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Inositol-requiring enzyme 1 (IRE1) is a bifunctional serine/threonine kinase

and endoribonuclease that is a major mediator of the unfolded protein

response (UPR) during endoplasmic reticulum (ER) stress. Tumour cells

experience ER stress due to adverse environmental cues such as hypoxia or

nutrient shortage and high metabolic/protein-folding demand. To cope

with those stresses, cancer cells utilise IRE1 signalling as an adaptive mech-

anism. Here, we report the discovery of the FDA-approved compounds

methotrexate, cefoperazone, folinic acid and fludarabine phosphate as

IRE1 inhibitors. These were identified through a structural exploration of

the IRE1 kinase domain using IRE1 peptide fragment docking and further

optimisation and pharmacophore development. The inhibitors were verified

to have an impact on IRE1 activity in vitro and were tested for their ability

to sensitise human cell models of glioblastoma multiforme (GBM) to

chemotherapy. We show that all molecules identified sensitise glioblastoma

cells to the standard-of-care chemotherapy temozolomide (TMZ).

Introduction

The unfolded protein response (UPR) is a homeostatic

mechanism designed to alleviate endoplasmic reticulum

(ER) stress caused by the accumulation of misfolded

proteins. The UPR senses accumulation of misfolded

proteins through foldases such as protein disulfide iso-

merases (PDI4-6) and chaperones (BiP) and carries
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out its effects on protein quality control, translation

attenuation and protein clearance through three main

transducers: ATF6, PERK and the most evolutionarily

conserved IRE1 [1]. Sustained stress would programme

most physiologically normal cells for apoptosis; how-

ever, cancer cells utilise a hyperadaptive UPR to sur-

vive an environment composed of hypoxia, low pH

and nutrient deprivation on top of therapeutic insults

[2]. It has been shown that IRE1 in particular plays a

decisive role in tumorigenesis and tumour aggressive-

ness, as well as post-therapy response in, for example,

cancers of the breast, pancreas, prostate and brain [3–
6]. This pertains to the possibility that targeting IRE1

activity could lead to sensitisation of tumours to cur-

rent therapies as cancer cells would exhibit reduced

capacity to cope with the hostile environment. Indeed,

such studies have been performed in triple-negative

breast cancer (TNBC) showing that the inhibition of

IRE1 RNase activity with salicylaldehyde MKC8866

increased paclitaxel-dependent attenuation of TNBC

development in mouse xenograft models [7] or in

glioblastoma multiforme (GBM) models [8]. Further

to this, MKC8866 treatment greatly enhanced the effi-

cacy of docetaxel in regressing MYC-overexpressing

tumours in breast cancer PDX models [9]. This cova-

lent inhibitor is currently tested on other types of can-

cers.

IRE1 activity inhibition can be mediated by com-

pounds targeting either the ATP-binding kinase

domain or directly the RNase domain. Direct RNase

pharmacological inhibitors include 4l8c, STF-083010,
toyocamycin and a series of MKC compounds, whilst

kinase pharmacological inhibitors that in turn inhibit

the RNase include compound 3 and, although unclear

as to its effect on IRE1 activity, sunitinib [10]. The

description of an allosteric IRE1 RNase inhibitory

mechanism by ATP competitive ligands was provided

through the discovery of kinase-inhibiting RNase

attenuators (KIRAs) showing that the inhibition of

the kinase site may have an inhibitory effect on the

RNase activity [11,12]. In addition to those pharmaco-

logical inhibitors, we discovered that peptide fragments

derived from the IRE1 cytosolic domain itself affected

its oligomerisation and subsequent RNase activity

[13,14]. Consequently, we postulated that these frag-

ments could pose as attractive ‘blueprints’ for the dis-

covery of IRE1 modulators since structurally

homologous, and hence complementary, to regions of

IRE1 itself, they would confer higher selectivity for

IRE1 binding and reduced off-target effects. Here,

using a structural homology approach comprising

molecular docking and pharmacophore analysis, we

identify peptides and FDA-approved compounds

based on IRE1 peptide fragment interactions. We

demonstrate that they have an impact on IRE1 activ-

ity in vitro and in human cell models of glioblastoma

multiforme (GBM) whilst at the same time addressing

the clinical relevance of IRE1 inhibition in oncology

by demonstrating that the administration of these

compounds sensitises human cancer cells to

chemotherapy. Furthermore, since the FDA-approved

compounds that we identified are in widely available

clinical use, this also sheds light onto reported side

effects that hence could potentially be attributed to

IRE1 inhibition.

Results

Our previous studies indicated that large (18–50 amino

acid long) peptides derived from the cytosolic domain

of IRE1 could affect its oligomerisation and subse-

quent RNase activity [13]. Developing these structures

further was an attractive notion due to the sequence

homology to IRE1 and hence their projected affinity

and specificity of binding on it. However, such pep-

tides (termed F6, covering residues 690–744 of the

IRE1 cytosolic domain; Scheme 1), even in their

reduced 18 amino acid form (termed P4, structure seen

in Fig. 1A and [13]), presented a plethora of issues

such as bioavailability, proteasomal degradation, sheer

size, crossing the blood–brain barrier and stability

when considering use in in vivo settings. As such, it

was pertinent to reduce the size of these fragments and

also identify nonpeptide candidates that could substi-

tute the peptide structures and thus overcome peptide-

related issues (Scheme 1).

Small IRE1-derived peptides dock onto the ATP-

binding pocket of IRE1 with high affinity in silico

To address this, a library of overlapping tetra- and

pentapeptides derived from the IRE1 amino acid

sequences previously identified to be biologically active

[13] was generated in silico. This peptide library was

then docked onto the kinase domain of IRE1 using

the Glide docking tool in Schr€odinger [15] (Fig. 1A).

To avoid docking bias, the grid generated for docking

this library of peptides had its centroid in the middle

of the kinase domain rather than at the ATP-binding

pocket. However, the peptides preferentially occupied

this active site. At this point, having explored potential

docking of the peptide library on the entire kinase

domain it was evident that small peptides derived from

the IRE1 kinase structure would preferentially dock

onto the ATP-binding pocket. Upon exploration of

the binding pocket and docking of the peptide library,
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peptides exhibiting superior docking scores were cho-

sen for further modification. These modifications

included single amino acid substitutions upon alanine

scanning, chirality orientation changes and cyclisation

attempts. The modified peptides and the original

library were redocked to obtain small peptides with

Scheme 1. IRE1 modulators: From theory to discovery. Schematic explaining the rationale of the current investigation and computational

workflow from assessing known information (left side) to the work carried out (right side). IRE1 is a transmembrane dual enzyme with its

cytosolic part comprising of a kinase (red) and a ribonuclease (blue) domain [1]. The kinase domain is encompassed within residues 571 and

832. IRE1 is in monomeric form when inactive but when activated it trans-autophosphorylates and oligomerises to splice XBP1 mRNA or

cleave miRNAs and mRNAs through RIDD [2]. It was shown that a fragment of the kinase domain encompassed between residues 690 and

744, named F6, inhibited IRE1 oligomerisation [13] with functional consequences leading to the question: Could this be used in a higher-

order brain cancer model? To overcome issues such as bioavailability and proteasomal degradation and enable passage across the blood–

brain barrier, one would need either smaller peptidic (green) or clinically approved (orange) molecules. This led to the current investigation

(pill box; top to bottom) where small peptides derived from F6 were generated as test subjects, the kinase domain was explored for

docking opportunities, and the best docking test subjects were optimised and used to filter through a database of FDA-approved molecules.

The final library of small peptides and clinically approved molecules optimally binding onto IRE1 was subsequently used for further

investigation.
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maximal docking scores compared with ATP (PDB

structure 3P23) or sulfonamide (PDB structure 4U6R).

Out of this process, the two candidates with the best

docking scores (one tetrapeptide F6P1 and one pen-

tapeptide F6P2) were chosen to be further investigated

(Fig. 1A, Table 1).

Identification of FDA-approved drugs binding to

the ATP-binding pocket of IRE1 with high affinity

in silico

Binding hypotheses based on pharmacophore mod-

elling between the kinase domain and these strongly

binding modified peptides were computationally gener-

ated (Fig. 1B). We used the obtained pharmacophore

hypotheses to screen a database of FDA-approved

molecules (ca. 1400 compounds) to yield structures

with theoretically similar binding capabilities as the

small peptides [18] (Fig. 1B). The screen outcomes

were then docked onto the ATP-binding pocket, and

the candidates with the best docking scores along with

the best scoring peptides described in Fig. 1A formed

a final list of candidates to be further tested in vitro

for their capacity to alter IRE1 RNase activity. The

organic molecules thus identified included the FDA-

approved compounds methotrexate, folinic acid, cefop-

erazone and fludarabine phosphate (Fig. 1B and

Table 1). All docking was performed using standard

precision (SP) and extra precision (XP) [19] and the

OPLS-2005 force field [20].

Table 1. In silico and in vitro data for small peptides and clinically approved organic molecules derived from the IRE1 structure. Data are

presented for compounds used as controls for the in silico docking such as ATP for IRE1 crystal PDB structure 3P23 [16] and sulfonamide

for PDB structure 4U6R [17]. All compounds obtained from the in silico small peptide design or FDA-approved compound database screen

were docked onto both receptors, and the scores are presented here (scores in kcal�mol�1 are the result of SP (standard precision) docking

with Maestro version 2015). The calculated in vitro IC50s are extrapolated from percentage inhibition of IRE1 activity curves as shown in

Figs 3 and 4. The final four columns are dedicated to toxicity IC50s for U87 and RADH87 GBM cell lines as shown in Figs 5A and 6A, and

U87 and RADH87 sensitisation to TMZ in the presence of nontoxic doses of each compound (Figs 5F and 6F).

Compound

Compound

type Clinical use

IRE1

target

Kinase

receptor

(PDB)

Docking

score

(kcal�mol�1)

In vitro

IC50 (lM)

Toxicity (lM) TMZ IC50 (lM)

U87 RADH87 U87 RADH87

ATP Control N/A 3P23 �8.044 N/A N/A N/A N/A N/A

Sulfonamide 4U6R �7.815

MKC8866 N/A N/A N/A 0.409 N/A N/A N/A N/A

Temozolomide Chemotherapy N/A N/A N/A N/A N/A > 2500 > 2500

F6P1 Peptide N/A Kinase 3P23 �9.442 3.837 N/A N/A N/A N/A

4U6R �7.783

F6P2 Peptide N/A Kinase 3P23 �9.260 28.621 N/A N/A N/A N/A

4U6R �9.125

Cefoperazone Cephalosporin Bacterial

infection

Kinase 3P23 �5.211 0.421 > 1000 996.0 1786 1225

4U6R �8.090

Methotrexate Antifolate Chemotherapy Kinase 3P23 �9.478 1.647 > 1000 132.4 1957 2309

4U6R �4.323

Folinic acid Folic acid

derivative

Chemotherapy Kinase 3P23 �8.838 0.552 > 1000 > 1000 2124 2824

4U6R �5.546

Fludarabine

phosphate

Purine

analogue

Chemotherapy Kinase 3P23 �8.188 0.245 27.03 66.59 2434 1850

4U6R �6.865

Fig. 1. Small IRE1-derived peptides dock onto the ATP-binding pocket of IRE1 with high affinity in silico and are used to identify FDA-

approved compounds as IRE1 inhibitors. (A) Structure of large IRE1 fragment P4 that was determined to affect IRE1 oligomerisation as

described in ref. [13] as well as three example small peptides derived from its sequence and the grid constructed to guide docking of these

molecules on the IRE1 F6 region (part of the kinase domain; PDB ID 3P23). Peptide optimisation and redocking led to the identification of

the two F6-derived small peptides with better docking scores than ATP named F6P1 and F6P2 (Table 1) that were chosen for further

investigation. (B) Generation of a pharmacophore-binding hypothesis utilising F6P1 and F6P2 (F6P1 used as example here) screened against

the ZINC15 FDA-approved database followed by docking onto the IRE1 structure using the grid described in (A). Comparing docking scores

to ATP and F6P1/2, four FDA-approved molecules were selected for further investigation. (C) Examples of docking of candidates in the ATP-

binding pocket of IRE1 (PDB ID 3P23) showing ATP the control, F6P1 as a peptide example and methotrexate as an FDA-approved

therapeutic. Structures in figure were generated using Maestro Suites 2015-2018 (Schr€odinger Release 2018-4: Schr€odinger, LLC, 2018).
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Methotrexate is used in chemotherapy against a

variety of cancers and disease-modifying treatment in

a plethora of autoimmune disorders through two sepa-

rate mechanisms. In cancer, it serves as a folic acid

antagonist [21], whilst in disorders such as rheumatoid

arthritis it interferes with purine and pyrimidine pre-

cursors needed for cell proliferation [22]. Folinic acid

(or leucovorin) is coprescribed with methotrexate to

reduce methotrexate side effects [23]. Cefoperazone is

a third-generation antibiotic from the cephalosporin

family causing bacterial cell wall lysis [24], whilst flu-

darabine phosphate is a chemotherapeutic used in

haematological malignancies by disrupting DNA syn-

thesis [25]. As exemplified by methotrexate in Fig. 1C,

the FDA-approved compounds align well in the IRE1

ATP-binding pocket with the 2,4-diaminopteridine unit

attaining the position of the adenine in ATP, and the

oxygen-rich pentanedioic ‘tail’ aligning along the phos-

phate-binding region of the pocket. The similarity in

interactions is also seen from the 2D interaction plots

(Fig. 2). Interestingly, of the different compounds

obtained, it is only cefoperazone that was identified as

a key binder from the sulfonamide-bound crystal

structure 4U6R, which is slightly distorted relative to

the ATP-bound form, a distortion that has been

claimed to be the key factor of the KIRA-like com-

pound ability to attenuate RNase activity. The remain-

ing compounds were obtained as top hits upon

binding to the ATP-binding form of IRE1 (PDB ID

3P23), yet, as seen below (Section FDA-approved

drugs predicted to bind the IRE1 kinase domain from

in silico analysis, affect IRE1 activity in vitro and sen-

sitise GBM cellular models to TMZ), are nonetheless

highly efficient in blocking RNase activity. This indi-

cates that the mechanism of action of the KIRA com-

pounds is slightly more complex than only dependent

on that the induced distortions affect oligomerisation

[26].

Small IRE1-derived peptides modulate IRE1

activity in vitro and in cultured cells

The ability of F6P1 and F6P2 to bind IRE1 in vitro

was tested using microscale thermophoresis (MST)

assays. Indeed, the MST investigation showed dose–re-
sponse binding of these molecules to recombinant

IRE1 with Kd values in the 10–30 lM range. Specifi-

cally, F6P1 showed a higher binding affinity for IRE1

compared with F6P2 (Fig. 3A,B). Subsequently, F6P1

and F6P2 were tested in an in vitro cleavage assay as

previously described [27] using MKC8866 as a positive

control (IC50 0.41 lM) and reaction buffer as a nega-

tive control in the presence of recombinant IRE1,

ATP, DTT and a fluorescent Cy5-BHQ3 probe

(Fig. 3C,D and Table 1). Both F6P1 and F6P2 show

some degree of IRE1 RNase inhibition with IC50s cal-

culated in the 3-30 lM range, F6P1 showing more

potent inhibition than F6P2 (Fig. 3C,D and Table 1)

recapitulating the relationship seen between the MST

Kd values for the two peptides. We then investigated

the potential of these peptides to affect IRE1 function

in a cell model. Increasing concentrations of each pep-

tide were transfected in HEK293T cells over 4 h, and

subsequently, the cells were treated with 1 lg�mL�1

tunicamycin for a further 4 h. XBP1 mRNA splicing

was then tested as a marker of IRE1 RNase activity.

As observed in vitro, both peptides attenuated tuni-

camycin-induced IRE1-dependent XBP1 mRNA non-

conventional splicing in HEK293T cells in a dose-

dependent manner (Fig. 3E).

FDA-approved drugs predicted to bind the IRE1

kinase domain from in silico analysis, affect IRE1

activity in vitro and sensitise GBM cellular

models to TMZ

Having shown that small peptides derived from the

kinase domain sequence of IRE1 are capable to bind

onto and inhibit IRE1 activity in vitro and in a cell

model, we next tested the hits from the screened FDA-

approved drugs as above, this time including both pri-

mary (RADH87 [28]) and common (U87) human

GBM lines. Once again, we monitored IRE1 activity

in the presence of increasing concentrations of inhibi-

tors in our in vitro cleavage assay. Interestingly, all

compounds showed a varying degree of inhibition

(Fig. 4B–E) confirming the hypothesis that the struc-

ture and binding based in silico screening yielded can-

didates with similar properties to the peptides when

considering properties of IRE1 inhibition. IC50 values

for IRE1 inhibition were determined and found to be

in the 0.2–2 lM range (Fig. 4 and Table 1), that is

much more potent than the peptides, and of similar

order of magnitude as MKC8866 (IC50 0.41 lM)
although with different inhibition profiles.

Since the majority of the compounds are therapeu-

tics with known side effects, a toxicity screen was car-

ried out in U87 and RADH87 GBM cells with

increasing concentrations of each compound utilising a

cell viability assay (WST1). A toxicity IC50 value was

calculated for each compound, and thus, subtoxic

doses were determined for any and all subsequent

assays for each cell line used (Figs 5A and 6A;

Tables 1 and 2). It was noted that fludarabine phos-

phate exhibited high toxicity already at low doses. To

verify the ability of the compounds to act as IRE1
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inhibitors by impacting on IRE1 kinase activity, we

next treated U87 and RADH87 cells with subtoxic

doses of each compound for 24 h and measured the

ratio of phospho-IRE1 (anti-P-S724) over total IRE1

compared with the untreated samples. The majority of

our compounds significantly reduced IRE1 autophos-

phorylation and hence potentially its activity at the

protein level, with some intercell line variability

(Figs 5B,C and 6B,C).

To test the ability of the identified compounds to

inhibit IRE1 activity in human GBM cell models as

well as determine the effect they may have upon induc-

tion of ER stress with different stressors, we treated

U87 and RADH87 cells with subtoxic doses of the

FDA-approved compounds in the presence of

1 lg�mL�1 tunicamycin or 0.5 lg�mL�1 SubAB toxin

[29] for 24 and 1.5 h, respectively (Figs 5D,E and 6D,

E). Tunicamycin is an antibiotic that causes ER stress

via blocking N-linked protein glycosylation, whilst

SubAB acts as a serine protease cleaving BiP/GRP78

[30], a chaperone essential for the recognition of

unfolded protein load increase in the ER [31]. All com-

pounds tested in the presence of tunicamycin in U87

or RADH87 cells decreased XBP1 mRNA splicing

over time. The induction profiles of both common

(U87) and primary (RADH87 [3]) GBM lines in the

Fig. 2. 2D Ligand interaction maps for

peptides F6P1 and F6P2, and the identified

FDA-approved compounds, docked to the

IRE1 ATP kinase-binding sites. F6P1 in the

ATP kinase-binding pocket of (A) PDB ID

3P23 and (B) PDB ID 4U6R. F6P2 in the

ATP kinase-binding pocket of (C) PDB ID

3P23 and (D) PDB ID 4U6R. (E)

Methotrexate in the 3P23 ATP kinase-

binding pocket. (F) Folinic acid in the 3P23

ATP kinase-binding pocket. (G)

Cefoperazone in the 4U6R ATP kinase-

binding pocket. (H) Fludarabine phosphate

in the 3P23 ATP kinase-binding pocket.

Structures in Figure were generated using

Maestro Suites 2015-2018 (Schr€odinger

Release 2018-4: Schr€odinger, LLC, 2018).
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presence of tunicamycin were similar with the starkest

differences seen at 16 and 24 h of treatment (Figs 5D

and 6D). ER stress induction with the SubAB toxin

was much faster with maximal XBP1s expression

observed at 1.5 h after treatment. No change in XBP1

splicing was observed in the primary human line

(RADH87), but this could be attributed to the fact

that human cells are deficient for Neu5Gc, a sialic acid

displayed on cell surface glycoconjugates that is recog-

nised by the toxin B subunit with high specificity [32]

triggering internalisation of the holotoxin. As such, an

effect of this toxin on primary human cells is far less

likely than one on commonly available lines such as

U87 (Figs 5E and 6E). Such conserved effect of the

molecules across different types of stress and cell lines

solidifies the notion that compounds identified in our

study are true inhibitors of IRE1 activity.

IRE1 has been shown to play a major role in GBM

pathogenesis and pathophysiology both in animal

models and in human tumours [3]. It thus stands to

reason that blocking IRE1 activity would be an attrac-

tive target in GBM treatment. However, when consid-

ering the clinical state of GBM or in fact any tumour

in a systemic setting it is evident that sustained

Fig. 3. Small IRE1-derived peptides

modulate IRE1 activity in vitro and in

cultured cells. (A, B) Dose-dependent

binding affinity of F6P1 (A) and F6P2 (B)

based on MST signal measurements.

Results are shown as mean � SD (n = 4).

(C, D) Activity of IRE1 in the presence of

F6P1 (C) and F6P2 (D) compared with

MKC8866 stemming from FRET signal upon

fluorescent probe cleavage over 25-min

incubation. Representative curves of

peptides and control. MKC8866 was used

as a comparator for efficacy of RNase

activity blocking. (E) HEK293T cells were

transfected with increasing concentrations

of F6P1 or F6P2 and treated with

tunicamycin. XBP1s mRNA levels were

measured after a 4-h treatment as a

measure of IRE1 RNase activity. An

ordinary one-way ANOVA was performed to

check for statistical significance with the

addition of Dunnett’s multiple comparison

test comparing all individual clusters to

GFP. Significance summary based on 95%

CL of diff.: ** = 0.02809 to 0.4950;

* = 0.1477 to 0.6146; ** = �0.02516 to

0.4418; * = 0.1633 to 0.6302. Results are

shown as mean � SD (n = 3).
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inhibition of IRE1 may have adverse rather than bene-

ficial effects. Consequently, a far more attractive

hypothesis would be to sensitise tumours to the stan-

dard of care, the combination of chemotherapy and

radiotherapy. In such a scenario, tumour cells would

be swiftly removed without the need for a prolonged

exposure to IRE1 inhibition and potentially without

prolonged exposure to highly toxic-alkylating agents

such as TMZ. To this end, we tested the effect of the

IRE1-inhibiting compounds identified herein in our

Fig. 4. In vitro fluorescence cleavage assay

design and validation, and cleavage assay

fluorescence curves. RNA probe including a

30 Cy5 fluorescent dye and a 50 BHQ3

quencher was incubated with recombinant

IRE1. Probe cleavage leads to an increase

in fluorescence. (A) MKC8866 was used as

a comparator for efficacy of RNase activity

blocking. (B–E) Representative curves of

varying concentrations of molecules and

control (DMSO for FDA-approved

molecules). Activity of IRE1 in the presence

of methotrexate, folinic acid, cefoperazone

and fludarabine phosphate compared with

MKC8866 stemming from FRET signal upon

fluorescent probe cleavage over 25-minute

incubation. Each compound is listed at the

top of the respective curve. Results are

shown as mean � SD (n = 4) for all activity

curves bar fludarabine phosphate which

represents n = 2.
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cellular GBM models when treated with TMZ. Guided

by the above toxicity assays (Figs 5A and 6A), cells

were treated with subtoxic doses of methotrexate, foli-

nic acid, cefoperazone or fludarabine phosphate

(Table 2) and then subjected to increasing concentra-

tions of TMZ (0–2500 lM) in the same temporal man-

ner as with the toxicity investigation above. Kill curves

were once again calculated and the IC50 of TMZ for

U87 and RADH87 cells in the presence of each

compound inferred (Table 1). All of the tested com-

pounds significantly sensitised both commonly avail-

able and primary GBM cells to TMZ (Figs 5F and

6F).

Discussion

Herein, we have uncovered a group of molecules that

inhibit IRE1 activity and sensitise GBM cells (both
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established and primary lines) to TMZ chemotherapy

when used at subtoxic doses. Our investigation offers

major advantages to the pursuit of a solution to the tem-

porally rapid progression and dismal end of many can-

cers such as GBM, pancreatic cancer and TNBC, as

well as the accumulation of information with respect to

off-target actions of many compounds in clinical use.

We designed a drug discovery process by which,

using datasets of already existing molecules, com-

pounds that can inhibit IRE1 activity in silico, in vitro

and in cell-based models could be identified. In an

ever-increasingly financially competitive environment

of novel compound recognition, such approaches

could prove an indispensable tool to bypass the need

for new synthesis and thus fast-track drug repurposing

and clinical benefit (Scheme 1). Secondly, we identify

novel modes of action for molecules already in abun-

dant clinical use. Methotrexate, for example, is on the

List of Essential Medicines [33] with dual mechanisms

of action in various malignancies and autoimmune dis-

orders. Its interference with IRE1 activity could

severely impact its efficacy as a therapeutic as well as

potentially open avenues of research into mechanisms

of alleviating its side effects [34] that, based on the

current findings, may be the result of its potential as a

UPR disruptor.

We have furthermore identified already clinically

approved therapeutics that could potentially have a

beneficial effect on GBM, a disease in dire need for

improved clinical options. Such discoveries are of

great benefit to clinical trial design as they can be

put straight into the clinic with much reduced tempo-

ral and financial burden onto the design of the trial

itself. This means that patients could benefit from

such insights into an expedient manner. Alternative

biophysical approaches such as mass spectrometry

[35] or NMR could provide crucial pieces of infor-

mation to corroborate the information received from

the current study and validate these new series of

ligands as novel class of IRE1 endoribonuclease inhi-

bitors, to be complemented with the already available

hydroxy–aryl–aldehyde and KIRA classes of com-

pounds [12,36].

In conclusion, through the structural interrogation

of the IRE1 kinase catalytic domain and subsequent

in silico screen, we have identified four clinically

approved molecules that inhibit IRE1 RNase activity

in vitro and in human GBM cell models, and sensitise

them to the established GBM chemotherapy treatment,

temozolomide. As such, we further annotate the mode

of action of widely used therapeutics and map their

potential use in drug-repurposing scenarios as IRE1

modulators.

Materials and methods

Materials

Recombinant human IRE1 cytosolic domain (11905-

HNCB) was from Sino Biological Europe GmbH

(Eschborn, Germany). The fluorescent probe (Cy3-CAU-

GUCCGCAGCGCAUG-BHQ3) used for the in vitro IRE1

RNase assay was purchased from Eurogentec (Li�ege, Bel-

gium). Tunicamycin was purchased from Calbiochem

(Merck KGaA, Darmstadt, Germany). SubAB toxin was

purified from recombinant E. coli as previously described

[37]. All the other inhibitors were synthesised by and pur-

chased from companies outlined as follows. Peptides, F6P1

Fig. 5. FDA-approved drugs predicted to bind the IRE1 kinase domain in silico, affect IRE1 activity in vitro and sensitise commonly available

GBM cellular models to TMZ. (A) Toxicity IC50s for each of the four inhibitors in U87 cells. Results are shown as mean � SD (n = 3).

Compounds not showing toxicity (flat curves) are capped to IC50s of 1000 lM. (B) Representative blot of U87 cell treatment, blotted for

IRE1 and phospo-IRE1. N = 3 separate biological repeats were carried out, quantification of which can be seen in C. (C) Protein levels of

IRE1 and phospho-IRE1 in U87 cells treated with methotrexate, folinic acid, cefoperazone and fludarabine phosphate over 24 h. Fold change

in protein expression between IRE1 and phospho-IRE1 is represented in bar chart form normalised to the corresponding untreated cells.

Results are shown as mean � SD (n = 3). Unpaired t-tests were performed to test for statistical significance between each condition and

untreated. ***P = 0.0006 for both methotrexate and fludarabine phosphate. (D) XBP1s mRNA levels upon treatment with 1 lg�mL�1

tunicamycin over 24 h normalised to untreated U87 cells. Results are shown as mean � SD (n = 3). Multiple t-tests were performed to test

for statistical significance between each condition and control. ***P = 0.00196 16 h, **P = 0.00562 24 h. (E) XBP1s mRNA levels upon

treatment with 0.5 lg�mL�1 SubAB toxin after 1.5 h normalised to untreated U87 cells. Results are shown as mean � SD methotrexate,

fludarabine phosphate (n = 3), folinic acid and cefoperazone (n = 4). An ordinary one-way ANOVA was performed to check for statistical

significance with the addition of Dunnett’s multiple comparison test comparing all individual clusters to control. Significance summary based

on 95% CL of diff.: * = 1.019–8.500 methotrexate; ** = 1.013–8.011 folinic acid; ** = 1.430–8.427 cefoperazone. (F) TMZ IC50s in the

presence of nontoxic doses of IRE1 inhibitors in U87 cells. Results are shown as mean � SD (n = 6). An ordinary one-way ANOVA was

performed to check for statistical significance with the addition of Dunnett’s multiple comparison test comparing all individual clusters to

control. Significance summary based on 95% CL of diff.: **** = 1705–3316 methotrexate; **** = 1494–3105 folinic acid; **** = 1482–

2953 cefoperazone; **** = 1106–2717 fludarabine phosphate.
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and F6P2 were synthesised and purchased from Biomatik

(Cambridge, Canada). Methotrexate, folinic acid and cefop-

erazone were from Apollo Scientific (Stockport, UK), and

fludarabine phosphate was from Selleck Chemicals

(Munich, Germany).

IRE1-mediated in vitro RNase assay

Peptides were diluted in reaction buffer, organic molecules

in minimal volume of DMSO, and subsequently rediluted

in reaction buffer. Maximum volume of DMSO per reac-

tion never exceeded 1%. Reaction volume was 25 lL.
Recombinant IRE1 (200 lM) was incubated at room tem-

perature for 10 min with varying concentrations (0–50 lM)
of inhibitor and reaction buffer. Subsequently, equal vol-

ume of mixture of reaction buffer, ATP (1 mM), DTT

(1 mM) and fluorescent probe was added to each sample

and fluorescence was read in a 96-well, black, flat-bottom

plate every minute for 25 min, at 37 °C, in a Tecan 200

plate reader (Tecan Group Ltd, M€annedorf, Switzerland).
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Cell culture and treatments

U87MG (ATCC) cells were authenticated as recommended by

AACR (http://aacrjournals.org/content/cell-line-authentication-

information) and tested for the absence of mycoplasma using

MycoAlert� (Lonza, Basel, Switzerland) or MycoFluor (Invit-

rogen, Carlsbad, CA, USA). U87MG cells were grown in

DMEM GlutaMAX (Invitrogen) supplemented with 10%

FBS. Primary GBM RADH87 cells were generated as previ-

ously described [28]. For XBP1s induction experiments, tuni-

camycin was used at 1 lg�mL�1 for the indicated periods of

time. SubAB toxin was used at 1 lg�mL�1 up to 1.5 h. Inhibi-

tors investigated were used at subtoxic concentrations indi-

cated in Table 2. For inhibitor cell toxicity (Fig. 6), assays

cells were plated in 96-well plates at 5000 cells per well and

treated with 0, 5, 10, 25, 50, 100, 250, 500, 1000 and 2500 lM
concentrations of each inhibitor. After 6 days of incubation,

WST1 reagent (Roche, Basel, Switzerland) was added to each

well, and after 4-h incubation, the plate was read using a Tecan

200 colorimeter (Tecan Group Ltd). For TMZ sensitivity

assays, cells were plated in a 96-well plate at 5000 cells per well

and co-treated with 0, 5, 10, 25, 50, 100, 250, 500, 1000 and

2500 lM of TMZ plus a nontoxic dose of inhibitor described

in Table 2. After 6 days of incubation, WST1 reagent (Roche)

was added to each well, and after 4-h incubation, the plate was

read using a Tecan 200 colorimeter. Peptides F6P1 and F6P2

were transfected in HEK293T cells using Pro-JectTM Protein

Transfection Reagent Kit (Thermo Fisher Scientific, Waltham,

MA, USA) according to the manufacturer’s instructions.

Statistical analyses

Data are presented as mean � SD. Statistical significance

(P < 0.05 or less) was determined using unpaired t-tests or

ANOVA as appropriate and performed using GRAPHPAD

PRISM software (GraphPad Software, San Diego, CA,

USA). Toxicity and sensitisation curve extrapolation was

performed using curve fit hypotheses by GRAPHPAD PRISM

software (GraphPad Software).

Table 2. Concentrations of FDA-approved drugs in different assays. Concentrations of each inhibitor (methotrexate, folinic acid,

cefoperazone and fludarabine phosphate) used in each cell line (U87 and RADH87) for each separate investigation (tunicamycin treatment,

TMZ sensitisation, protein extraction).

Compound

U87 RADH87

Concentration (lM) Concentration (lM)

24-h

tunicamycin

treatment

TMZ

sensitisation

assay

24-h inhibitor

treatment for

protein extraction

24-h

tunicamycin

treatment

TMZ

sensitisation

assay

24-h inhibitor

treatment for

protein extraction

Methotrexate 50 100 50 50 50 50

Folinic acid 50 100 50 50 100 50

Cefoperazone 50 100 50 50 50 50

Fludarabine

phosphate

5 5 5 5 5 5

Fig. 6. FDA-approved drugs predicted to bind the IRE1 kinase domain in silico, affect IRE1 activity in vitro and sensitise primary patient-

derived GBM cellular models to TMZ. (A) Toxicity IC50s for each of the four inhibitors in RADH87 cells. Results are shown as mean � SD

(n = 3). Compounds not showing toxicity (flat curves) are capped to IC50s of 1000 lM. (B) Representative blot of RADH87 cell treatment,

respectively, blotted for IRE1 and phospo-IRE1. N = 3 separate biological repeats were carried out, quantification of which can be seen in C.

(C) Protein levels of IRE1 and phospho-IRE1 in RADH87 cells treated with methotrexate, folinic acid, cefoperazone and fludarabine

phosphate over 24 h. Fold change in protein expression between IRE1 and phospho-IRE1 is represented in bar chart form normalised to the

corresponding untreated cells. Results are shown as mean � SD (n = 3). Unpaired t-tests were performed to test for statistical significance

between each condition and untreated. **P = 0.0064 (methotrexate), **P = 0.0014 (cefoperazone), *P = 0.0407 (fludarabine phosphate).

(D) XBP1s mRNA levels upon treatment with 1 lg�mL�1 tunicamycin over 24 h normalised to untreated RADH87 cells. Results are shown

as mean � SD (n = 3). Multiple t-tests were performed to test for statistical significance between each condition and control; *P = 0.0240

16 h, *P = 0.0499 24 h. (E) XBP1s mRNA levels upon treatment with 0.5 lg�mL�1 SubAB toxin after 1.5 h normalised to untreated

RADH87 cells. Results are shown as mean � SD (n = 3). An ordinary one-way ANOVA was performed to check for statistical significance

with the addition of Dunnett’s multiple comparison test comparing all individual clusters to control. No statistical significance seen; (F) TMZ

IC50s in the presence of nontoxic doses of IRE1 inhibitors in RADH87 cells. Results are shown as mean � SD (n = 6). An ordinary one-way

ANOVA was performed to check for statistical significance with the addition of Dunnett’s multiple comparison test comparing all individual

clusters to control. Significance summary based on 95% CL of diff.: **** = 3825–7101 methotrexate; **** = 3331–6607 folinic acid;

**** = 5051–8327 cefoperazone; **** = 4491–7767 fludarabine phosphate.
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Pharmacophore generation and virtual screening

Libraries of compounds were formed using Maestro Suites

2015-2018 (Schr€odinger Release 2018-4: Schr€odinger, LLC,

New York, NY, USA 2018) and specifically utilising tools

within this program such as LigPrep, Glide Dock, Pharma-

cophore Hypothesis Generation, Glide grid generation and

Protein preparation. Structural exploration and peptide

modifications were carried out using software SuperMimic

[38] and MOE (MOE 2018.01: Chemical computing group,

Montreal Canada), respectively. UCSF Chimera [39] was

used for image generation. Pharmacophore hypotheses were

tested against a database of FDA-approved drugs using the

supercomputer cluster Hebbe at the C3SE supercomputing

centre (Gothenburg, Sweden), which was also utilised for

all docking experiments. In the ligand preparation, all

stereoisomers and tautomers were generated. As an effect,

the optimal peptides and their resulting pharmacophores in

some cases are based on a mix of D- and L-amino acids.

Quantitative real-time PCR

Total RNA was prepared using the TRIzol reagent (Invitro-

gen). All RNAs were reverse-transcribed with maxima

reverse transcriptase (Thermo Scientific, Waltham, MA,

USA), according to manufacturer protocol. qPCR was per-

formed via a StepOnePlusTM Real-Time PCR Systems from

Applied Biosystems (Foster City, CA, USA) and the SYBR

Green PCR Core Reagents Kit (Takara, Saint-Germain-en-

Laye, France). Analysis was carried out using QuantStudioTM

Design and Analysis software version 1.3.1. Three technical

repeats were performed per experiment. At least three biolog-

ical repeats were performed per point per experiment. The

primers used were as previously described [40].

Western blotting analyses

All IRE1 signalling analyses were carried out as described

previously [31]. Cells grown on 6-well plates were washed

with PBS and lysed with RIPA lysis buffer at 4°C for

25 min to extract protein. Cell extracts were resolved by

SDS/PAGE and transferred to PVDF membranes. The

resulting membranes were incubated with primary antibod-

ies for 16 h at 4 °C, washed with PBS and incubated for

1 h with goat anti-rabbit secondary antibodies at room

temperature (Invitrogen) prior revelation using chemilumi-

nescence. The antibodies used were as previously described

[40].

Microscale thermophoresis (MST)

The direct binding of the peptides F6P1 and F6P2 to IRE1

protein was measured using MST. IRE1 wild-type recombi-

nant protein encoding the cytoplasmic domain (amino acids

465–977) with N-terminal polyhistidine-tag and GST tag

(Sino Biological Europe GmbH, Eschborn, Germany,

#11905-H20B) was labelled using RED-Tris-NTA fluores-

cent dye (RED-Tris-NTA 2nd Generation, NanoTemper,

Munich, Germany; # MO-L018). For the labelling step,

100 µL of 20 nM protein solution is mixed with 100 µL of

10 nM RED-Tris-NTA dye in PBST buffer (PBS with

0.05% Tween-20) and incubated for 30 min at RT. The

protein–dye mixture was centrifuged for 10 min at 4 °C
and 15 000 g. For measurement of direct binding, the pep-

tides were analysed in a 16-point dilution series mixed in a

1 : 1 ratio with the labelled protein in MST buffer (50 mM

Tris/HCl pH 7.8, 150 mM NaCl, 10 mM MgCl2, 0.05%

Tween-20). The assay was performed in standard Monolith

NT.115 Capillaries (NanoTemper; #MO-K022), and all

measurements were performed at 60% MST power and

40% excitation power using the Monolith NT.115Pico

machine (NanoTemper). The dissociation constant (Kd)

was calculated by taking the average of triplicate nor-

malised fluorescence data (Fnorm) using NANOTEMPER anal-

ysis software (MO.Affinity Analysis v2.3). Fnorm values

were converted to fraction-bound data, and the resulting

binding curves are plotted using GRAPHPAD PRISM software

(GraphPad Software).
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