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Abstract

The TNF-related apoptosis-inducing ligand (TRAIL) has potential as a therapeutic agent, as it has previously been shown to induce
apoptosis in triple-negative breast cancer. However, several studies have demonstrated that patients with tumours develop resistance
to TRAIL. We have previously shown that suppression of the TRAIL-receptor inhibitor cFLIP can sensitise breast cancer stem cells to
apoptosis inducers, but development of inhibitors of cFLIP have been impeded by concerns over structural similarities between cFLIP
and the pro-apoptotic procaspase-8. In this work, we used an in silico approach that led to the identification of a hit compound that
selectively inhibits cFLIP binding to the DISC and promoted TRAIL-mediated apoptosis in breast cancer cell lines. We also carried out
a hit-expansion programme to derive the structure—activity relationships of this chemical scaffold. Our findings confirm the proof of
principle that selective inhibition of ¢cFLIP can be used to target a vulnerability in breast cancer cells.
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1. Introduction

Although the development of targeted therapeutics has improved
the survival rates of individuals with breast cancer, there is a
remaining subset of patients with triple-negative and metastatic
disease for whom the only option is chemotherapy [1, 2]. Conse-
quently, limited treatment efficacy remains a significant clinical
problem in the management of advanced breast cancer, demon-
strating the need to continue to develop targeted strategies.

The extrinsic apoptosis pathway mediated by TNF-related
apoptosis-inducing ligand (TRAIL) receptors has potential as
a therapeutic target, as it has previously been shown to induce
apoptosis in triple-negative breast cancer cell lines with a
mesenchymal-like phenotype [3]. TRAIL induces apoptosis by
binding to one of two death receptors, DR4 (TRAIL-R1) and
DR5 (TRAIL-R2), leading to the recruitment of FADD, the
formation of the Death-Inducing Signalling Complex (DISC),
and activation/cleavage of procaspase-8 [4]. Recombinant
human TRAIL has shown promise in pre-clinical studies of
breast cancer. TRAIL exhibits specificity for triple-negative and
treatment-resistant disease subsets, suggesting that it may have
efficacy for patients with more aggressive disease [5—7]. However,

a phase II clinical trial of a TRAIL-receptor agonist Tigatuzumab,
used in combination with paclitaxel, showed only modest effects
in stage 4 breast cancer patients [8]. This and previous studies in
lymphoma, lung and colorectal cancer demonstrate that patients
with tumours exhibit resistance to TRAIL and TRAIL-receptor
agonists in a clinical setting [8—11].

Ourselves and other researchers have shown that TRAIL resistance
in breast cancer cell lines is mediated, at least in part, by the
apoptosis inhibitor cFLIP; inhibition of cFLIP by siRNA can sen-
sitise previously resistant breast cancer cell lines and specifically
bCSCs to TRAIL [5, 12]. Pre-clinical studies have also shown that
indirect inhibition of cFLIP via the use of HDAC inhibitors such
as vorinostat or droxinostat, which reduce cFLIP expression, can
sensitise breast cancer cell lines to TRAIL both in vitro and in
xenograft models [13]. However, such nonspecific inhibitors have
shown toxicity in phase I trials [14, 15].

The development of a targeted and selective ¢cFLIP inhibitor has
previously proven difficult due to homology with the pro-apoptotic
procaspase 8. This homology is important for how cFLIP functions.
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cFLIP and procaspase-8 are both recruited to the DISC via a
combination of their Death Effector Domains (DED1 and DED2);
procaspase 8 to FADD and cFLIP primarily to procaspase 8, to
exert activating and inhibitory functions, respectively. A previous
study successfully sought to disrupt DED2 interactions of c-FLIP at
the DISC [16]. However, the specific residues in the DED1 required
for these respective interactions have not been fully characterised.
In this study, we have compared the procaspase 8-FADD and
cFLIP-procaspase 8 interactions and have identified targetable
differences within DED1 between the two complexes. Mutagenesis
of key residues in cFLIP DED1 impaired the inhibitory function
of cFLIP, thus confirming the importance of the DED1 domain
for incorporating cFLIP into the DISC. These findings led us to
develop small-molecule inhibitors of c¢FLIP function, which, at
micromolar concentrations, perturbed the binding of cFLIP to the
DISC without affecting the recruitment of procaspase-8 to FADD,
thus allowing procaspase 8 cleavage and activation. Our initial hit
compound from virtual screening (OH14-compound 3) sensitised
breast cancer cell lines, specifically breast cancer stem cells, to
TRAIL in vitro, leading to a reduction in tumour initiation in vivo.
We then carried out structure—activity relationship studies based
on OH14 to optimise the cellular potency and selectivity of our
novel cFLIP inhibitors. Our discovery and early optimisation work
reported here describes, for the first time, the proof of principle
that pharmacological inhibition of c-FLIP impacts on breast cancer
cell viability mediated by the extrinsic apoptosis pathway.

2. Materials and methods

All experiments were performed with the approval of the Cardiff
University School of Biosciences Ethics Committee (GM130-63,
2012 Dec 12).

2.1. Constructs

The pCMV2FLAG_ cFLIPL overexpression vector, containing the
full-length coding sequence of the long form of human c-FLIP (ac-
cession number NM_003879.4) and FLAG tag on the C-terminal,
was purchased from SinoBiological (HG11110-M-F), together with
PCMV-FLAG control (CVoo5). The pTRIPz cFLIP (cFLAR) and
nonspecific control-inducible shRNA plasmids were purchased
from Dharmacon/Horizon. FADD and cFLIP were cloned into e-
CFP-C1 or e-YFP-C1 FRET plasmids, respectively; both constructs
were gifts from Dr Ladislav Andera of the Institute of Molecular
Genetics, Prague. All oligonucleotides were custom-designed and
purchased from Sigma and all cloning reagents were purchased
from New England Biolabs. The cells were transformed with con-
structs using lipofectamine 3000 (Invitrogen, Waltham, MA, USA)
according to the manufacturer’s instructions or transduced with
lentivral particles in the case of the pTRIPz shRNA vectors.

2.2, Site-directed mutagenesis

Site-directed mutagenesis was performed on the pCMV-cFLIPL-
FLAG construct using the QuickChange kit (Stratagene), accord-
ing to the manufacturer’s instructions, to introduce the following
mutations: H7A, R38A and K181/R45A. The following mutagenic
primers were used:

H7A: 5'-GTCTGCTGAAGTCATCGCTCAGGTTGAAGAAGCAC- 3’

R38A: 5" ~GTGGTTCCACCTAATGTCGCGGACCTTCTGGATATT-
TTAC- 3’

K181: 5'-CTTGATACAGATGAGATCGAGATGCTGCTCTTTTTGT-
G-3'

R45A: 5'-CCTTCTGGATATTTTAGCGGAAAGAGGTAAGC-3/

2.3. Cell lines

The human breast cancer cell lines MDA-MB-231ERHER2=

HCC1954"ER?* and BT474 ER*HER2* were obtained from ATCC
and tested for mycoplasma for at least three passages before
use. The MCF-7E®* cell line was a gift from Dr Julia Gee from
Cardiff University (previously obtained from ATCC after three
passages). The HeLa human cervical cancer cell line (a gift from
Dr Ladislav Andera, Institute of Molecular Genetics, Prague) was
adopted as a tractable model for co-expression of cFLIP constructs
with a functional DISC. The SUM149 ERHER2- Jine was purchased
from Asterand Bioscience (Detroit, MI, USA). All cell lines except
SUM149 were cultured in RPMI 1640 medium (Invitrogen)
supplemented with 10% foetal bovine serum (FBS) (Invitrogen),
and 1% penicillin—streptomycin and L-glutamine mix (Invitrogen).
The SUM 149 cell line was cultured in Hams F12 media (Invitrogen,
Paisley, UK) supplemented with 5% foetal bovine serum (Sigma,
Kawasaki, Japan), 2 mM L-glutamine (Invitrogen), 10 mM HEPES
(Invitrogen), 1 ug/mL Hydrocortisone (Invitrogen) and 5 pg/mL
insulin (Invitrogen). All cell lines were cultured at 37 °C in 5%
CO..

2.4. Reagents

Recombinant soluble human TRAIL was purchased from Enzo
Life Sciences. Unless otherwise stated, cells were treated with 20
ng/mL TRAIL without cross-linking for 18 h. The pan-caspase
inhibitor z-vad-fmk, used at 20 uM an hour before the addition of
TRAIL, was purchased from R&D systems. Following initial dose
response evaluation, OH14 was used at 100 micromolar concen-
tration in all cell culture experiments unless otherwise stated.

2.5. Cell viability assays

Two cell viability assays were adopted. In both cases cells were
cultured and analysed in 96-well plates. For cell-titre blue assay,
20 uL of CellTiter-Blue reagent (Promega, Madison, WI, USA) was
added to 100 pL media per well, incubated at 37 °C in 5% CO,
for 1 h, then fluorescence intensity was assessed at 560/590 nm
using a FLUOstar Optima plate reader (BMG Labtech, Offenberg,
Germany). For the Incucyte Viability Assay, Annexin V reagent
(EssenBioscience, Tokyo, Japan) or Caspase-3/7 Green Dye for In-
cuCyte (1:1000) (Sartorius, Tokyo, Japan) were added to each well
then incubated for up to 72 h at 37 °C/5% CO, in the Incucyte live
cell imager (EssenBioscience), where fluorescence was measured
at 2 h intervals. MCF-7 pTRIPZ-shFLIP cells (which overexpress a
doxycycline-inducible shRNA targeting cFLIP) were selected and
maintained in RPMI 1640 media supplemented with 10% FBS and
2 ug/mL puromycin. Cells were seeded at 5 k cells/well (50 k/mL,
100 uL per well) into black-walled clear-bottom 96-well plates
(Greiner, Krems Minster, Austria) and incubated overnight. Cells
were then treated with 2 ug/mL doxycycline the following day for
48 h. Cells were visually inspected under a fluorescence microscope
for red fluorescence to verify doxycycline-induced knockdown of
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c-FLIP. The cells were then treated with 75 microM OH14 and
Caspase-3/7 Green Dye, followed by 20 ng/mL TRAIL after 1 h. The
cells were monitored and imaged in the IncuCyte live-cell imaging
system for 48 h, where images were acquired every 2 h in the phase
and green fluorescence channels.

2.6. Colony-forming assay

Cells were plated at a density of 185 cells/well were cultured for 10
days and subsequently stained with crystal violet/ethanol. Colonies
of 32 or more cells (equating to colony diameters greater than
100 um) were counted using a GelCount platereader and software
(Oxford Optronix, Banbury, UK).

2.7. Western blot

Total cellular or cytoplasmic proteins were extracted from cultured
cells using RIPA buffer, 50 mM Tris pH 8 (Sigma), 150 mM sodium
chloride (Sigma), 1% v/v sodium dodecyl sulphate (Sigma), 0.5%
w/v sodium deoxycholate (Sigma) with the addition of complete
mini protease inhibitor protease tablets (Roche, UK), 10 mM
sodium fluoride (Fluk Bochmika), 1 mM sodium pyrophosphate
and 1 mM sodium orthovanadate (Sigma, UK). The cell suspension
was passed through a 23 G needle 10 times to ensure complete cell
lysis, incubated on ice for 30 min and centrifuged at 10,000 rpm
for 15 min at 4 °C to pellet cell debris. Prior to loading, between
10 pg and 30 pg of protein extract was diluted to 24 pL, then 6 puL
of 5x Laemmli buffer was added to each sample and denaturated
by heating to 95 °C for 5 min. 10% SDS-PAGE Mini Proten III gels
(Bio-Rad, Hercules, CA, USA) were loaded and run in Tris-Glycine
running buffer alongside PageRuler Plus protein molecular weight
marker for 1 h at 180 V. Separated proteins were then transferred
onto Immobilon-P polyvinylidene difluoride membrane (PVDV,
Millipore) pre-soaked in methanol for 10 s and washed in PBS/T
(phosphate-buffer saline supplemented with 1% v/v Tween), in 1x
Tris-Glycine transfer buffer at 80 V for 45 min. Membranes were
then washed in PBS/T and blocked in milk blocking solution (5%
w/v non-fat milk in PBS/T) under agitation for an hour at room
temperature, then incubated in 5 mL of primary antibody at 4 °C on
aroller mixer (Stuart, Merton, UK) overnight, before being washed
in PBS/T and incubated with goat anti-rabbit or anti-mouse sec-
ondary antibody (1:2000, DAKO) in PBS/T prior to PBS/T wash
and protein detection by enhanced chemiluminescence (ECL+,
Pierce), incubating for 1 min before being placed in a light-proof
cassette, exposed to light-sensitive films (Amersham Hyperfilm
ECL) for 10 s to 3 min sequentially and developed on an automatic
film processor (Xograph Compact X4). The processed films were
then realigned with the original membrane and the target protein
was identified by comparison to the molecular weight marker.
Normalised protein levels were determined by densitometry using
a BioRad GelDoc EZ Imager to either scan the hyperfilm images
or, alternatively, to detect the chemiluminescence directly from
the membrane, then quantified using the program ImageJ (http:
//imagej.nih.gov/ij/).

FADD antibody was purchased from Cell Signalling Technologies
(mouse anti-FADD 2782). The cFLIP antibodies used were pur-
chased from Santa Cruz (5D8, sc136160) and Enzo Life Sciences
(7F10, ALX-804-961-0100). Caspase-8 antibody was purchased
from Cell Signalling Technologies (9746). All protein band intensi-
ties were normalised to GAPDH (Santa Cruz, Santa Cruz, CA, USA,

sc32233).

2.8. Immunoprecipitation

Adherent cells to be analysed were washed twice with ice-cold PBS
and harvested by scraping in pre-chilled lysis buffer containing pro-
tease inhibitors and incubated on ice for 30 min. Insoluble material
was removed by centrifugation at 13,000 rpm for 10 min at 4 °C. Cell
lysates were pre-cleared to remove nonspecific interaction proteins
by adding protein A-Sepharose suspension (17-0780-01-GE, GE
Healthcare, Sigma) to lysate at a ratio of 1:10 and incubating at 4
°C with agitation for 1 h. Beads were removed by centrifugation,
then 0.4 ug/mL of FADD antibody (rabbit anti-FADD H-181 San-
taCruz sc-5559) or nonspecific isotype control (rabbit IgG, abcam ab
172730) was added to the cleared lysate and incubated overnight at 4
°C with agitation. Protein A-Sepharose suspension was added to the
lysate/antibody solution at a ratio of 1:10 and incubated at 4 °C, with
agitation for 2 h. Beads were collected by centrifugation at 13,000
rpm, 4 °C, for 2 min and washed in lysis buffer. A total of 5 washes
were performed, after which the required volume of lysis buffer
and 5x Laemmli buffer was added directly to the beads, mixed, and
heated for 2 min at 95 °C. The immunoprecipitated material was
loaded directly onto an SDS gel using a Hamilton syringe for analysis
by Western blotting.

2.9. FRET

The TRAIL-resistant MCF-7 or HeLa cells were transiently trans-
fected with e-CFP-C1-FADD or e-YFP-C1-cFLIPL FRET constructs
using Lipofectamine 3000 (Life Technologies, Carlsbad, CA, USA).
Pre-treatment with a pan-caspase inhibitor, z-vad-fmk (R and D
systems) for 1 h before transfection was performed for all FRET
transfection experiments to prevent cell death during analysis, and
cells were treated with TRAIL and/or OH14 24 h post-transfection.
Measurements were performed on a Zeiss LSM 710 confocal micro-
scope (Zeiss, Jena, Germany). Viable cells with similar CFP and YFP
intensity were selected for analysis. At least 10 cells were recorded
per experimental condition and exposure times were kept between
100 and 500 ms. Spectra were recorded using a 458/514 nm double
dichroic excitation to facilitate excitation of CFP with the 458 nm
laser and YFP with the 514 nm laser line. Image acquisition was set
to obtain 5 intensity recordings pre-bleach and 60 s post-bleach (ap-
proximately 40 recordings). For intensity measurements, a HXP120
V to Arc 100 W mercury lamp (Zeiss, Germany) was used. Images
were recorded on the Zeiss LSM 710 capture camera and LASOS Ar-
gon Laser with 458/488/514 nm band excitation filters was used for
CFP and YFP imaging and photobleaching. All FRET measurements
were performed at 37 °C and 5% CO..

2.10. Statistical analysis

Throughout the article, data are represented as mean and er-
ror bars as standard error of a minimum of three independent
experiments, unless otherwise stated. Statistical significance was
determined using a Student’s T-test for unpaired samples, where
direct comparisons were required between two conditions assum-
ing non-normal distribution and similar variance (all assays) or
one-way Anova with one independent variable and multiple con-
ditions (FRET data). The key for statistical cut-offs on all graphs is
as follows: * = p < 0.05, ** = p < 0.01, *** = p < 0.001.

The molecular modelling and synthetic procedures are fully de-
scribed in the Supplementary Information file.
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3. Results

3.1. Molecular modelling of procaspase-8—cFLIP
interaction identifies a binding pocket which differs
from that of FADD—procaspase-8.

The schematic shown in Figure 1A summarises a current model of
DISC protein interactions. TRAIL binding induces receptor trimer-
ization and the recruitment of FADD via death domain (DD) inter-
actions between FADD and DR4 or DRj5 receptors. FADD, in turn,
induces procaspase-8/10 recruitment via death effector domain
(DED) interactions between FADD and the DED1 of procaspase-
8 [5, 17]. It was previously thought that cFLIP primarily com-
petes with procaspase-8 by binding directly to FADD to block
downstream signalling [18]. However, analysis of DISC formation
suggests that the complex consists of a ‘chain’ of procaspase-8
molecules that bind to each other via their DED1 pocket and
exposed DED2 FL motif [5, 16, 19]. cFLIP, which occurs as both
long (L) and short (S) isoforms, exerts an inhibitory function by

ProCaspase 8
DED Domains

CFLIP
DED Domains

incorporation into these procaspase 8 protein chains and therefore
is predominantly, but not exclusively, recruited to FADD indirectly
via procaspase-8 (Figure 1A) [17]. Recombinant cFLIP has also
been shown to bind directly to FADD via DED2; however, this
was observed in the absence of caspase 8, and so its physiological
relevance has yet to be confirmed [20]. ¢cFLIP and procaspase-8
therefore exert opposing functions but both are mediated by bind-
ing via DED1. We set out to model these interactions in order to
identify targetable differences unique to cFLIP.

To compare the structures of cFLIP and procaspase-8, we modelled
both proteins and their interactions in silico. At the time we per-
formed our in silico calculation, no crystal structures of cFLIP and
procaspase-8 DEDs were available. We therefore constructed them
based on a comparative homology model (see the Supplementary
Information). The protein MC159 (PDB ID: 2BBR), which has been
used previously for modelling DED interactions [5, 17, 21, 22],
was identified by sequence comparison (Supplementary Figure
S1A) as the best candidate for the construction of ¢FLIP and
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Figure 1 ¢ Molecular modelling identifies a binding pocket of ¢cFLIP DED1—procaspase 8 DED2 interaction which differs from
procaspase 8 DED1—-FADD DED2 interaction. (A) Schematic of protein binding at DISC: Upon activation of the receptor, Procaspase
8 binds to FADD via DED1. Recruited cFLIPL or S also binds to Procaspase 8 via DED 1. See the text for further details. (B,C)
Three-dimensional structure of the two DEDs of (B) procaspase 8 and (C) cFLIP modelled in silico using a sequence homology
model with viral FLIP (MC159). (D) Interaction between procaspase-8 DED1 pocket and FL motif on DED2 of FADD, including a
close-up detailing the FADD—procaspase-8 binding pocket identifying key procaspase 8 residues. (E) Interaction between c-FLIP DED1
and procaspase 8 DED2, including a close-up detailing the cFLIP—procaspase 8 binding pocket identifying key cFLIP residues. Key:

FADD = green; Procaspase 8 = blue; cFLIP = yellow/orange.
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procaspase-8 DED homology models (Figure 1B,C). Recently, the
structure of FADD—caspase-8 has been resolved, and our model
proved comparable to the experimental structure (Supplementary
Figure S1B,C) [23, 24]. Model comparison revealed only 22%
structural homology between cFLIP and procaspase-8. Compar-
ison of procaspase8—FADD and the cFLIP—procaspase8 models
revealed that these interactions also involved different residues
(Figure 1D,E). Unique residues were identified in the cFLIP DED1
pocket as potentially important for the interaction with procaspase
8, these being H7, K18, R38 and R45 (Figure 2A).
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Figure 2 ¢ Mutagenesis of key residues in DED1 pocket of cFLIP
influences TRAIL mediated cell death. (A) Model of the positioning
of the residues targeted for mutation within the DED1 pocket
of cFLIP in relation to a key interactive residue, Phe122, within
procaspase 8. Key: Procaspase 8 = yellow/orange, cFLIP = blue.
(B) HeLa cells stably transfected with WT or mutant cFLIPL (Sup-
plementary Figure S2A) were treated with TRAIL for 48 hours
and cell death determined by annexin V staining using Incucyte
real-time analysis. Cell death is expressed as the percentage of
annexin-positive cells following treatment and error bars represent
standard error of the mean from six independent experiments, de-
termined by empirical observation for comparison between TRAIL
treated control and mutant samples. * = p < 0.05, *** = p < 0.001
between vehicle and TRAIL treated for each construct; + = p < 0.05,
+++ = p < 0.001 between Ctrl TRAIL and mutant construct TRAIL.
Equivalent analysis of cell death at 72 h of TRAIL treatment was
also measured (Supplementary Figure S2B); ns—not significant.

3.2. Mutagenesis of key residues confirms relevant
interaction

To test the predictions of our models and determine whether
these four unique residues in the cFLIP DED1 pocket were critical
for cFLIP—procaspase 8 binding, we generated cFLIP expression
constructs harbouring the single mutations (H7A or R38A) or
the double mutation (K181 and R45A). HeLa cells overexpressing
wild-type or mutant cFLIP constructs were first analysed for total
cFLIP expression levels to allow for subsequent comparison. Each
sub-line exhibited approximately 50 (K181/R45A) to 75-fold (R38A
and H7A) overexpression with no statistical significance between
cFLIP levels of wild-type and mutant lines (Supplementary Figure
S2A). We then assessed the ability of each construct to protect cells
from TRAIL-induced apoptosis. Overexpression of wild-type cFLIP
elicited near total protection of HeLa cells from TRAIL after 48
h (Figure 2B) or 72 h (Supplementary Figure S2B) treatment,
consistent with previous reports of the effect of cFLIP upregulation
on DISC-mediated apoptosis [3, 4, 12]. In contrast, overexpres-
sion of the H7A or R38A cFLIP mutants provided only partial
(but still significant) protection from TRAIL-induced apoptosis,
while the K181/R45A double mutant completely impaired cFLIP-
mediated protection to the extent that TRAIL-induced cell death
was no longer statistically different from the empty vector control
(Figure 2B). This indicates that while both H7 and R38 have a
minor contribution to the inhibitory function of cFLIP, one or both
K18 and R45 residues in the cFLIP binding pocket are particularly
important for cFLIP activity.

3.3. An in silico screening identifies a small molecule
that suppresses TRAIL resistance

Having supported our cFLIP model by mutagenesis, we used it to
virtually screen a library of over 350,000 commercially available
compounds (SPECS library) with the aim of identifying potential
inhibitors specific to the ¢cFLIP DED1-binding pocket. Initially,
the library was filtered through a pharmacophore query designed
from the interaction contacts between cFLIP DED1 and FADD.
Approximately 14,000 virtual ‘hits’ were identified, and these were
docked and scored based on their ability to bind to the c-FLIP
pocket using GLIDE. Subsequently, the top 2000 compounds were
analysed for their ability to disrupt the procaspase8_DED1—FADD
interaction in silico, and potential inhibitors of this interaction
were discounted. Finally, following a visual inspection of the result-
ing hits within pockets of c-FLIP and procaspase-8, 19 compounds
were then selected for biological analysis based on specificity for
the cFLIP DED1 pocket. These 19 compounds were analysed for
their ability to sensitise the TRAIL-resistant breast cancer cell lines
MCF-7 (ER + ve) and BT474 (ER/HER2 + ve) to TRAIL in vitro
(Supplementary Figures S3—-S5) [3, 4, 7]. Using this screening
process, we identified one compound, known as OH14 (3), which
sensitised MCF-7 cells to TRAIL to a similar extent as cFLIP
suppression by siRNA. OH14 (3), synthesised from 2,4-dichloro-
5-methyl-benzenesulfonyl chloride (1) and anthranilic acid (2)
(Scheme 1), was then selected for further testing of its capacity
to specifically promote TRAIL-DISC-mediated apoptosis and to
target CSC viability.
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Scheme 1 ¢ Reagents and conditions: NaOH, H,O, 70 °C, 18 h.

3.3.1. OH14 (3) promotes TRAIL sensitivity via cFLIP

Firstly, the within-cell potency of OH14 (3) was determined in
both HeLa cells and the breast cancer cell line, MCF7, using dif-
ferent apoptosis assays. Cells were treated with a range of OH14
concentrations for 1 h prior to 20 ng/mL TRAIL for 24 h. A
concentration-dependent sensitization effect was observed with
a significant increase in cleaved caspase 3/7 (Figure 3A) and
Annexin V (Figure 3B) staining seen at concentrations of 75 uM
and 100 uM OH14.

Despite the requirement for relatively high concentrations of OH14
to sensitise to TRAIL, the effects of OH14 were both cFLIP depen-
dent and mediated exclusively by caspase activation. Thus, inhi-
bition of caspase activity by the pan-caspase inhibitor z-vad-fmk
completely rescued the TRAIL-induced apoptosis observed in the
presence of OH14 (Figure 3C). Moreover, conditional suppres-
sion of cFLIP expression through doxycycline-inducible shRNA
targeting of cFLIP (Supplementary Figure S6), abrogated the sensi-
tising effects of OH14 to TRAIL for up to 48 h in real-time analysis
of apoptosis (Figure 3D,E). This confirmed that the sensitising
effects of OH14 were dependent upon the presence of cFLIP.

Furthermore, we confirmed the selectivity of OH14 for the cFLIP
DED1-binding site pocket (Figure 3F) using the wild-type and
mutant cFLIP constructs described above (Figure 2B and Fig-
ure 3G). Overexpression of wild-type cFLIP did not impair the
ability of OH14 to sensitise to TRAIL, confirming that OH14 main-
tains its ability to sensitise to TRAIL at this level of cFLIP over-
expression (Figure 3G). As predicted from the pharmacophore
model, overexpression of the Ki8I/R45A double-mutant cFLIP
had no significant effect on OH14 function compared to empty
vector control (Figure 3F,G), as this mutant cFLIP molecule
was functionally inert (Figure 2B). OH14 also efficiently induced
TRAIL sensitization in the H7A cFLIP mutant line, indicating that
OH14 was still able to bind and de-repress this partially inhibitory
mutant. However, OH14 was unable to re-sensitise cells overex-
pressing the cFLIP mutant R38A to TRAIL, demonstrating the
importance of the R38 residue in cFLIP for OH14 function and thus
providing additional evidence for its selective action on the cFLIP
DED1 pocket (Figure 3G and Figure S7).

Finally, we tested the cell-type specificity of OH14 in a panel of
breast cancer cell lines. OH14 significantly sensitised MCF-7 (ER
+ ve), BT474 (HER2 + ve) and MDA-MB-231 (triple-negative)
cell lines to TRAIL (Figure 3H), with similar but statistically
insignificant trends also observed in HCC1954 (HER2 + ve) and
SUM149 (triple-negative) breast cancer cells.

3.3.2. OH14 (3) inhibits binding of cFLIP to the DISC
components

Having established the specificity of OH14 (3) for cFLIP-mediated
cell sensitization, we next set out to confirm the effect of OH14
on disrupting cFLIP interactions with DISC proteins. Initially,
recruitment of cFLIP to the DISC in vitro was demonstrated by
FRET analysis using FADD-CFP and cFLIP-YFP FRET constructs
expressed in HeLa cells. A significant increase in FRET fluores-
cence intensity was observed following 2 h pre-treatment with
TRAIL, indicating a TRAIL-dependent recruitment of cFLIP-YFP
and FADD-CFP in intact cells in culture (Figure 4A). This FRET
interaction was abrogated when OH14 was co-cultured with TRAIL
under the same conditions, suggesting that the TRAIL-mediated
proximal recruitment of cFLIP with FADD was disrupted by OH14.

We also assessed the ability of OH14 to disrupt this interaction
in MCF?7 cells by co-immunoprecipitation. MCF?7 cells were pre-
treated with TRAIL and/or OH14 followed by immunoprecipita-
tion of FADD from cell lysates. While only semi-quantitative at
best, significant differences between means from four independent
experiments confirmed that OH14 disrupted the TRAIL-induced
interaction between FADD and both short and long forms of cFLIP
but did not inhibit the interaction between FADD and procaspase
8 (Figure 4B and Figure S8). In the absence of TRAIL how-
ever, OH14 had no effect on FADD—cFLIP interactions. This is
consistent with the chain elongation model of ¢cFLIP recruitment
to the DISC summarised in Figure 1, whereby in the uninduced
state cFLIP likely interacts with FADD via its DED2 domain, while
TRAIL-induced recruitment of procaspase 8 to the DISC allows
cFLIP to be recruited via its DED1 domain. This supports the model
of OH14 involvement in DED1 interactions.

OH14 had no significant effect on total cFLIP levels, either with
or without TRAIL stimulation, which suggests that the disruption
of TRAIL mediated recruitment of cFLIP to the DISC described
above is not due to destabilisation of total cFLIP protein levels
at this concentration and duration of treatment (Figure 4C,D).
However, the ratio of noncleaved cFLIP (55 kDa) to the cleaved
form (43 kDa) was significantly altered by OH14 when cells were
stimulated with TRAIL, resulting in an increase in cleaved cFLIP
(Figure 4C,D). As cFLIP is cleaved by caspase-8, this result is
indicative of caspase activation and is consistent with the increase
in apoptosis seen in the presence of OH14 (Figure 3). Indeed,
OH14 treatment induced procaspase 8 cleavage to the active 43
kDa form (Figure 4C—F).

Taken together, these results suggest that OH14 disrupts the re-
cruitment of cFLIP to the DISC, allowing for caspase activation and
potentiation of the TRAIL signal.
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Figure 3 ¢ OH14 (3) Sensitises cancer cells to TRAIL via cFLIP. (A,B) MCF7 cells (A) and HeLa cells (B) were treated with a range
of concentrations of OH14 followed by 20ng/mL TRAIL for 48 hours and viability assessed by cleaved caspase 3/7 (A) and Annexin
V (B) staining using Incucyte® real-time analysis. * = p < 0.05 vs. untreated control, n = 3 determined empirically by significance at
maximum concentration. (C) HeLa cells were treated with 100 uM OH14 in the presence of 20 mM Z-Vad-fmk pan-caspase inhibitor
followed by 20ong/mL TRAIL for 18 h and viability assessed by Annexin V staining using Incucyte real-time analysis. * = p < 0.05
vs. untreated control, n = 3 determined empirically by significance of DMSO plus TRAIL. (D,E) MCF7 cells stably overexpressing a
doxycycline-inducible shRNA targeting cFLIP were treated with doxycycline and/or 20ng/mL TRAIL and/or 75 uM OH14 for up to 48
hours and monitored for cleaved caspase 3/7 by Incucyte real-time analysis. Graph (D) represents one of three independent repeats and
bar chart (E) represents the mean of 3 independent experiments at 48 h, determined empirically by the significance of TRAIL plus OH14
in the absence of Dox. * = p < 0.05 vs. TRAIL alone. (F) Model of OH14 binding to the DED1 pocket of cFLIP highlights the proximity of
the interaction between OH14 (green) and Arg38. (G) HeLa cells stably transfected with WT or mutant cFLIPL constructs were treated
with 100 uM OH14 followed by 20 ng/mL TRAIL for 18 h and viability assessed by Annexin V staining using Incucyte® real-time analysis.
The control was empty vector-transfected cells. Data presented as a fold change in cell death compared to TRAIL-treated cells for each
construct. N = 3 ++= p < 0.01 compared to control (for absolute values of % annexin V-positive cells, see Supplementary Figure S8).
(H) A panel of breast cancer cell lines were treated with 100 uM OH14 followed by 20 ng/mL TRAIL for 18 hours and their viability was
assessed by CellTitre-Blue assay. N = 3 * = p < 0.05, ** = p < 0.01 compared to TRAIL alone; ns—not significant.
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Figure 4 ¢ OH14 (3) impairs cFLIP recruitment to FADD complex and promotes cFLIP and caspase 8 cleavage. (A) HeLa cells were
treated with the pan-caspase inhibitor Z-VAD-FMK 1 h before transfection with ¢cFLIP-YFP or FADD-CFP FRET constructs for 24 h.
Cells were then treated with 100 uM OH14 for 1 hour followed by 2 hours 20 ng/mL TRAIL and fluorescence was measured at 0, 39
and 68 s following photon-bleaching. Each data point represents a recording made on an individual cell. N = 20—28 per timepoint. (B)
Densitometry of Western blot analysis of FADD immunoprecipitates in MCF-7 cells pre-treated with 100 uM OHz14 for 1 h followed by
2 h with 20 ng/mL TRAIL. Average of four independent experiments empirically determined by the significance of TRAIL vs. OH14
+ TRAIL (Supplementary Figure S8) normalised to DMSO control. * = p < 0.05 vs. TRAIL alone, ** = p < 0.01 vs. TRAIL alone, ns
is not significant. (C) Western Blot analysis of total cell lysates of MCF-7 cells pre-treated with 100 ptM OH14 for 1 h followed by 2h
20 ng/mL TRAIL. (D,E) Densitometry of three independent replicates of the Western blot analysis shown in (C), highlighting cFLIP

cleavage products (D) and procaspase 8 cleavage products (E). (F) Ratio of cleaved to uncleaved proteins measured in (D,E).

3.4. Synthesis of OH14 (compound 3) analogues

Having confirmed the efficacy of the original compound OH14 (3)
to sensitise cells to TRAIL via disruption of the DISC, we set out to
investigate the structure—activity relationships around this chem-
ical scaffold. As summarised in Figure 5, we explored a series of
substitutions on the aromatic rings. We also considered replacing
one of the phenyl rings with different heterocycles and also bicyclic
rings such as naphthalene and quinoline. As the carboxylic acid
group was envisaged to be crucial for the activity of 3 because of
its proposed ability to interact with Argg4s of c-FLIP, we explored
its functionalization as various alkyl esters, and its replacement by
bioisosters like tetrazole. Carboxamides and N-alkyl-carboxamides
were also explored as substituents of the carboxylic acid to investi-
gate how these functional groups may affect activity of the original

hit. To investigate how the linker might affect the activity of the
compounds, other functional groups were considered as replace-
ments for the sulfonamide group. We consider an amine linker,
which retains the original tetrahedral geometry of the sulfonamide.
In addition, we have also prepared two additional small series of
analogues, where the original sulfonamide moiety was replaced by
a methylene and an amide group. In total, we have prepared a
small library of more than 70 compounds, which were all initially
tested for their cytotoxicity, and in the TRAIL sensitisation assay as
described above. The full list of the compounds prepared, with the
details of their synthesis and biological evaluation, is included in
the Supplementary Information file (SI Schemes S1—Sg; SI Figures
S9 and S10).
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Figure 5 ¢ Summary of the prepared compound 3 analogues.

3.4.1. In vitro early DMPK and toxicity studies

To investigate how the newly designed chemical modifications
affected the pharmacokinetic properties of the compounds, some of
the synthesised derivatives were subjected to preliminary in vitro
pharmacokinetic studies. These studies were performed as an out-
sourced service by Cyprotex Ltd. (Alderley Park, Nether Alderley,
UK) and they include metabolic stability, Caco2 cell permeability,
and hERG inhibition. The results are shown in Table 1.

3.4.2. Concentration response study of selected tetrazole
analogue, 88

To further evaluate the activity of the compounds showing the best
ability to increase TRAIL sensitisation at 10 M concentration,
we selected the tetrazole-containing analogue 88 (Figure 6) for
detailed concentration—response profiling studies, as shown in
Figure 7. This tetrazole analogue combined the properties of being
amongst the most potent in terms of TRAIL sensitisation within
MCF-7 breast cancer cells, alongside being devoid of cytotoxicity in
the normal HEK293 cell line. Compound 88 was found to increase
TRAIL sensitisation in a concentration-dependent manner, with an
ICs, value in the range of 15—-19 uM. As shown in Figure 7, the
effect of TRAIL alone (left graph) was concentration-dependent,
inducing a reduction of approximately 80% when tested at 20
ng/mL and 60% at the lowest concentration of 10 ng/mL. However,
as demonstrated by the similar IC5, values calculated, 88 retained
a similar ability to increase TRAIL sensitisation independently of
the TRAIL concentration, thus indicating that the concentration of
TRAIL does not significantly affect the activity of the compound.

Table 1 ¢ Invitro DMPK and toxicity results. CLi, is Intrinsic
compartment A and compartment B; nd—not determined.

Rz:
RIS o,m,p COOH; COORg;
Ij "2 tetrazole; carboxamide;
5-0x0-4,5-dihydro-1,2,4-oxadiazole
CH2, CH20H2

4. Discussion

The continued development of targeted treatments for breast can-
cer is important for patients who do not respond to current regi-
mens and to improve on treatments with significant side-effects.
Although TRAIL exhibits low toxicity due to its notional speci-
ficity for cancer cells, most patients can acquire TRAIL resistance
mediated by cFLIP [3, 10]. Prior to recent advances in molecular
modelling, the consensus was that identifying a compound that
would impair cFLIP function without targeting the structurally
similar pro-apoptotic procaspase 8 may not be possible. With
this new-found understanding of the mechanism of ¢FLIP incor-
poration into the DISC, however [20, 25], different approaches
to targeting cFLIP to exploit TRAIL-mediated apoptosis are now
coming to light. These include the development of FLIP interactors
that bind the C-terminal part of cFLIPy, to stabilise the active centre
of caspase-8 in the caspase-8/cFLIPy, heterodimer [26, 27], and the
development of small-molecule protein—protein inhibitors target-
ing the DED2 domain of cFLIP to disrupt FADD interactions [16].
Here, we have focused molecular dynamic modelling on the DED1
domain as a third approach to disrupting c-FLIP interactions at
the DISC, in this case disrupting c-FLIP recruitment with caspase-
8 during chain elongation, and have functionally confirmed the
relevance of this interaction by mutagenesis. This allowed us to
identify a specific small-molecule inhibitor of cFLIP that is able to
sensitise cancer cells, including tumour-initiating cells, to TRAIL.
The relatively high (micromolar) concentration of OH14 (3) re-
quired to observe maximal effects on DISC recruitment, and mod-
erate microsomal stability characteristics (Table 1), are likely to

Clearance; A2B and B2A indicate the direction of efflux across

CLjnt Standard Mean % Mean %
Compound (pL/min/mg error CL; t1/2 (min) recovery recovery Efflux ratio IC;, (M)
protein) nt (A2B) (B2A)
hERG
Microsomal stability assay Cacoz cell permeability assay inhibition
assay
3 15.1 3.14 91.8 86.3 95.6 0.660 >25
24 Nd Nd Nd nd nd Nd 23.6
79 79.5 12.7 17.4 nd nd Nd >25
88 10.4 1.33 134 66.7 67.2 6.43 >25
117 35.6 2.85 39.0 66.2 77.2 0.622 >25
141 35.6 2.90 39.0 61.3 73.5 0.881 >25
150 92.3 3.33 15.0 23.1 51.7 0.768 92.3
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preclude it as an in vivo clinical candidate. Despite this, however,
OH14 remains a useful pre-clinical tool for demonstrating proof
of principle that pharmacological inhibition of cFLIP is sufficient
to sensitise breast cancer cells, and, in particular, breast cancer
stem cells, to TRAIL-mediated killing, and provides further proof
of principle that pharmacological targeting of cFLIP is feasible.

It was originally thought that cFLIP exerts an inhibitory function
in the DISC by primarily competing with procaspase-8 for binding
to FADD [21-24]. However, using a recombinant DISC model,
Hughes et al. showed that increasing amounts of ¢cFLIPL/S did not
prevent procaspase 8 recruitment, casting doubt over the primacy
of cFLIP’s direct role in binding FADD directly via its DED1 do-
main [17]. In addition, recombinant ¢cFLIP recruitment to FADD

was shown to be procaspase 8-dependent [5, 17]. This suggested
instead that cFLIP is primarily recruited indirectly to FADD by
binding to procaspase 8 [17].

Previous mutational studies have been carried out to determine
whether cFLIP binding occurs via DED1 or 2. Mutation of F144 in
DED2 impaired cFLIP binding to FADD in a recombinant assay,
in the absence of procaspase 8 [17, 24]. However, in the presence
of procaspase 8, a low level of cFLIP F144 mutant was recruited to
the DISC [14]. This was proposed to occur as a result of chain short-
ening, i.e., cFLIP with mutated DED2 can still bind to procaspase
8 but cannot recruit further molecules. These data suggested that
cFLIP binds procaspase 8 via DED1; however, mutation of H7 in
DED1 did not impair cFLIP recruitment [14, 24].
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None of these studies modelled the interaction between cFLIP
and procaspase 8, and therefore the DED1 mutations tested were
limited to those predicted to interact with FADD (H7, E4, E11 and
E46) [22]. We build on the findings of Hughes et al. by modelling
cFLIP interactions with procaspase 8. Our model supports the
premise that cFLIP predominantly binds to procaspase 8 via DED1
and as expected, predicts different interacting residues to those
described previously: K18, R38 and R45. We show that mutation of
K18 and R45 residues suppressed the inhibitory function of cFLIP,
suggesting impaired DISC recruitment. Whilst it is not possible to
determine whether one or both of these residues are important,
our findings support the prediction of Hughes et al. that cFLIP is
incorporated into the DISC via the DED1 domain. This proposal
was recently validated by Fox et al., who reported that H7A/R38D
double mutant disrupts cFLIP binding to procaspase-8 [24]. Fur-
thermore, by addressing TRAIL sensitivity, we also provide direct
evidence that DED1 is required for ¢cFLIP function in physiological
conditions.

Procaspase-8 is also incorporated into the DISC via DED1 and
the structural similarity between procaspase 8 and cFLIP suggests
difficulties in selective targeting [17]. However, by modelling DED1
interactions, we were able to identify differences in the binding
pockets of cFLIP and procaspase 8 that suggested differential
targeting could be achieved; for example, the K18 and R45 residues
are unique to the pocket of cFLIP. We used these models to identify
OH14, a small molecule that binds to the pocket of cFLIP DED1 but
not to that of procaspase 8. Using immunoprecipitation and FRET
analysis, we have shown that OH14 impairs cFLIP incorporation
into the DISC, as determined by recruitment to FADD. We went on
to show that the R38 residue in the DED1 pocket is required for
OH14 function, thus confirming target occupancy and function.

The fact that OH14 prevents cFLIP binding also further confirms
the importance of cFLIP DED1 in DISC recruitment. We anticipate
that an inhibitor designed to target DED2 of ¢cFLIP would also im-
pair the binding of cFLIP to FADD, and this has been demonstrated
recently [26], but that a ¢cFLIP DED2 inhibitor would not prevent
recruitment of cFLIP to procaspase 8 already present within the
DISC, similar to the F144 mutant [17], and therefore functional
efficiency may be reduced.

We show here that OH14 is an effective sensitising agent for
TRAIL, allowing for the induction of caspase-dependent apoptosis
in cancer cell lines. The degree of TRAIL sensitisation did vary
across the breast cancer cell lines used. As these were chosen to
be representative of different tumour subtypes, this may indicate
that OH14/TRAIL is more effective for some breast tumours than
others.

OH14 alone had no observable effect on cell viability. However, this
has only been tested up to 100 uM for 3 h, so it is possible that long-
term inhibition of cFLIP binding may lead to disruption of protein
stability and additional effects, for example, in other pathways in
which ¢FLIP is involved including NFkB and Wnt signalling [4, 28].

From the analogues prepared (see the Supplementary Informa-
tion), we can highlight the importance of the ortho-carboxylic
acid group, or the bioisostere tetrazole ring, in the activity of the
compounds. However, TRAIL sensitisation activity also depends
on the degree and nature of the other aromatic ring substitutions,
and in this context, a clear SAR pattern does not emerge. Re-
placement of the sulphonamide linker with the methylene-amine
linker is generally tolerated, while compounds with the amide

and methylene linkers either did not improve the activity of 3 or
showed a potentially non-selective profile. A selection of analogues
that showed selective TRAIL sensitisation were also tested for their
cytotoxicity towards non-cancerous cells (HEK293). None of these
compounds induced a reduction in cell viability compared to the
control (SI Figure S9).

Based on the structural features and the activity profile, we se-
lected a small number of compounds to be evaluated in a series
of in vitro DMPK assays. From the results obtained, we can make
the following observations: in general, the compounds tested did
not show any significant ability to inhibit hERG channels, thus
suggesting a lack of cardiotoxic effects; good permeability in both
directions across the Cacoz2 cells was observed for all compounds,
indicating a predicted oral absorption potential; and in terms of
microsomal stability, most of the compounds showed a higher
clearance and a shorter half-life time compared to 3, whilst 88, the
ortho tetrazole derivative of 3, was found to be more metabolically
stable, increasing the half-life time of 3 from approximatively 92
min to 134 min. Finally, compound 88 was found to increase
TRAIL sensitisation in a concentration-dependent manner.

5. Conclusion

The key finding of this study is the successful pharmacological
targeting of cancer cell activity through selective inhibition of the
cFLIP/TRAIL pathway. Although the inhibitor developed herein
demonstrated efficacy, its activity was only achieved at relatively
high micromolar concentrations, limiting its potential as a can-
didate for clinical application. Nevertheless, compound 3, and
related structural analogues, will serve as valuable preclinical tools
and provide a foundation for further lead optimisation efforts.

Through the development of a targeted cFLIP inhibitor, we have
highlighted the critical role of the DED1 domain in ¢FLIP func-
tion and leveraged this insight to guide the design of this com-
pound family. Our findings demonstrate that molecular inhibition
of cFLIP, in combination with TRAIL, represents a viable and
effective strategy for the selective targeting of cancer cells, offering
a promising direction for future therapeutic development.
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