbi.nlm.nih.gov/pubmed/25569104
http://doi.org/10.1016/j.bbamcr.2013.06.028
http://www.ncbi.nlm.nih.gov/pubmed/23850759
http://doi.org/10.1126/scisignal.aaa0341
http://doi.org/10.1242/jcs.179127
http://www.ncbi.nlm.nih.gov/pubmed/27122189
http://doi.org/10.1016/j.chembiol.2013.06.001
http://www.ncbi.nlm.nih.gov/pubmed/23790484


Biomedicines 2021, 9, 156 27 of 29

102. Grandjean, J.M.D.; Wiseman, R.L. Small molecule strategies to harness the unfolded protein response: Where do we go from
here? J. Biol. Chem. 2020, 295, 15692–15711. [CrossRef] [PubMed]

103. Wang, L.; Perera, B.G.K.; Hari, S.B.; Bhhatarai, B.; Backes, B.J.; Seeliger, M.A.; Schürer, S.C.; Oakes, S.A.; Papa, F.R.; Maly, D.J.
Divergent allosteric control of the IRE1α endoribonuclease using kinase inhibitors. Nat. Chem. Biol. 2012, 8, 982–989. [CrossRef]
[PubMed]

104. Tomasio, S.M.; Harding, H.P.; Ron, D.; Cross, B.C.S.; Bond, P.J. Selective inhibition of the unfolded protein response: Targeting
catalytic sites for Schiff base modification. Mol. Biosyst. 2013, 9, 2408–2416. [CrossRef] [PubMed]

105. Medinas, D.B.; González, J.V.; Falcon, P.; Hetz, C. Fine-tuning ER stress signal transducers to treat amyotrophic lateral sclerosis.
Front. Mol. Neurosci. 2017, 10. [CrossRef] [PubMed]

106. Thakur, P.C.; Miller-Ocuin, J.L.; Nguyen, K.; Matsuda, R.; Singhi, A.D.; Zeh, H.J.; Bahary, N. Inhibition of endoplasmic-reticulum-
stress-mediated autophagy enhances the effectiveness of chemotherapeutics on pancreatic cancer. J. Transl. Med. 2018, 16, 190.
[CrossRef] [PubMed]

107. Mendez, A.S.; Alfaro, J.; Morales-Soto, M.A.; Dar, A.C.; McCullagh, E.; Gotthardt, K.; Li, H.; Acosta-Alvear, D.; Sidrauski, C.;
Korennykh, A.V.; et al. Endoplasmic reticulum stress-independent activation of unfolded protein response kinases by a small
molecule ATP-mimic. Elife 2015, 4, e05434. [CrossRef] [PubMed]

108. Feldman, H.C.; Vidadala, V.N.; Potter, Z.E.; Papa, F.R.; Backes, B.J.; Maly, D.J. Development of a Chemical Toolset for Studying
the Paralog-Specific Function of IRE1. ACS Chem. Biol. 2019, 14, 2595–2605. [CrossRef] [PubMed]

109. Ghosh, R.; Wang, L.; Wang, E.S.; Perera, B.G.K.; Igbaria, A.; Morita, S.; Prado, K.; Thamsen, M.; Caswell, D.; Macias, H.; et al.
Allosteric inhibition of the IRE1α RNase preserves cell viability and function during endoplasmic reticulum stress. Cell 2014, 158,
534–548. [CrossRef] [PubMed]

110. Kolpikova, E.P.; Tronco, A.R.; Den Hartigh, A.B.; Jackson, K.J.; Iwawaki, T.; Fink, S.L. IRE1α promotes zika virus infection via
XBP1. Viruses 2020, 12, 278. [CrossRef] [PubMed]

111. Anthony Tang, C.H.; Chang, S.; Paton, A.W.; Paton, J.C.; Gabrilovich, D.I.; Ploegh, H.L.; Del Valle, J.R.; Andrew Hu, C.C.
Phosphorylation of IRE1 at S729 regulates RIDD in B cells and antibody production after immunization. J. Cell Biol. 2018, 217,
1739–1755. [CrossRef]

112. Mahameed, M.; Wilhelm, T.; Darawshi, O.; Obiedat, A.; Tommy, W.S.; Chintha, C.; Schubert, T.; Samali, A.; Chevet, E.; Eriksson,
L.A.; et al. The unfolded protein response modulators GSK2606414 and KIRA6 are potent KIT inhibitors. Cell Death Dis. 2019, 10.
[CrossRef] [PubMed]

113. Thamsen, M.; Ghosh, R.; Auyeung, V.C.; Brumwell, A.; Chapman, H.A.; Backes, B.J.; Perara, G.; Maly, D.J.; Sheppard, D.; Papa, F.R.
Small molecule inhibition of IRE1α kinase/ RNase has anti-fibrotic effects in the lung. PLoS ONE 2019, 14, e0209824. [CrossRef]
[PubMed]

114. Harrington, P.E.; Biswas, K.; Malwitz, D.; Tasker, A.S.; Mohr, C.; Andrews, K.L.; Dellamaggiore, K.; Kendall, R.; Beckmann, H.;
Jaeckel, P.; et al. Unfolded protein response in cancer: IRE1α inhibition by selective kinase ligands does not impair tumor cell
viability. ACS Med. Chem. Lett. 2015, 6, 68–72. [CrossRef] [PubMed]

115. Harnoss, J.M.; Le Thomas, A.; Shemorry, A.; Marsters, S.A.; Lawrence, D.A.; Lu, M.; Chen, Y.C.A.; Qing, J.; Totpal, K.; Kan,
D.; et al. Disruption of IRE1α through its kinase domain attenuates multiple myeloma. Proc. Natl. Acad. Sci. USA 2019, 116,
16420–16429. [CrossRef] [PubMed]

116. Volkmann, K.; Lucas, J.L.; Vuga, D.; Wang, X.; Brumm, D.; Stiles, C.; Kriebel, D.; Der-Sarkissian, A.; Krishnan, K.; Schweitzer, C.;
et al. Potent and selective inhibitors of the inositol-requiring enzyme 1 endoribonuclease. J. Biol. Chem. 2011, 286, 12743–12755.
[CrossRef]

117. Chien, W.; Ding, L.W.; Sun, Q.Y.; Torres-Fernandez, L.A.; Tan, S.Z.; Xiao, J.; Lim, S.L.; Garg, M.; Lee, K.L.; Kitajima, S.; et al.
Selective inhibition of unfolded protein response induces apoptosis in pancreatic cancer cells. Oncotarget 2014, 5, 4881–4894.
[CrossRef] [PubMed]

118. Cross, B.C.S.; Bond, P.J.; Sadowski, P.G.; Jha, B.K.; Zak, J.; Goodman, J.M.; Silverman, R.H.; Neubert, T.A.; Baxendale, I.R.; Ron, D.;
et al. The molecular basis for selective inhibition of unconventional mRNA splicing by an IRE1-binding small molecule. Proc.
Natl. Acad. Sci. USA 2012, 109. [CrossRef] [PubMed]

119. Stewart, C.; Estrada, A.; Kim, P.; Wang, D.; Wei, Y.; Gentile, C.; Pagliassotti, M. Regulation of IRE1α by the small molecule
inhibitor 4µ8c in hepatoma cells. Endoplasmic Reticulum Stress Dis. 2017, 4, 1–10. [CrossRef] [PubMed]

120. Zhang, K.; Liu, H.; Song, Z.; Jiang, Y.; Kim, H.; Samavati, L.; Nguyen, H.M.; Yang, Z.Q. The UPR Transducer IRE1 Promotes
Breast Cancer Malignancy by Degrading Tumor Suppressor microRNAs. iScience 2020, 23, 101503. [CrossRef] [PubMed]

121. Zhang, L.; Nosak, C.; Sollazzo, P.; Odisho, T.; Volchuk, A. IRE1 inhibition perturbs the unfolded protein response in a pancreatic
β-cell line expressing mutant proinsulin, but does not sensitize the cells to apoptosis. BMC Cell Biol. 2014, 15, 29. [CrossRef]

122. Chan, S.M.H.; Lowe, M.P.; Bernard, A.; Miller, A.A.; Herbert, T.P. The inositol-requiring enzyme 1 (IRE1α) RNAse inhibitor,
4m8C, is also a potent cellular antioxidant. Biochem. J. 2018, 475, 923–929. [CrossRef] [PubMed]

123. Masouleh, B.K.; Geng, H.; Hurtz, C.; Chan, L.N.; Logan, A.C.; Chang, M.S.; Huang, C.; Swaminathan, S.; Sun, H.; Paietta, E.; et al.
Mechanistic rationale for targeting the unfolded protein response in pre-B acute lymphoblastic leukemia. Proc. Natl. Acad. Sci.
USA 2014, 111. [CrossRef]

http://doi.org/10.1074/jbc.REV120.010218
http://www.ncbi.nlm.nih.gov/pubmed/32887796
http://doi.org/10.1038/nchembio.1094
http://www.ncbi.nlm.nih.gov/pubmed/23086298
http://doi.org/10.1039/c3mb70234k
http://www.ncbi.nlm.nih.gov/pubmed/23884086
http://doi.org/10.3389/fnmol.2017.00216
http://www.ncbi.nlm.nih.gov/pubmed/28725179
http://doi.org/10.1186/s12967-018-1562-z
http://www.ncbi.nlm.nih.gov/pubmed/29986726
http://doi.org/10.7554/eLife.05434
http://www.ncbi.nlm.nih.gov/pubmed/25986605
http://doi.org/10.1021/acschembio.9b00482
http://www.ncbi.nlm.nih.gov/pubmed/31609569
http://doi.org/10.1016/j.cell.2014.07.002
http://www.ncbi.nlm.nih.gov/pubmed/25018104
http://doi.org/10.3390/v12030278
http://www.ncbi.nlm.nih.gov/pubmed/32138181
http://doi.org/10.1083/jcb.201709137
http://doi.org/10.1038/s41419-019-1523-3
http://www.ncbi.nlm.nih.gov/pubmed/30931942
http://doi.org/10.1371/journal.pone.0209824
http://www.ncbi.nlm.nih.gov/pubmed/30625178
http://doi.org/10.1021/ml500315b
http://www.ncbi.nlm.nih.gov/pubmed/25589933
http://doi.org/10.1073/pnas.1906999116
http://www.ncbi.nlm.nih.gov/pubmed/31371506
http://doi.org/10.1074/jbc.M110.199737
http://doi.org/10.18632/oncotarget.2051
http://www.ncbi.nlm.nih.gov/pubmed/24952679
http://doi.org/10.1073/pnas.1115623109
http://www.ncbi.nlm.nih.gov/pubmed/22315414
http://doi.org/10.1515/ersc-2017-0001
http://www.ncbi.nlm.nih.gov/pubmed/29098149
http://doi.org/10.1016/j.isci.2020.101503
http://www.ncbi.nlm.nih.gov/pubmed/32911332
http://doi.org/10.1186/1471-2121-15-29
http://doi.org/10.1042/BCJ20170678
http://www.ncbi.nlm.nih.gov/pubmed/29463644
http://doi.org/10.1073/pnas.1400958111


Biomedicines 2021, 9, 156 28 of 29

124. Sun, H.; Lin, D.C.; Guo, X.; Masouleh, B.K.; Gery, S.; Cao, Q.; Alkan, S.; Ikezoe, T.; Akiba, C.; Paquette, R.; et al. Inhibition
of IRE1α-driven pro-survival pathways is a promising therapeutic application in acute myeloid leukemia. Oncotarget 2016, 7,
18736–18749. [CrossRef] [PubMed]

125. Papandreou, I.; Denko, N.C.; Olson, M.; Van Melckebeke, H.; Lust, S.; Tam, A.; Solow-Cordero, D.E.; Bouley, D.M.; Offner, F.;
Niwa, M.; et al. Identification of an Ire1alpha endonuclease specific inhibitor with cytotoxic activity against human multiple
myeloma. Blood 2011, 117, 1311–1314. [CrossRef] [PubMed]

126. Deck, K.; Abad, J.G.; Askew, D. Testing Inhibitory Drugs of the Human UPR Sensor IRE1 on Aspergillus fumigatus. FASEB J. 2020,
34, 1. [CrossRef]

127. Ri, M.; Tashiro, E.; Oikawa, D.; Shinjo, S.; Tokuda, M.; Yokouchi, Y.; Narita, T.; Masaki, A.; Ito, A.; Ding, J.; et al. Identification of
Toyocamycin, an agent cytotoxic for multiple myeloma cells, as a potent inhibitor of ER stress-induced XBP1 mRNA splicing.
Blood Cancer, J. 2012, 2. [CrossRef]

128. Park, S.G.; Kim, S.H.; Kim, K.Y.; Yu, S.N.; Choi, H.D.; Kim, Y.W.; Nam, H.W.; Seo, Y.K.; Ahn, S.C. Toyocamycin induces apoptosis
via the crosstalk between reactive oxygen species and p38/ERK MAPKs signaling pathway in human prostate cancer PC-3 cells.
Pharmacol. Rep. 2017, 69, 90–96. [CrossRef]

129. Bodeau, S.; Sauzay, C.; Nyga, R.; Louandre, C.; Descamps, V.; François, C.; Godin, C.; Choukroun, G.; Galmiche, A. Targeting the
unfolded protein response as a potential therapeutic strategy in renal carcinoma cells exposed to cyclosporine a. Anticancer Res.
2017, 37, 1049–1057. [CrossRef]

130. Li, Y.; Tinoco, R.; Elmén, L.; Segota, I.; Xian, Y.; Fujita, Y.; Sahu, A.; Zarecki, R.; Marie, K.; Feng, Y.; et al. Gut microbiota dependent
anti-tumor immunity restricts melanoma growth in Rnf5 −/− mice. Nat. Commun. 2019, 10, 1492. [CrossRef] [PubMed]

131. Cawley, K.; Logue, S.E.; Gorman, A.M.; Zeng, Q.; Patterson, J.; Gupta, S.; Samali, A. Disruption of microRNA biogenesis confers
resistance to ER stress-induced cell death upstream of the mitochondrion. PLoS ONE 2013, 8, e73870. [CrossRef]

132. Le Reste, P.J.; Pineau, R.; Voutetakis, K.; Samal, J.; Jégou, G.; Lhomond, S.; Gorman, A.M.; Samali, A.; Patterson, J.B.; Zeng, Q.;
et al. Local intracerebral inhibition of IRE1 by MKC8866 sensitizes glioblastoma to irradiation/chemotherapy in vivo. Cancer Lett.
2020, 494, 73–83. [CrossRef] [PubMed]

133. Logue, S.E.; McGrath, E.P.; Cleary, P.; Greene, S.; Mnich, K.; Almanza, A.; Chevet, E.; Dwyer, R.M.; Oommen, A.; Legembre,
P.; et al. Inhibition of IRE1 RNase activity modulates the tumor cell secretome and enhances response to chemotherapy. Nat.
Commun. 2018, 9. [CrossRef] [PubMed]

134. Vieri, M.; Preisinger, C.; Schemionek, M.; Salimi, A.; Patterson, J.B.; Samali, A.; Brümmendorf, T.H.; Appelmann, I.; Kharabi
Masouleh, B. Synergistic Dual Inhibition of BCR-ABL1 and the Unfolded Protein Response Causes p38 MAPK-Mediated Cell
Death and Sensitizes BCR-ABL1+ Acute Lymphoblastic Leukemia to Dexamethasone. Blood 2018, 132, 4674. [CrossRef]

135. Sheng, X.; Nenseth, H.Z.; Qu, S.; Kuzu, O.F.; Frahnow, T.; Simon, L.; Greene, S.; Zeng, Q.; Fazli, L.; Rennie, P.S.; et al. IRE1α-XBP1s
pathway promotes prostate cancer by activating c-MYC signaling. Nat. Commun. 2019, 10, 323. [CrossRef] [PubMed]

136. McCarthy, N.; Dolgikh, N.; Logue, S.; Patterson, J.B.; Zeng, Q.; Gorman, A.M.; Samali, A.; Fulda, S. The IRE1 and PERK arms of
the unfolded protein response promote survival of rhabdomyosarcoma cells. Cancer Lett. 2020, 490, 76–88. [CrossRef]

137. Mimura, N.; Fulciniti, M.; Gorgun, G.; Tai, Y.T.; Cirstea, D.; Santo, L.; Hu, Y.; Fabre, C.; Minami, J.; Ohguchi, H.; et al. Blockade
of XBP1 splicing by inhibition of IRE1α is a promising therapeutic option in multiple myeloma. Blood 2012, 119, 5772–5781.
[CrossRef] [PubMed]

138. Jiang, D.; Tam, A.B.; Alagappan, M.; Hay, M.P.; Gupta, A.; Kozak, M.M.; Solow-Cordero, D.E.; Lum, P.Y.; Denko, N.C.; Giaccia,
A.J.; et al. Acridine derivatives as inhibitors of the IRE1α-XBP1 pathway are cytotoxic to human multiple myeloma. Mol. Cancer
Ther. 2016, 15, 2055–2065. [CrossRef]

139. Sanches, M.; Duffy, N.M.; Talukdar, M.; Thevakumaran, N.; Chiovitti, D.; Canny, M.D.; Lee, K.; Kurinov, I.; Uehling, D.; Al-Awar,
R.; et al. Structure and mechanism of action of the hydroxy-aryl-aldehyde class of IRE1 endoribonuclease inhibitors. Nat. Commun.
2014, 5. [CrossRef] [PubMed]

140. Tang, C.H.A.; Ranatunga, S.; Kriss, C.L.; Cubitt, C.L.; Tao, J.; Pinilla-Ibarz, J.A.; Del Valle, J.R.; Hu, C.C.A. Inhibition of ER
stress-associated IRE-1/XBP-1 pathway reduces leukemic cell survival. J. Clin. Investig. 2014, 124, 2585–2598. [CrossRef]
[PubMed]

141. Xie, H.; Tang, C.H.A.; Song, J.H.; Mancuso, A.; Del Valle, J.R.; Cao, J.; Xiang, Y.; Dang, C.V.; Lan, R.; Sanchez, D.J.; et al. IRE1α
RNase-dependent lipid homeostasis promotes survival in Myc-transformed cancers. J. Clin. Investig. 2018, 128, 1300–1316.
[CrossRef]

142. Zhang, T.; Li, N.; Sun, C.; Jin, Y.; Sheng, X. MYC and the unfolded protein response in cancer: Synthetic lethal partners in crime?
EMBO Mol. Med. 2020, 12. [CrossRef] [PubMed]

143. Wiseman, R.L.; Zhang, Y.; Lee, K.P.K.; Harding, H.P.; Haynes, C.M.; Price, J.; Sicheri, F.; Ron, D. Flavonol Activation Defines an
Unanticipated Ligand-Binding Site in the Kinase-RNase Domain of IRE1. Mol. Cell 2010, 38, 291–304. [CrossRef] [PubMed]

144. Papa, F.R.; Zhang, C.; Shokat, K.; Waiter, P. Bypassing a Kinase Activity with an ATP-Competitive Drug. Science 2003, 302,
1533–1537. [CrossRef] [PubMed]

145. Han, D.; Lerner, A.G.; Vande Walle, L.; Upton, J.P.; Xu, W.; Hagen, A.; Backes, B.J.; Oakes, S.A.; Papa, F.R. IRE1α Kinase Activation
Modes Control Alternate Endoribonuclease Outputs to Determine Divergent Cell Fates. Cell 2009, 138, 562–575. [CrossRef]
[PubMed]

http://doi.org/10.18632/oncotarget.7702
http://www.ncbi.nlm.nih.gov/pubmed/26934650
http://doi.org/10.1182/blood-2010-08-303099
http://www.ncbi.nlm.nih.gov/pubmed/21081713
http://doi.org/10.1096/fasebj.2020.34.s1.01911
http://doi.org/10.1038/bcj.2012.26
http://doi.org/10.1016/j.pharep.2016.10.014
http://doi.org/10.21873/anticanres.11416
http://doi.org/10.1038/s41467-019-09525-y
http://www.ncbi.nlm.nih.gov/pubmed/30940817
http://doi.org/10.1371/journal.pone.0073870
http://doi.org/10.1016/j.canlet.2020.08.028
http://www.ncbi.nlm.nih.gov/pubmed/32882336
http://doi.org/10.1038/s41467-018-05763-8
http://www.ncbi.nlm.nih.gov/pubmed/30111846
http://doi.org/10.1182/blood-2018-99-110967
http://doi.org/10.1038/s41467-018-08152-3
http://www.ncbi.nlm.nih.gov/pubmed/30679434
http://doi.org/10.1016/j.canlet.2020.07.009
http://doi.org/10.1182/blood-2011-07-366633
http://www.ncbi.nlm.nih.gov/pubmed/22538852
http://doi.org/10.1158/1535-7163.MCT-15-1023
http://doi.org/10.1038/ncomms5202
http://www.ncbi.nlm.nih.gov/pubmed/25164867
http://doi.org/10.1172/JCI73448
http://www.ncbi.nlm.nih.gov/pubmed/24812669
http://doi.org/10.1172/JCI95864
http://doi.org/10.15252/emmm.201911845
http://www.ncbi.nlm.nih.gov/pubmed/32310340
http://doi.org/10.1016/j.molcel.2010.04.001
http://www.ncbi.nlm.nih.gov/pubmed/20417606
http://doi.org/10.1126/science.1090031
http://www.ncbi.nlm.nih.gov/pubmed/14564015
http://doi.org/10.1016/j.cell.2009.07.017
http://www.ncbi.nlm.nih.gov/pubmed/19665977


Biomedicines 2021, 9, 156 29 of 29

146. Ferri, E.; Le Thomas, A.; Wallweber, H.A.; Day, E.S.; Walters, B.T.; Kaufman, S.E.; Braun, M.G.; Clark, K.R.; Beresini, M.H.;
Mortara, K.; et al. Activation of the IRE1 RNase through remodeling of the kinase front pocket by ATP-competitive ligands. Nat.
Commun. 2020, 11. [CrossRef] [PubMed]

147. Grandjean, J.M.D.; Madhavan, A.; Cech, L.; Seguinot, B.O.; Paxman, R.J.; Smith, E.; Scampavia, L.; Powers, E.T.; Cooley, C.B.;
Plate, L.; et al. Pharmacologic IRE1/XBP1s activation confers targeted ER proteostasis reprogramming. Nat. Chem. Biol. 2020, 16,
1052–1061. [CrossRef] [PubMed]

http://doi.org/10.1038/s41467-020-19974-5
http://www.ncbi.nlm.nih.gov/pubmed/33318494
http://doi.org/10.1038/s41589-020-0584-z
http://www.ncbi.nlm.nih.gov/pubmed/32690944

	Introduction 
	The Crosstalk between IRE1, ATF6, and PERK Branches of the UPR 
	Crosstalk between IRE1- and ATF6-Dependent Signaling Branches 
	Crosstalk between IRE1- and PERK-Dependent Signaling Pathways 
	Coronavirus-Mediated Activation of the UPR Signaling Pathways and Their Possible Crosstalk 

	The Structure of IRE1 and Molecular Events Associated with Its Activation 
	The Inactive and Active States of the IRE1 upon Distinct Molecular Events 
	Details of the Structure of IRE1 
	Structural Changes and the Different Activities of IRE1 
	The Pro-Survival XBP1 Pathway Restores Cellular Proteostasis 
	Dual Role of RIDD Pathway in Cell Fate Regulation 
	The IRE1/TRAF2/JNK Arm Initiates the Pro-Apoptotic Signals 

	Pharmacological Modulation of IRE1 Activity 
	The Kinase Type I Inhbitors 
	APY29 
	Sunitinib 
	IPA 

	The Kinase Type II Inhbitors 
	C27H23F3N6O 
	KIRA Analogs 

	RNase Inhbitors 
	Salicylaldehydes 
	48C 
	STF-083010 
	Toyocamycin 
	MKC Inhibitors 
	HAA 
	B-I09 
	K114 

	Other Inhibitors Specific for IRE1 
	IRE1 Activators 
	Quercetin 
	NM-PP1 
	Other Activators of IRE1 Function 


	Summary and Perspective 
	References

