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ARTICLE INFO ABSTRACT

Keywords: Current treatment options for triple-negative breast cancer (TNBC) are limited to toxic drug combinations of low
Pro-inflammatory mediators efficacy. We recently identified an aryl-substituted fatty acid analogue, termed CTU, that effectively killed TNBC
NE-1B cells in vitro and in mouse xenograft models in vivo without producing toxicity. However, there was a residual
?RB;;-IS cell population that survived treatment. The present study evaluated the mechanisms that underlie survival and
Self-renewal renewal in CTU-treated MDA-MB-231 TNBC cells. RNA-seq profiling identified several pro-inflammatory

signaling pathways that were activated in treated cells. Increased expression of cyclooxygenase-2 and the cy-
tokines IL-6, IL-8 and GM-CSF was confirmed by real-time RT-PCR, ELISA and Western blot analysis. Increased
self-renewal was confirmed using the non-adherent, in vitro colony-forming mammosphere assay. Neutralizing
antibodies to IL-6, IL-8 and GM-CSF, as well as cyclooxygenase-2 inhibition suppressed the self-renewal of MDA-
MB-231 cells post-CTU treatment. IPA network analysis identified major NF-xB and XBP1 gene networks that
were activated by CTU; chemical inhibitors of these pathways and esiRNA knock-down decreased the production
of pro-inflammatory mediators. NF-xB and XBP1 signaling was in turn activated by the endoplasmic reticulum
(ER)-stress sensor inositol-requiring enzyme 1 (IRE1), which mediates the unfolded protein response. Co-
treatment with an inhibitor of IRE1 kinase and RNase activities, decreased phospho-NF-kB and XBP1s expres-
sion and the production of pro-inflammatory mediators. Further, IRE1 inhibition also enhanced apoptotic cell
death and prevented the activation of self-renewal by CTU. Taken together, the present findings indicate that the
IRE1 ER-stress pathway is activated by the anti-cancer lipid analogue CTU, which then activates secondary self-
renewal in TNBC cells.

Mammosphere assay
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M.K. Rahman et al.
1. Introduction

The treatment of patients with triple-negative breast cancer (TNBC)
usually involves toxic drug combinations. There is an urgent need for
new agents that are well tolerated and exhibit improved efficacy. The
anti-cancer activities of ©-3 polyunsaturated fatty acids, such as eico-
sapentaenoic acid, could be a potential source of new agents for the
treatment of TNBC (Augimeri et al., 2023; Bobin-Dubigeon et al., 2022;
Chajes et al., 2012; Rose and Connolly, 2000; Wiseman et al., 2022). ®-3
Polyunsaturated fatty acids undergo biotransformation to diverse lipid
mediators that modulate cell growth and homeostasis, including epox-
ides generated by cytochromes P450s (CYPs; Spector, 2009; Al-Bahlani
et al., 2017; Woodcock et al., 2018). While CYPs have been intensively
studied for their roles in xenobiotic oxidation, these enzymes also
mediate the oxidation of important endobiotics such as polyunsaturated
fatty acids and steroids (Zhang et al., 2013; Rendic and Guengerich,
2015; Newell et al., 2019). CYP-mediated oxidation of eicosapentaenoic
acid generates the ©-3-17,18-epoxide that has been found to selectively
inhibit cell proliferation and activate apoptosis, whereas the regioiso-
meric epoxides did not decrease cell viability (Cui et al., 2011). In
addition, synthetic 0-3 monoepoxides of long-chain saturated fatty acids
also impair the viability of MDA-MB-231 TNBC cells (Dyari et al., 2014).
However, the susceptibility of fatty acid epoxides to hydration by sol-
uble epoxide hydrolase rapidly terminates their actions in vivo, which
prevents their development as drugs (Fleming et al., 2007; Inceoglu
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et al., 2008). Instead, stable ®-3 and ®-6 epoxide mimics have been
developed by bioisosteric replacement of the unstable epoxide moieties
with urea (Liu et al., 2001; Falck et al., 2009, 2014); many of these
mimics retain the biological actions of the epoxides. We reported that an
aryl-substituted ureido-fatty acid, termed CTU (Fig. 1A), killed TNBC
cells in vitro and was well tolerated in mice in vivo (Rawling et al., 2017).

The endoplasmic reticulum (ER) regulates the correct folding of
proteins and their trafficking to other cellular destinations (Xu et al.,
2005; Hetz et al., 2020). When misfolded and damaged proteins accu-
mulate in the ER the unfolded protein response (UPR) is activated,
which is mediated by the ER stress sensors inositol requiring enzyme
la/p (IRE1), PKR-like ER kinase (PERK) and activating transcription
factor 6a/p (ATF6) (Xu et al., 2005; Kimata et al., 2007). The UPR halts
protein translation and activates protein folding to reestablish ER ho-
meostasis but, if the stress is prolonged, cell death is triggered (Xu et al.,
2005; Kimata et al., 2007; Luo et al., 2022). Recently, CTU was found to
target the tumor cell mitochondrion and uncouple electron transport.
ATP production was impaired and reactive oxygen species production
was increased, which activated the PERK pathway of ER stress and
apoptotic cell death (Choucair et al., 2022).

Cancer cells survive cytotoxic drug exposure by activating survival
signals and/or by deactivating pro-death signals (Hassan et al., 2014).
Although CTU is the prototype of a new class of agents with promising
anti-cancer properties, nevertheless it appeared that a proportion of
TNBC cells remained viable after treatment. The present study was
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Fig. 1. Increased self-renewal capacity of residual MDA-MB-231 cells after CTU treatment. (A) Structure of CTU. (B) CTU-mediated time-dependent decreases in MTT
reduction. Cells (1 x 10*/well) were treated with CTU (10 uM) for 24, 48 h or 72 h. MTT was added as described in Materials and Methods and the absorbance at
540 nm was measured. (C) CTU-mediated time-dependent decreases in ATP formation. Cells (7.5 x 10*/well) were treated with CTU (10 uM). ATP formation was
assessed using the CellTiter-Glo® luminescent assay as described in Materials and Methods. (D) Crystal Violet staining analysis of the residual surviving cell pop-
ulations after CTU treatment. Cells (1.5 x 10°/well) were treated with CTU (10 uM) for 24 or 48 h, stained with 0.5 % crystal violet and images were captured as
described in Materials and Methods. (E) Mammosphere formation in CTU-treated (10 uM, 72 h) MDA-MB-231 cells. Cells (1.5 x 10°/well) were treated with CTU
(10 uM) for 72 h. Surviving cells were incubated for a further 72 h in complete medium and then seeded (1 x 10%/well) on ultra-low attachment plates. DMEM/F12
medium containing B27-supplement and EGF (20 ng/ml) was added and incubations were continued for a further 5 d. Images were captured and analyzed as
described in Materials and Methods. Data are presented as mean =+ standard error (SEM) of three or more independent experiments, with at least two internal
replicates. Different from corresponding control: ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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conducted to evaluate the mechanisms by which residual tumor cell
populations survived CTU treatment. The principal finding to emerge
was that the self-renewal capacity of residual cell populations was
attributable to the production of major pro-inflammatory mediators,
including IL-6, IL-8, GM-CSF and cyclooxygenase-2 (COX-2). CTU pro-
moted the formation of these mediators by activating the IRE1 arm of
ER-stress that in turn activated NF-kB and XBP-1 signaling.

2. Materials and methods
2.1. Biochemicals and reagents for cell culture

Unless otherwise stated biochemicals were obtained from Sigma
Aldrich (Castle Hill, NSW, Australia). The primary antibodies anti-IRE1
(3294 S), anti-XBP1s (12782 S), anti-phospho-NF-kB p65 (3031), anti-
NF-kB p65 (8242), anti-phospho-inhibitor of NF-xB (IkB; 2859), anti-IxB
(4812) and anti-XBP1s (12782) were from Cell Signaling Technology
(Arundel, QLD, Australia). Anti--actin (C47778) and anti-COX-2 (sc-
19999) primary antibodies were obtained from Santa Cruz Biotech-
nology (Dallas, TX). Anti-phospho-IkB kinase (IKK) a/p (ab178870) was
from Abcam (Melbourne, VIC, Australia) and anti-phospho-IRE1
(NB100-2323) was from Novus Biological (Noble Park, VIC,
Australia). Alexa fluor-conjugated anti-mouse (4408 S), anti-rabbit
(4412 S) IgG, the Dylight-conjugated goat anti-mouse (5470 S) and
goat anti-rabbit (5151 S) secondary antibodies were purchased from
Cell Signaling Technology. The neutralizing antibodies against IL-6
(RDSMAB206SP), IL-8 (RDSMAB208SP), GM-CSF (RDSMAB215SP),
CXCL1 (RDSMAB275) and IgG1l (RDSMAD9894) were purchased from
R&D Systems (Noble Park, VIC, Australia).

Endoribonuclease prepared siRNA (esiRNA) directed against human
IRE1 (EHU002721), XBP1 (EHU069131), NF-xB (EHU069421) and
GAPDH (EHU146741) were obtained from Sigma Aldrich. X-treme
GENE transfection reagent siRNA was from Roche (Grenzach-Wyhlen,
Germany).

CTU was synthesized as described previously (Rawling et al., 2017).
Chemical inhibitors and other research chemicals were obtained from
Sigma Aldrich or Cayman Chemicals (Ann Arbor, MI). General analytical
grade laboratory chemicals and HPLC grade solvents were obtained
from LabScan (Lomb Scientific, Taren Point, NSW, Australia) or Ajax
Chemicals (Sydney, NSW, Australia).

Low glucose Dulbecco’s Modified Eagle’s Medium (DMEM) and
RPMI medium were from Sigma Aldrich. L-Glutamine was from Life
Technologies (ThermoFisher Scientific, North Ryde, NSW, Australia),
fetal bovine serum (FBS), phosphate-buffered saline (PBS), penicillin
and streptomycin and trypsin/EDTA were from Sigma Aldrich.

2.2. Cell culture

The human MDA-MB-231, HCC1806 and SKBR3 breast cancer cell
lines and the HeLa cervical carcinoma cell line were obtained from ATCC
(American Type Culture Collection, Manassas, VA, USA). MDA-MB-231
and Hela cells were cultured in DMEM-low glucose medium, while
HCC1806 and SKBR3 cells were cultured in RPMI-1640 medium sup-
plemented with 10 % FBS and 1 % penicillin/streptomycin. Cells were
grown in a humidified incubator in a 5 % CO, atmosphere at 37 °C. Cells
at 80-90 % confluence were harvested using trypsin/EDTA after
washing in PBS. Trypsin was neutralized by adding DMEM medium
containing 10 % FBS and removed by centrifugation (290 x g; 5 min).
The cell pellet was resuspended in DMEM and cells were stained with
0.4 % trypan blue and counted (Countess; Invitrogen, Mount Waverley,
VIC, Australia).

2.3. Microscopy

Crystal violet staining and light microscopy were used to evaluate
CTU cytotoxicity. MDA-MB-231 cells were plated at a density of 1.5 x
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10°/well in 6-well plates and incubated overnight at 37 °C. After serum
removal cells were treated with CTU for 24 or 48 h. Following treat-
ment, cells were stained with 0.5 % crystal violet and then washed in
water three times to remove residual stain. Cell images were captured
using a CKX41 inverted microscope (40x magnification) equipped with
an Altra 20 camera (Olympus, Notting Hill, VIC, Australia) and sub-
jected to analysis with GetIT software (Soft Imaging System, Germany)
software.

2.4. Cell viability and apoptosis

Cell viability was assessed using the MTT reduction assay. MDA-MB-
231 cells were seeded into 96-well plates (1 x 10*/well) and, after 24 h,
serum was removed, and culture was continued for a further 24 h. Cells
were then treated with CTU (1, 10 or 40 uM) in dimethylsulfoxide
(DMSO; final concentration 0.1 %) for 24 or 48 h; control cells received
serum-free DMEM alone. At the end of the treatments, 25 pL of MTT
solution (2.5 mg/ml) was added to each well (37 °C; 5 % CO3). After 2 h
the supernatant was removed, the product was dissolved in 100 pL
DMSO and the absorbance was measured at 540 nm in a Victor 3 V 1420
multi-label spectrophotometer (Perkelmer, Glen Waverley, VIC,
Australia).

ATP formation was assessed using the CellTiter-Glo® luminescent
assay (Promega; Annandale, NSW, Australia) as described previously
(Dyari et al., 2014). Confluent MDA-MB-231 cells (80-90 %) were
harvested using Trypsin/EDTA, washed in PBS and then seeded in
24-well plates (7.5 x 10*/well). Cells were then treated with various
concentrations of CTU (1, 10 or 40 uM) in DMSO (final concentration
0.1 %) for 24 or 48 h; control cells received serum-free DMEM alone.
Luminescence was measured in a Victor 3 V 1420 multi-label counter.

The activation of CTU-mediated apoptosis was measured using
Caspase-Glo 3/7 assays (Promega, Alexandria, NSW, Australia) as
described previously (Dyari et al., 2014). MDA-MB-231 cells were plated
in black-walled 96 well plates at a density of 7 x 10%/well and allowed
to adhere overnight. Twenty-four h after serum removal, cells were
treated with CTU (10 pM; 24 h) and luminescence was measured in a
Victor 3 V 1420 multi-label counter.

2.5. Mammosphere formation assay

Human MDA-MB-231 cells were plated at a density of 1.5 x 10%/
well, incubated overnight and then serum was removed. After 24 h cells
were treated with CTU (10 uM) for 72 h. The CTU-containing medium
was removed and surviving cells were incubated for a further 72 h in
complete medium containing neutralizing antibodies against IL-8
(500 ng/ml), IL-6 (500 ng/ml) or GM-CSF (10 pg/ml); antibodies did
not alter control cell viability. In other experiments, surviving cells were
incubated for a further 72 h in complete medium containing chemical
inhibitors of COX-2 (CAY 10404; 0.1 uM), IkB-kinase (BAY 11-7082;
5 uM), XBP1 (toyocamycin; 0.1 uM) or IREla (GSK2850163; 10 uM).

After these treatments, cells were trypsinised and seeded (1 x 103/
well) on ultra-low attachment surface plates (Corning, Silverwater,
NSW, Australia). DMEM/F12 medium containing B27-supplement and
EGF (20 ng/ml) was added and incubations were continued for a further
5 d. During this period cells were incubated in medium that did not
contain inhibitors or neutralizing antibodies. Images were captured
using a light microscope and digital camera and mammosphere forma-
tion efficiency ( %) was determined: (number of mammospheres > 40
pm/number of cells seeded) x 100.

2.6. mRNA extraction and real time polymerase chain reaction (RT-PCR)

Human MDA-MB-231 cells were seeded on 6-well plates (1.5 x 10°
cells per well) and incubated for 24 h in serum-free medium. Cells were
then treated with CTU (10 pM) or DMSO (control) for 24 h. RNA was
extracted (ISOLATE II RNA Mini Kit, Meridian Bioscience, Cincinnati,
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OH) and quantified (NanoDrop; Thermo Fisher Scientific, Macquarie
Park, NSW, Australia). In RT-PCR reactions, master-mixes were pre-
pared for each gene of interest, comprising SYBR green mix, reverse
transcriptase (Applied Biosystems, Scoresby, VIC, Australia) and
appropriate primers (Sigma; Table S1) in a final volume of 20 pl.
Amplification conditions were optimized for each gene, and gene
expression was quantified using a Rotor-Gene 6000 thermal cycler
(Corbett Life Science, Sydney, NSW, Australia). Relative mRNA
expression was calculated using the AACT method with p-actin as
housekeeping gene.

2.7. mRNA library preparation, RNA-seq and sequencing analysis

RNA from CTU-treated MDA-MB-231 cells (10 pM, 24 h) was sub-
jected to RNA-seq analysis, sequencing and bioinformatics analysis by
the Australian Genome Research Facility (Parkville, VIC, Australia).
RNA libraries were prepared using an Illumina Truseq Stranded Total
RNA kit (San Diego, USA). Briefly, ribosomal ribonucleic acid (rRNA)
was removed from RNA samples using biotinylated, target-specific oli-
gos combined with Ribo-Zero rRNA removal beads. Purified RNA was
fragmented and then converted into the first-strand ¢cDNA using Su-
perScript II Reverse Transcriptase (Invitrogen) and random primers. To
achieve high strand specificity, dTTP was replaced with dUTP in the
Second Strand Marking Mix and second-strand cDNA was synthesized
using DNA Polymerase I and RNase H. In the adaptor ligation step, 3'
ends of blunt fragments were adenylated by adding a single A’ nucle-
otide. The addition of *T’ nucleotides at the 3’ end helped ligate the
adaptor to the fragment. The product was amplified via PCR (13 cycles)
and purified to create the final cDNA library.

Primary sequence data were generated using the Illumina bcl2fastq
2.18.0.12 pipeline. Sequence files were generated in a standard FASTQ
format and sequence reads were aligned against the Homo sapiens
genome (Build version HG38). The Tophat aligner (v2.0.14) was used to
map reads to genomic sequences, and alignment files were rendered in
the compressed BAM format. The counts of reads mapping to genes were
summarized using the human annotation (Genecode v25) as reference.
The EdgeR package was used to perform differential expression analysis
and the GLM model was used to compare differential expression be-
tween the groups. To rank genes that were differentially expressed
above a specified threshold, the glmTreat function was used. IPA soft-
ware was used in bioinformatics analysis to identify potential pathways
involving the differentially expressed genes. Data were uploaded to the
Gene Expression Omnibus repository (accession number GSE166312:
Next Generation Sequencing Facilitates Quantitative Analysis of CTU-
treated Human breast MDA-MB-231 cells Transcriptomes).

2.8. Electrophoresis and immunoblotting

Cells at 80-90 % confluence were harvested with trypsin/EDTA and
washed with cold PBS before addition of lysis buffer (10 mM Tris buffer,
pH 6.8) supplemented with 150 mM NacCl, 0.5 % SDS, 1 % Triton X-100,
0.04 mM EDTA and protease/phosphatase inhibitor cocktail (Cell
Signaling Technology). Cellular protein was electrophoresed on
7.5-12 % SDS polyacrylamide gels as outlined previously, transferred to
nitrocellulose membranes (0.2 pm) and subjected to Western immuno-
blotting essentially as described previously (Murray, 1992). Immuno-
reactive proteins were identified using IRDye conjugated goat
anti-mouse or goat anti-rabbit IgG as secondary antibody (Li-Cor Bio-
sciences, Lincoln, NE) and analyzed on an Odyssey Infrared Imaging
System with Image Studio Light software (Li-Cor Biosciences).

2.9. ELISA
The concentrations of pro-inflammatory cytokines and PGE; in cell

culture medium were quantified by ELISA: IL-6, IL-8, GM-CSF kits (R&D
Systems) and PGE>-Monoclonal ELISA kit (Cayman). Cells were seeded
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(1.5 x 10°/well) in complete medium, allowed to adhere overnight
(5% CO4 at 37 °C), and serum was removed. Twenty-four h after
treatment medium was collected and centrifuged, and ELISA assays
were performed.

2.10. Transfection of esiRNA

MDA-MB-231 cells were seeded in 6 well plates (7.5 x 10%/well) in
DMEM medium supplemented with 10 % serum (without antibiotics)
and incubated overnight at 37 °C. A mixture of X-tremeGENE siRNA
transfection reagent (0.25 %), 2 ug esiRNA, and Opti-MEM I was incu-
bated at room temperature for 20 min to form a transfection complex,
and then the mixture was added to cells (40-50 % confluence) in Opti-
MEM I containing 10 % serum. ‘Scrambled’ eGFP esiRNA was used as
the negative control. After 48 h, the transfection medium was replaced
with serum-free Opti-MEM I, and cells were incubated for another 24 h,
after which they were treated with CTU for 24 h, harvested and
analyzed.

2.11. Statistics

Data are presented as mean =+ standard error (SEM) of three or more
independent experiments, with at least two internal replicates. Data
from multiple treatments were analyzed by analysis of variance and
PLSD testing and differences between control and treatment groups
were identified using the Student’s t-test (Statview, Abacus Corp,
Berkley, CA).

3. Results
3.1. Self-renewal of MDA-MB-231 cell populations after CTU treatment

Consistent with previous observations, CTU decreased the viability
of MDA-MB-231 TNBC cells (Dyari et al., 2014). Thus, CTU (10 uM)
decreased cell proliferation, as reflected by MTT reduction, to 54 + 8 %
(p<0.01), 49 + 8 % (p<0.001) and 30 + 5 % (p<0.0001) of control
after 24, 48 and 72 h of treatment, respectively (Fig. 1B). Similarly, ATP
production was decreased by CTU (10 pM) to 38 + 3 % (p<0.001), 29
+ 4 % (p<0.001) and 22 + 3 % (p<0.0001) of control (p<0.0001) after
24, 48 and 72 h of treatment, respectively (Fig. 1C).

In these experiments a proportion of cells appeared to remain viable,
even after prolonged treatments with higher CTU concentrations. Thus,
crystal violet staining showed that some cells remained adherent after
24 and 48 h of CTU treatment (10 pM; Fig. 1D). In further experiments
the self-renewal capacity of CTU-treated cells was evaluated directly
using the non-adherent, in vitro colony-forming mammosphere assay. It
was found that treatment of MDA-MB-231 cells with CTU (10 uM, 72 h),
followed by a further 72 h recovery period, produced a marked increase
in mammosphere formation relative to DMSO control (Fig. 1E). These
findings suggest that a cell population with increased self-renewal
ability remains after CTU removal.

3.2. CTU treatment enhances the production of pro-inflammatory factors
that promote self-renewal of MDA-MB-231 cells

To understand the molecular mechanism of self-renewal we under-
took RNA-Seq analysis in MDA-MB-231 cells that had been treated with
CTU for 24 h. A total of 16410 genes were identified, of which 131 were
up-regulated and 81 were down-regulated (log two-fold cut-off) by CTU
(10 pM; 24 h). Bioinformatics analysis with cloud-based IPA software
was used to identify biological networks that link differentially
expressed genes (Fig. S1). Thus, pro-inflammatory signaling pathways
involving IL-6, IL-8, IL-15, IL-17, GM-CSF, STAT3 and NF-kB were all
activated in CTU-treated cells (Fig. 2A). Findings from RNA-seq were
confirmed using real-time RT-PCR for the quantification of 19 genes
(Fig. S2), as summarized in Table S2. A good correlation was noted



M.K. Rahman et al. International Journal of Biochemistry and Cell Biology 171 (2024) 106571

L erlap with dataset ONo overlap with dataset B

Percentage

IL-17 Signalling in Gastric Cells »

IL-17a Signalling - s

1L6 Signaling
GADDS Signalling mm=Control =mCTU
1L8 Sigasting

IL15 Signalling

* 8§ 3§

IL10 Signalling,

IL-17A Signalling in Fibroblasts
STATS Pathway

PL3K Signalling in B Lymphocytes

LPS/IL-1 Mediated Inhibition of RXP Fus
Unfolded prote
Endoplasmic Reticulum Stress P

¥ 8 ¥ g og ¢

NF-&B Signalling -t
GM.CSF Signalling

Tolllike Receptor Signalling.

JAKStat Signalling

relative mRNA expression (fold-control)
]
S

§ 3183 33¢

s cox-2  IL-6 L8  GMCSF
Y egpvaue
o
& S & Getis were recovered in Afer recovery, cels Images were captured and
D E & & F oo || soonen | |remomcrs | | SREESSICTD | W | ST || "R
cox 2 for72h media measured
E >
— —— . o
= Actin 560
3 2
== Control mmCTU = g
] mmCTU
1500 o S Control ;
5 2
g £40]
B1000] T % s
] S o
3 @ o
] g 2
= 500 5 %z.o—
S 530 o
S.’ o £
£
= ]
,m Q20 S
O 10 =0.0-
[4 2
° == - = Q pFr & &
IL6  IL8 GM-CSF 8o § &N °
o
e [ Y? é\,e Ov.
¥
CTu
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COX-2 protein expression in CTU (10 pM, 24 h)-treated MDA-MB-231 cells. Cells (80-90 % confluence) were harvested and lysed as described in Materials and
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(10 pM) for 72 h. Medium was removed and surviving cells were incubated for 72 h in complete medium containing neutralizing antibodies or chemical inhibitors.
Cells were seeded (1 x 10%/well) on ultra-low attachment surface plates. DMEM/F12 medium containing B27-supplement and EGF (20 ng/ml) was added and
incubations were continued for a further 5 d. Images were captured and analyzed as described in Materials and Methods. Data are presented as mean =+ standard
error (SEM) of three or more independent experiments, with at least two internal replicates. Different from DMSO control: **p < 0.01, *** p < 0.001
and **** p < 0.0001.

between activation of gene expression by RNA-seq and RT-PCR similarly active (Fig. 2F). In preliminary studies, a neutralizing antibody
(r2=0.9066; Fig. S3). Of the top 50 genes that were upregulated by against the chemokine CXCL1, which was also increased by CTU treat-
CTU, 14 were related to inflammation (Fig. 2B). Consistent with previ- ment (Fig. S2), did not influence mammosphere formation by CTU; a
ous findings, CTU also activated UPR/ER-stress pathways as indicated control IgG1 antibody was also inactive (not shown). Together, these
by the increases in CHOP and XBP-1s mRNAs (Fig. S4; Choucair et al., results suggest that CTU treatment promotes the self-renewal ability of
2022). MDA-MB-231 cells by activating major pro-inflammatory mediators.

In view of these findings, four major pro-inflammatory factors (IL-6,

IL-8, GM-CSF and COX-2) were selected for further study. Increases in 3.3 CTU-mediated i d d NF-xB and
the expression of COX-2, IL-6, IL-8 and GM-CSF mRNAs (Fig. 2C) were g -mediated inflammatory responses are dependent on NF-xB an

corroborated at the protein level using ELISA assays for cytokines XBPIs

(Fig. 2D) and Western blotting for COX-2 (Fig. 2E). The potential role of
these pro-inflammatory factors in chemoresistance and anchorage-
independent cell growth was assessed. Thus, neutralizing antibodies
against IL-6 (P<0.0001), IL-8 (P<0.0001) and, to a lesser extent GM-CSF
(P<0.01) suppressed the extent of cell self-renewal in mammosphere
formation assays, while the COX-2 inhibitor CAY 10404 (0.1 uM) was

IPA-based network analysis was used to further evaluate CTU-
mediated pro-inflammatory signaling and gene activation. Networks
were identified in which the transcription factors NF-xB and X box
binding protein-1 (spliced form; XBP-1s) were connected to multiple
pro-inflammatory factors (Fig. 3A). In further experiments the potential
involvement of NF-kB and XBP-1s networks in the regulation of pro-
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*p < 0.05, ** p< 0.01, *** p < 0.001 and **** p < 0.0001.
inflammatory mediators was assessed. In initial studies, CTU was found
to produce concentration-dependent increases in phospho-NF-kB, IKK,
IkB and XBP1ls expression in MDA-MB-231 cells (1-20 uM, 24 h;
Fig. 3B); these increases were also time-dependent (Figs. S5-S7). In
accord with these findings, CTU also activated p-NF-xkB and XBP-1s
expression in HCC1806 and SKBR3 TNBC cells and cervical carcinoma
HelLa cells (Fig. S8).

The role of CTU-mediated NF-xB and XBP1s activation in the for-
mation of pro-inflammatory mediators was tested. Co-treatment of cells
with the selective IKK inhibitor BAY 11-7082 (5 uM) attenuated the
CTU mediated increase in IL-6, IL-8, GM-CSF and COX-2 expression
(Fig. 4A, B), while inhibition of the XBP1s pathway by toyocamycin
(0.1 uM) suppressed the CTU-mediated production of IL-6, IL-8 and
COX-2, but not GM-CSF (Fig. 4C, D). In confirmation of these findings,
knockdown of NF-kB and XBP1s with specific esiRNAs attenuated the
CTU-mediated production of the major mediators IL-6 and IL-8 (Fig. 4E,
F). These findings indicate that CTU-mediated production of the pro-
inflammatory mediators is dependent on NF-xB and XBP1 signaling.
The functional significance of NF-kB and XBP1s activation in cell self-
renewal was also assessed. Thus, co-treatment of cells with CTU and
BAY 11-7082 or toyocamycin effectively decreased mammosphere
formation to 52 + 3 % (p<0.0001) and 48 + 10 % (p<0.01) of that by
CTU-treated cells, respectively (Fig. 5).

3.4. Inhibition of CTU-mediated IRE1 activation decreases self-renewal of
MDA-MB-231 cells and enhances apoptosis

In previous studies CTU was found to activate major ER-stress
pathways in MDA-MB-231 cells (Choucair et al., 2022) Apoptotic cell
death was dependent on the PERK pathway, but not the IRE1 or ATF6
pathways of ER-stress. Because IRE1 has been reported to activate NF-kB

and XBP1 pathways we tested the relationship between CTU treatment
and the possible role of IRE1 in the formation of pro-inflammatory
mediators (Kaneko et al., 2003). In MDA-MB-231 TNBC cells CTU
treatment (6 h) markedly activated IRE1 in concentration-dependent
fashion, as shown by the increased p-IRE1/IRE1 ratio (Fig. 6A). Treat-
ment with the IREla inhibitor GSK2850163 (10 uM) attenuated the
activation of NF-kB and XBP1 splicing in CTU-treated MDA-MB-231 cells
(Fig. 6B). Comparative studies were conducted in other cell lines. Thus,
CTU (10 pM) also increased p-IRE1 expression in HCC1806 and SKBR3
TNBC cells and the HeLa cervical carcinoma cell line (Fig. S8). Consis-
tent with findings in MDA-MB-231 cells, IRE1 inhibition by
GSK2850163 also attenuated CTU-dependent NF-kB and XBP1 activa-
tion in HCC1806 cells (10 uM, 6 h; Fig. S9). These findings indicate that
CTU activates IRE1/NF-kB/XBP1/inflammatory pathways in several cell
types.

The relationship between CTU-mediated IRE1 activation and pro-
duction of pro-inflammatory factors was assessed using ELISA and
immunoblotting assays. Treatment with the IRE1 inhibitor GSK2850163
(10 uM) decreased the production of all four of the pro-inflammatory
factors in CTU-treated MDA-MB-231 cells (Fig. 6C, D). Together these
findings indicate that CTU-mediated induction of major pro-
inflammatory mediators is dependent on the ER-stress sensor IRE1.

Further studies were conducted to assess the functional significance
of IRE1l activation in MDA-MB-231 cells. Inhibition of IRE1 by
GSK2850163 enhanced apoptotic cell death produced by CTU (10 uM,
24 h; Fig. 6E). GSK2850163 also attenuated the increase in mammo-
sphere formation in CTU-treated cells (Fig. 7). These findings indicate
that IRE1 decreases the extent of apoptotic cell death produced by CTU
treatment and promotes cell survival. This increases the self-renewal
capacity of tumor cells and could lead to the reactivation of tumori-
genesis following CTU treatment.
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Fig. 4. Inhibition of NF-kB and XBP1s signalling suppresses the production of pro-inflammatory mediators in CTU-treated MDA-MB-231 cells. The IKK inhibitor BAY
11-7082 decreased (A) IL-6, IL-8 and GM-CSF production by ELISA assay and (B) COX-2 expression by immunoblotting. The XBP1s inhibitor toyocamycin attenuated
(C) IL-6 and IL-8 production by ELISA assay; and (D) COX-2 expression by immunoblotting analysis. For ELISA analysis cells were seeded (1.5 x 10%/well) in
complete medium, allowed to adhere overnight and serum was removed. Twenty-four h after treatment medium was collected and ELISA assays were performed. For
Western analysis cells (80-90 % confluence) were harvested and lysed as described in Materials and Methods. Cellular protein was electrophoresed on 7.5-12 % SDS
polyacrylamide gels and subjected to Western immunoblotting. (E,F) esiRNA-mediated knock-down of (E) NF-kB and (F) XBP1 attenuated IL-6 and IL-8 production by
MDA-MB-231 cells. In knock-down studies, cells were seeded (7.5 x 10*/well) and incubated overnight in DMEM medium containing 10 % serum. X-tremeGENE
siRNA transfection reagent, 2 ug esiRNA and Opti-MEM I were added to cells. ‘Scrambled’” eGFP esiRNA was used as the negative control. After 48 h, medium was
replaced with serum-free Opti-MEM I and 24 h later cells were treated with CTU for 24 h. Data are presented as mean =+ standard error (SEM) of three or more
independent experiments, with at least two internal replicates. Different from DMSO control: * p < 0.05, ** p< 0.01 and *** p< 0.0001.

4. Discussion

Previous studies have shown that the aryl-ureido fatty acid CTU in-
hibits mitochondrial complex III and promotes reactive oxygen species
production, which activates ER stress and apoptosis in multiple cancer
cell lines (Choucair et al., 2022). However, a residual population of
MDA-MB-231 cells with an enhanced capacity for self-renewal, as
demonstrated by increased mammosphere formation, remained after
CTU treatment. In the present study, CTU was found to activate the
expression of pro-inflammatory genes that increase cell renewal via
NF-kB- and XBP1s-linked pathways that are under the control of the
ER-stress sensor IRE1.

Inflammation is tightly linked to the activation of tumorigenesis
(Greten and Grivennikov, 2019). Inflammatory mediators, such as cy-
tokines and growth factors, are released by immune cells within the
tumor microenvironment and can increase tumor cell proliferation and
resistance to cell death, thereby promoting tumor growth and progres-
sion. The pro-inflammatory factors COX-2, IL-6, IL-8, and GM-CSF are
important features of the tumor microenvironment and promote growth
and anchorage-independent colony formation by human TNBC cells
(Hartman et al., 2013). GM-CSF reportedly recruits myeloid-derived
suppressor cells which regulate T cell immunosuppression and tumor

angiogenesis, while IL-8 and IL-6 recruit neutrophils and mesenchymal
stem cells (Umansky et al., 2016; Logue et al., 2018). Together,
increased COX-2, IL-6 and IL-8 expression is associated with poor
prognosis in breast cancer (Hartman et al., 2013; Umansky et al., 2016;
Logue et al., 2018; Tawara et al., 2019; Xu et al., 2017).

In the present study the enhanced ability of CTU-treated MDA-MB-
231 cells to form mammospheres was attenuated by neutralizing anti-
bodies against IL-6, IL-8 and GM-CSF and by treatment with a COX-2
inhibitor. These findings support a role for pro-inflammatory factors in
TNBC self-renewal during recovery from CTU. CTU-mediated produc-
tion of pro-inflammatory factors was found to be dependent on NF-«kB
and XBP1 signaling. Thus, NF-«B is an established activator of IL-6, IL-8,
GM-CSF and COX-2 gene transcription (Terry et al., 2000; Kunsch et al.,
1994; Thomas et al., 1997; Kaltschmidt et al., 2002) while IL-6, IL-8 and
COX-2 are also transactivated by XBP1s (Fang et al., 2018; Li et al.,
2021; Chopra et al., 2010). Chemical inhibitors of the NF-kB and XBP1
pathways decreased the production of major pro-inflammatory media-
tors; these findings were confirmed in knockdown studies. Other anti-
cancer agents have also been shown to activate NF-kB in tumor cells.
Thus, cisplatin increased the NF-kB-mediated production of IL-1, IL-6,
IL-8 and TNF-u in ovarian tumors, which conferred drug resistance
(Annunziata et al., 2010; Harrington and Annunziata, 2019). Similarly,
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treatment of MDA-MB-435 breast cancer cells with paclitaxel activated
NF-xB and enhanced expression of the pro-inflammatory COX-2
(Aggarwal et al., 2005).

ER-stress and the UPR are also implicated in the development of drug
resistance in breast cancer (Ming et al., 2015). Over 90 % of mammary
tumors were positive for XBP1 by immunohistochemistry (Scriven et al.,
2009). In the present study, treatment of human MDA-MB-231 breast
cancer cells with CTU rapidly increased XBP1s expression. Previous
studies have also related ER-stress and UPR activation in TNBC cells to
decreased drug sensitivity (Scriven et al., 2009). XBP1s is implicated in
relapse of TNBC tumors in vivo (Madden et al., 2019) and has been
shown to potentiate NF-kB signaling and cellular proliferation (Hu et al.,
2015; Barua et al., 2020). Indeed, XBP1s has an important role in the
maintenance of cytokine production. Thus, cells transfected with XBP1
siRNA displayed decreased cytokine expression consistent with
IRE1-XBP1s signaling (Logue et al., 2018). These findings indicate that
XBP1s is an important transcription factor, along with NF-xB, that me-
diates the production of pro-inflammatory factors by CTU.

CTU-mediated pro-inflammatory cytokine production was regulated
by NF-kB and XBP1s and was downstream from the IRE1 pathway of ER-
stress. Tumor cells in vivo are continuously exposed to ER stress in their
microenvironment through hypoxia, low nutrient supply and low pH
(Rubio et al., 2011). Moreover, transformed cells have increased de-
mands for protein and lipid for rapid proliferation despite the oxygen-
and nutrient-deprived environment (Rubio et al., 2011). To overcome
such challenges, cancer cells exploit intrinsic adaptive mechanisms such
as the UPR (Rubio et al., 2011). This suggests that the ER stress response
may modify the cancer cell microenvironment.

IRE1 is functionally important in maintaining cellular homeostasis
by inducing adaptive and prosurvival gene production (Rubio et al.,
2011; Urra et al., 2020). It has been reported that breast cancers with a
high IRE1 signature were associated with basal-like breast cancers and
exhibit increased expression of pro-inflammatory factors (Logue et al.,
2018). Inhibiting IRE1 RNase activity reduced the proliferation of breast

“ p< 0.0001. Data are presented as mean + standard error (SEM) of three or more independent experi-

cancer cells in vitro (Logue et al., 2018; Madden et al., 2019). Together,
disrupted ER homeostasis that leads to maladaptive UPR signaling is an
emerging trait of cancer cells and fosters pro-inflammatory pathways
promoting tissue repair and protumorigenic immune responses (Rufo
et al., 2022). Indeed, other anti-cancer agents have also been reported to
activate IRE1. Thus, paclitaxel activates IRE1 and enhances the pro-
duction of pro-tumorigenic and pro-inflammatory factors in
MDA-MB-231 TNBC cells (Logue et al., 2018). The IRE1-XBP1s pathway
is also linked to cell proliferation in other cancers including colon can-
cer, breast cancer, prostate cancer and melanoma (Madden et al., 2019).

A number of studies have suggested that IRE1 inhibition is poten-
tially valuable as an adjuvant chemotherapy in cancer (Raymundo et al.,
2020). IRE1 is an ER-resident type I protein and consists of an N-ter-
minal ER luminal domain, which senses protein-folding status, and a
cytosolic C-terminal domain. The latter possesses kinase and endonu-
clease RNase activities (Lee et al., 2008; Zhou et al., 2006). ER stress
activates IRE1 by N-terminal domain homodimerization, autophos-
phorylation of the kinase domain and a conformational change in the
RNase domain. In TNBC, chemical inhibition of the RNase activity of
IRE1 prevents the removal of a 26-nucleotide intron to generate the
more transcriptionally-active XBP1s (Lee et al., 2008). Inhibition of IRE1
RNase with MKC8866 also decreased pro-inflammatory cytokine pro-
duction and mammosphere formation in vitro and prevented regrowth
of MDA-MB-231 xenografts after paclitaxel withdrawal (Logue et al.,
2018). Similarly, inhibition of XBP1 splicing reestablished tamoxifen
sensitivity in resistant MCF-7 cells and delayed breast cancer progres-
sion in a xenograft model (Ming et al., 2015). In the present study,
treatment of cells with the IRE1 inhibitor GSK2850163 attenuated the
CTU-dependent increase in IL-6, IL-8 and COX-2 in cell lysates. Under
these conditions, mammosphere formation was decreased compared to
CTU-alone. GSK2850163 attenuated the phosphorylation of NF-kB and
decreased XBP1 splicing by CTU. This indicates that CTU-mediated
NF-kB phosphorylation and XBP1 splicing are dependent on IRE1l
activation.
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Fig. 6. CTU-mediated activation of NF-kxB and XBP1 is mediated by the IRE1 pathway of ER stress. (A) Concentration-dependent increases in IRE1 activation in CTU
(0-20 pM, 6 h)-treated MDA-MB-231 cells. (B) The CTU-dependent (10 uM) increases in phospho (p)-NF-kB and XBP1s expression (6 h) are attenuated by the IRE1
inhibitor GSK2850163. (C,D) GSK2850163 (10 pM, 24 h) decreased the CTU-mediated formation of (C) pro-inflammatory cytokines and (D) COX-2 expression in
MDA-MB-231 cells. (E) Co-treatment with GSK2850163 enhanced CTU-mediated apoptosis (10 uM, 24 h). For ELISA analysis cells were seeded (1.5 x 10%/well) in
complete medium, allowed to adhere overnight and serum was removed. Twenty-four h after treatment medium was collected and ELISA assays were performed. For
Western analysis cells (80-90 % confluence) were harvested and lysed as described in Materials and Methods. Cellular protein was electrophoresed on 7.5-12 % SDS
polyacrylamide gels and subjected to Western immunoblotting. In caspase-3/7 assays cells (7 x 10%/well) were treated with (10 pM; 24 h) and luminescence was
measured as described in Materials and Methods. Data are presented as mean =+ standard error (SEM) of three or more independent experiments, with at least two
iAnternal replicates. Different from DMSO control: * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p< 0.0001.
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Fig. 7. IRE1 inhibition attenuates self-renewal in CTU-treated MDA-MB-231 cells. The IRE1 inhibitor GSK2850163 (10 uM, 72 h) attenuated the CTU-mediated
increase in mammosphere formation. Cells (1.5 x 10°/well) were incubated overnight, serum was removed and 24 h later cells were treated with CTU (10 uM)
for 72 h. Medium was removed and surviving cells were incubated for 72 h in complete medium containing GSK2850163. Cells were seeded (1 x 10%/well) on ultra-
low attachment plates. DMEM/F12 medium containing B27-supplement and EGF (20 ng/ml) was added and incubations were continued for a further 5 d. Images
were captured and analyzed as described in Materials and Methods. Data are presented as mean =+ standard error (SEM) of three or more independent experiments,
with at least two internal replicates. Different from CTU alone: ** p < 0.01,.

There are no targeted therapies for TNBC, which has a worse prog- 5. Conclusion
nosis than other breast cancer subtypes. Thus, there is an urgent need for
new therapeutic targets and clinical strategies (Logue et al., 2018). CTU CTU has been shown to selectively inhibit complex III of the mito-
is a recently described agent with a novel mode of action. CTU targets chondrial electron transport chain in tumor cells, but not in well-
the mitochondrion and inhibits complex III of the electron transport differentiated cells, which activates ER-stress and promotes tumor cell
chain in tumor cells, which increases the production of reactive oxygen death (Choucair et al., 2022). At this time the underlying reasons for the
species that activate ER-stress and promote cell killing. However, CTU selective inhibition of complex III in tumor cells are unclear. Complex III
does not inhibit complex III, promote reactive oxygen species produc- is a dimer, with each subunit consisting of three catalytic cores and
tion or activate cell death pathways in well-differentiated cells (Chou- seven supernumerary subunits; complex III activity is increased in breast
cair et al., 2022). Further studies are required to explain the selectivity cancers (Grasso et al., 2020). In future, it may be possible to elucidate
of complex III inhibition in tumor cells by CTU. Such studies may structural differences between complex III in tumor and normal cells and
facilitate the identification of novel drug targets and provide useful in- this may lead to identification of potential drug target(s) for CTU. At that
formation on the functional differences between mitochondria in normal time, computational investigations, including molecular docking and
and tumor cells. By identifying the specific target for CTU it will be molecular dynamics simulations could be conducted, which would assist
possible to account for the selective killing of tumor cells and undertake the understanding of the mechanism of tumor selectivity of CTU. The
modeling approaches to understand the mode of anticancer action of present findings also suggest that, following the activation of ER-stress,
aryl-ureas like CTU in greater detail. CTU upregulates pro-tumorigenic factors in MDA-MB-231 TNBC cells

IRE1 RNase inhibitors could enhance the effectiveness of current via the IRE1 pathway. This decreases CTU efficacy and promotes the
therapy with existing drugs that activate ER-stress and the production of survival of tumor cells. Co-treatment with agents such as the dual in-

pro-inflammatory factors (Logue et al., 2018). In the present study, hibitor of IRE1 kinase and IRE1 RNase activities GSK2850163, may be a
co-treatment of MDA-MB-231 cells with GSK2850163, which is a dual novel approach that could be used to optimise the clinical efficacy of
inhibitor of IRE1 kinase and IRE1 RNase activities, decreased NF-xB novel anti-cancer lipids like CTU in TNBC.

phosphorylation and XBP1 activation. This enhanced CTU-mediated

apoptosis and prevented the activation of pro-tumorigenic factors and Funding

self-renewal. Taken together, the present findings suggest that dual in-

hibition of IRE1 kinase and IRE1 RNase may be a novel approach to This study was supported by grants from the Australian National
optimize the activity of CTU in TNBC. Health and Medical Research Council (1031686 and 1145424). The
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