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ABSTRACT: The kinase/endonuclease inositol requiring enzyme 1 (IRE1α), one of
the sensors of unfolded protein accumulation in the endoplasmic reticulum that
triggers the unfolded protein response (UPR), has been investigated as an anticancer
target. We identified potent allosteric inhibitors of IRE1α endonuclease activity that
bound to the kinase site on the enzyme. Structure−activity relationship (SAR)
studies led to 16 and 18, which were selective in kinase screens and were potent
against recombinant IRE1α endonuclease as well as cellular IRE1α. The first X-ray
crystal structure of a kinase inhibitor (16) bound to hIRE1α was obtained. Screening
of native tumor cell lines (>300) against selective IRE1α inhibitors failed to
demonstrate any effect on cellular viability. These results suggest that IRE1α activity is not essential for viability in most tumor
cell lines, in vitro, and that interfering with the survival functions of the UPR may not be an effective strategy to block
tumorigenesis.
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Cells respond to accumulation of unfolded proteins in the
endoplasmic reticulum (ER) by activating a cascade

known as the unfolded protein response (UPR) to maintain
protein synthesis homeostasis.1 There are three branches of the
UPR involving three transmembrane sensor proteins, PERK,
IRE1α, and ATF6, of which IRE1α (inositol requiring enzyme
1α) is the most conserved branch of the three. It is a
transmembrane, bifunctional protein with kinase and endonu-
clease activity. The N-terminal domain of IRE1α is proposed to
sense the presence of unfolded proteins in the ER lumen,
triggering autophosphorylation and dimerization/oligomeriza-
tion, which, in turn, activates the C-terminal endonuclease. This
activity results in the specific excision of 26 nucleotides from
the mRNA of the primary UPR transcription factor, XBP1,
which is then religated to form spliced XBP1s, whose target
genes permit the ER to adapt to stress.2

Activation of the UPR has been shown to be an important
survival pathway for tumors of secretory cell origin like multiple
myeloma that have a very high protein synthesis burden.
Therefore, efforts to inhibit the UPR stress response by
blocking the IRE1α endonuclease cleavage and activation of
XBP1 has been an active area of cancer research. A potent and
selective IRE1α inhibitor would serve as an important tool to
test the hypothesis that, without UPR activation, tumor cells
would be driven to apoptosis. In an effort to probe this pathway
and identify suitable preclinical leads, we examined potential
IRE1α benchmarks from publications.3−7 However, a survey of

the literature available at the time3 suggested that potency and/
or selectivity were suboptimal in published compounds.
Therefore, we initiated a high throughput screen (HTS) of
the Amgen small molecule collection and subsequent hit-to-
lead optimization by structure−activity relationship (SAR)
studies. Our investigations led to the identification of 16 and
18, which were examined as chemical tools for probing the role
of IRE1α in cancer cells. In this letter, we report the SAR
optimization campaign from our initial hit, the first crystal
structure of a kinase-inhibitor bound to human IRE1α enzyme,
and the surprising conclusion that inhibition of IRE1α activity
and XBP1s production had minimal effects on the viability of
>300 tumor cell lines. This result raises important questions
about the therapeutic utility of IRE1α inhibition as a strategy to
target cancer cell growth.
As part of the effort to identify selective inhibitors of IRE1α,

benzimidazole 1 was identified through an HTS campaign
(Table 1). Inhibition of IRE1α RNase activity was determined
in an enzyme assay that measured cleavage of the XBP1 stem
loop by autophosphorylated IRE1α. This assay format was
chosen to ensure that inhibitors of either the IRE1α kinase or
the RNase domains would be identified. Binding to the ATP
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pocket and inhibition of IRE1α kinase activity are not required
to inhibit the RNase activity. Compounds were also profiled in
cellular assays by direct measurement of XBP1s (B-DNA assay)
or by quantification of the luciferase signal in HT1080 XBP1-
Luc, which carries a luciferase fusion that is only in frame and
expressed from the spliced XBP1 transcript. Thapsigargin8 was
used to induce the UPR, activate IRE1α, and drive splicing of
XBP1 or XBP1-luciferase into the proper frame. In the IRE1α
enzyme and XPB1-Luc assays, 1 demonstrated moderate
potency and was profiled in a panel9 of 442 kinases at 1 μM
to determine broad kinase selectivity. Compound 1 inhibited
17 of 442 kinases at percent of control (POC) < 35. Several of
these kinases, including Jun kinases and Aurora kinases, might
confound efforts to validate IRE1α as a target for oncology.
Therefore, IC50 values were determined and are reported for
selected kinases in Table 1.
The majority of the hits were recognized kinase inhibitors,

even though the screen was designed to identify inhibitors of
the IRE1α RNase activity irrespective of their ability to inhibit
the kinase activity. Similar to previous findings,5 the relative
potencies of inhibitors in the kinase assay and RNase assay did
not correlate, so we relied on the RNase assay for our SAR
efforts. We did identify HTS hits that were not inhibitors of the
kinase domain. They bore structural similarity to published
IRE1α inhibitors.3,4,7 Further mechanistic inspections using
mass spectroscopy revealed promiscuous reactivity with both
human and yeast IRE1α enzymes as well as with plasma
proteins. These compounds were therefore deemed unsuitable
for target validation studies.
Previous work on structurally similar analogues from our Tie-

2 program10 suggested that introducing a methyl group ortho
to the ether linkage might improve selectivity against the
Aurora kinases. Methyl analogue 2 exhibited improved
selectivity against Aurora as measured in the p-Histone H3
cellular assay,11 while potency in the XBP1-Luc cellular assay
was maintained. In addition, selectivity against JNK3 increased
from 4.9-fold to 51-fold.
A parallel effort to examine structural modifications of the

amine side-chain in 1 provided significant gains in potency
(Table 2). The importance of the basic nitrogen for inhibition
of IRE1α was established with 3. The reduced potency of 4
relative to 1 suggested that a hydroxy group would not be a
competent surrogate for a basic nitrogen. Racemic methyl-
piperidine 5 was nearly equipotent to 1 albeit less selective
against JNK3. In the IRE1α enzyme assay, the S enantiomer of
des-methylpiperidine 7 was 5-fold more potent than the R
enantiomer 6 and 7-fold more potent than the HTS hit 1. The

trans-cyclohexanediamine 8 provided a second side-chain with
improved potency relative to 1 although cis-isomer 9 was 4-fold
less active than 8 in the IRE1α enzyme assay. The trans-
cyclohexanediamine and (S)-3-aminopiperidine were selected
as the two side-chains to combine with the methyl naphthyl
moiety, thus yielding 10 and 11, respectively. Although 10 and
11 were potent inhibitors of IRE1α in both the IRE1α enzyme
and XBP1-Luc cellular assays, we sought to improve the
selectivity over JNK3. As part of an effort to examine broad
changes to the scaffold, we examined modifications to the
benzimidazole. Replacing the benzimidazole with a benzoxazole
did not have a significant impact on potency or JNK3 selectivity
(10 vs 12, Table 3). Sulfonamide 13 emerged as a promising
lead to increase selectivity. Despite the 7-fold loss in IRE1α
potency relative to 10, the JNK3 selectivity increased
significantly from 0.3-fold to 49-fold. Substitution at the ortho
position with an electron donating methoxy functionality (14)
had minimal influence on potency and selectivity relative to 13.
The electron withdrawing nitrile (15) and chloro moieties (16)
provided gains in IRE1α enzyme and XBP1-Luc cellular
activity.
Sulfonamide 16 was 114-fold selective against JNK3 and was

assessed in a panel9 of 100 kinases in a competition binding
assay format. Only five kinases had POC < 30 at 1 μM, and

Table 1. Naphthyl Modification Improves Selectivitya

Cpd R
IRE1α Enz
IC50 (μM)

XBP1-Luc
IC50 (μM)

Aurora p-histone
H3 IC50 (μM)

JNK3 Enz IC50
(μM)b (fold)c

1 H 0.071 0.27 16 0.35 (4.9)
2 Me 0.014 0.20 >50b 0.71 (51)

aUnless noted otherwise, data represent an average of ≥2 separate
determinations. bData represent a single determination. cFold
selectivity versus IRE1α enzyme.

Table 2. SAR of Side-Chaina

aUnless noted otherwise, data represent an average of ≥2 separate
determinations. bData represent a single determination. cFold
selectivity versus IRE1α enzyme.
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none were anticipated to interfere with validation studies with
an IRE1α inhibitor.12

After significant effort, a 2.5 Å X-ray cocrystal structure of 16
bound to dephosphorylated human IRE1α was obtained
(Figure 1). In this structure, the salt bridge between Lys599
and Glu612 is broken, and the ortho-chlorophenyl ring occupies
the αC-helix pocket. Tyr628 and the αC-helix adopt a similar
conformation as observed in the yeast crystal structure.13,14 We
did observe a ∼2 Å shift of the αC-helix relative to activator
bound structures, which along with movement of Leu616 and
Glu612, opened the αC-helix pocket for inhibitor binding. The
proximity of the sulfonamide to Lys599 (3.1 Å) suggested it
was deprotonated in the bound state. Each of the sulfonamide
oxygens formed a hydrogen bond to the backbone NH of
Asp711 and Phe712 residues of the DFG motif.
In contrast to previously published IRE1α structures (e.g.,

hIRE1α bound to ADP; PDB code 3P23),15 we did not observe
either a face-to-face or a back-to-back dimer formation with the
inhibitor-bound structure. Furthermore, the previous hIRE1α
structure exhibited a shifted and partially disordered αC-helix,
while our structure does not. The lack of dimer/oligomer
formation in this instance might be indicative of the inhibitory
mechanism of these compounds, as it has been suggested that

oligomerization follows autophosphorylation14 and subsequent
activation of the RNase domain and XBP1 splicing. We

Table 3. Replacement of the Benzimidazolea

aUnless noted otherwise, data represent an average of ≥2 separate determinations. bData represent a single determination. cFold selectivity versus
IRE1α enzyme.

Figure 1. X-ray cocrystal structure of 16 bound to dephosphorylated
human IREα (PDB code 4U6R).
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hypothesize that the improved JNK3 selectivity of 16 could be
attributed to the inhibitor accessing the αC-helix pocket in
IRE1α, while this binding mode may be less accessible in JNK3.
This is supported by the cocrystal structure of related
sulfonamide 19, which lacks the methyl group in the central
naphthyl ring, with JNK3 (Figure 2). In this structure, the

sulfonamide is inverted compared to the IRE1α cocrystal
structure with 16 and, as a result, does not make any favorable
interactions with the DFG motif. Additionally, the phenyl
group is disordered, oriented toward solvent, and not engaging
in any favorable van der Waals contacts.
In addition, from a structure-based design perspective, the

structure of 16 bound to human IRE1α suggested that the
sulfonamide group could be transposed from a 1,4-amino-
naphthyl to a 1,5-aminonaphthyl and retain activity. This
modification yielded sulfonamide 17, which had IRE1α potency
and JNK3 selectivity similar to 16. An improvement in IRE1α
potency and JNK3 selectivity was realized by replacing the
trans-cyclohexanediamine side-chain with (S)-3-aminopiperi-
dine yielding 18. The kinase selectivity of 18 was improved
relative to 16; of the 100 kinases that were examined in a
competition binding assay,9 none had POC < 50 at 1 μM.
The synthesis of 18 is shown in Scheme 1. Aminonaphthyl

20 was protected as the Boc carbamate. The methyl group was
introduced in a two-step sequence. Mannich condensation of
21 with diethylamine and formaldehyde gave 22 in 74% yield.
Reduction of the benzylic C−N in 22 with hydrogen and
palladium on carbon provided 23 in 73% yield. A SNAr
alkylation of 23 with fluoropyridine 26 was used to form the
C−O bond in 24. Reaction of 24 with 2-chlorobenzene-1-
sulfonyl chloride followed by deprotection yielded 18.
Fluoropyridine 26 was prepared in two steps from 2,4-
dichloropyrimidine by Suzuki−Miyaura cross-coupling followed
by chloro displacement with (S)-tert-butyl 3-aminopiperidine-1-
carboxylate.
Given the excellent potency and selectivity of 18 and 16,

these compounds were chosen to test the effects of IRE1α
inhibition on the viability of tumor cells. Compound 16 was
tested in >200 cell lines (Eurofins) with 3-fold dose response
starting at 50 μM and failed to demonstrate potent inhibition of
cellular viability (Figure 3a). In addition, 18 and/or 16 were
tested in similar viability assays on an internal panel of >140
tumor cell lines.16,17 This panel included 15 multiple myeloma

Figure 2. X-ray cocrystal structure of 19 bound to JNK3 (PDB code
4U79).

Scheme 1. Synthesis of 18a

aReagents and conditions: (a) Boc2O, dioxane, 60 °C, 83% yield; (b)
Et2NH, formaldehyde, MeOH/H2O, rt, 74% yield; (c) Pd/C, H2,
EtOH, rt, 73% yield; (d) HCl, DCM, 35 °C, quantitative; (e) 26,
Cs2CO3, NMP, 120 °C, 69% yield; (f) 2-chlorobenzene-1-sulfonyl
chloride, pyridine, rt, 95% yield; (g) TFA, DCM, rt, 92% yield; (h) (2-
fluoropyridin-3-yl)boronic acid, Pd(PPh3)4, K2CO3, dioxane/H2O, 90
°C, 60% yield; (i) (S)-tert-butyl 3-aminopiperidine-1-carboxylate,
Et3N, DMSO, 100 °C, 52% yield.

Figure 3. Inhibition of IRE1α does not impact viability of tumor cell
lines, despite near-complete reduction of XBP1s. (a) Compound 16
was tested in a viability assay (nuclear count) in >200 tumor cell lines
(Eurofins OncoPanel 240). The IC50 IP for viability is represented on
the y-axis, and each tumor cell line tested is listed on the x-axis. (b)
Viability of the multiple myeloma cell line, NCI-H929-Luc, was
determined by ATPlite after 48 h of treatment with 18. POC was
calculated as percent of DMSO control at 48 h. XBP1s and GAPD
mRNA levels were quantified by bDNA after 2 h of treatment with 18.
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cell lines with high levels of IRE1α activity as measured by
elevated baseline levels of XBP1s. Despite robust inhibition of
XBP1s (measured in a subset of lines), none of the cell lines
that were examined demonstrated sensitivity to inhibition of
IRE1α by 18 or 16 (Figure 3b). These results are surprising
given our expectation of the key role of IRE1α and UPR in
maintaining the viability of cancer cells with high protein
synthesis load (e.g., multiple myeloma) and suggest that IRE1α
does not play a critical role in tumor cell survival, at least in cell
culture.18

In summary, an effort to improve the potency of the HTS
lead 1 (IRE1α Enz IC50 = 0.071 μM and XBP1 IC50 = 0.27
μM) resulted in sulfonamide 18 (IRE1α Enz IC50 = 0.013 μM
and XBP1 IC50 = 0.099 μM). The JNK3 selectivity was
improved from 4.9-fold (1) to 192-fold (18), respectively.
Modification of the naphthyl and basic side-chain resulted in
increased IRE1α potency and JNK3 selectivity. The X-ray
cocrystal structure of 16 bound to human IRE1α provided
insight for further optimization to 18. In panels of >300 tumor
cell lines, 16 and 18 did not significantly impair cellular
viability. These results suggest that selective inhibition of IRE1α
may not lead to reduced tumorigenesis and suggests a re-
evaluation of this bifunctional kinase-RNase as a target for
anticancer therapeutic development.
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