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Endometrial cancer is the most commonly diagnosed gynaecological malig-
nancy. Unfortunately, 15-20% of women demonstrate persistent or recur-
rent tumours that are refractory to current chemotherapies. We previously
identified activating mutations in fibroblast growth factor receptor 2
(FGFR2) in 12% (stage I/II) to 17% (stage I1I/IV) endometrioid ECs and
found that these mutations are associated with shorter progression-free and
cancer-specific survival. Although FGFR inhibitors are undergoing clinical
trials for treatment of several cancer types, little is known about the mecha-
nism by which they induce cell death. We show that treatment with
BGJ398, AZD4547 and PD173074 causes mitochondrial depolarization,
cytochrome c¢ release and impaired mitochondrial respiration in two
FGFR2-mutant EC cell lines (AN3CA and JHUEM?2). Despite this mito-
chondrial dysfunction, we were unable to detect caspase activation follow-
ing FGFR inhibition; in addition, the pan-caspase inhibitor Z-VAD-FMK
was unable to prevent cell death, suggesting that the cell death is caspase-
independent. Furthermore, while FGFR inhibition led to an increase in
LC3 puncta, treatment with bafilomycin did not further increase lipidated
LC3, suggesting that FGFR inhibition led to a block in autophagosome
degradation. We confirmed that cell death is mitochondrial-dependent as it
can be blocked by overexpression of Bcl-2 and/or Bel-XL. Importantly, we
show that combining FGFR inhibitors with the BH3 mimetics ABT737/
ABT263 markedly increased cell death in vitro and is more effective than
BGJ398 alone in vivo, where it leads to marked tumour regression. This
work may have implications for the design of clinical trials to treat a wide
range of patients with FGFR-dependent malignancies.
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acidification rate; ECS, endometrial cancer-specific survival; FBS, fetal bovine serum; FGFR, fibroblast growth factor receptor; MOMP,
mitochondrial outer membrane permeabilization; NSG, NOD scid gamma; NT, nontargeting; OCR, oxygen consumption rate; PFS,
progression-free survival; SD, standard deviation; SEM, standard error of the mean; TMRE, tetramethylrhodamine ethyl ester; TRI,

Translational Research Institute.

738 Molecular Oncology 13 (2019) 738-756 © 2018 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use,
distribution and reproduction in any medium, provided the original work is properly cited.


mailto:

L. M. Packer et al.

1. Introduction

Endometrial cancer (EC) is the most commonly diag-
nosed malignancy of the female reproductive tract in
developed countries. While 75% of ECs are detected
early and have a good prognosis, patients who relapse
postresection or present with metastatic disease have a
very poor prognosis with a median survival of 7-
12 months (Stelloo et al., 2016). Our laboratory was
the first to identify activating mutations in fibroblast
growth factor receptor 2 (FGFR2) in endometrioid
ECs (Pollock et al., 2007). Analysis of FGFR2 muta-
tions in a single institution cohort (n = 466) revealed
that FGFR2 mutation was associated with shorter
progression-free survival in patients with early-stage
(I/I1) disease (Byron et al., 2012). Subsequent analysis
in a larger multi-institutional cohort revealed FGFR2
mutations in 12% of stage I/II cases and 17% of stage
III/TV cases. In multivariate analysis, FGFR2 muta-
tion was confirmed to be associated with shorter pro-
gression-free survival (PFS) (HR 1.903; 95% CI 1.177
— 3.076; P =0.009) and shorter EC-specific survival
(ECS) (HR 2.013; CI 95% 1.096 — 3.696; P = 0.024) in
803 early-stage cases. Significantly shorter PFS and
ECS were also seen in the entire cohort of 970 patients
(Jeske et al., 2017).

Activation of FGFR1, 2 and 3 has been reported in
a diverse range of cancer types (Turner and Grose,
2010a), and in vitro studies have revealed both cyto-
static and cytotoxic responses to FGFR inhibition in
FGFR-mutant cancer cell lines (Gavine et al., 2012;
Kunii et al., 2008; Lamont et al., 2011). FGFR inhibi-
tors have been shown to induce caspase-3/7 activity,
annexin positivity and/or a subGl peak in various
FGFR-dependent cell lines including SCLC and
NSCLC (Pardo et al., 2009; Weiss et al., 2010), breast
cancer (Gavine et al., 2012; Sharpe et al., 2011; Turner
et al., 2010c), myeloma (Gavine et al., 2012), gastric
cancer (Kunii et al., 2008; Pearson et al., 2016; Xie
et al., 2013) and EC (Byron et al., 2008; Konecny
et al., 2013; Kwak et al., 2015). Although some groups
utilize two assays, the induction of apoptosis is often
concluded from the presence of caspase activity alone
(Pearson et al., 2016), a subG1 peak alone (Xie et al.,
2013) or annexin positivity alone (Gavine et al., 2012,
Koneczny et al., 2015; Kwak et al., 2015; Weiss et al.,
2010). A recent study in lung cancer reported the pres-
ence of both caspase-dependent and caspase-indepen-
dent cell death following FGFR inhibition in a single
lung cancer cell line (Goke et al., 2015a), but no
detailed study of the mechanism of cell death has been
published in any tumour type.
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Although FGFR inhibitors have shown efficacy in
preclinical models, the responses in the clinic have been
disappointing. Similar to other kinase inhibitors, single-
agent therapy was often not sufficient to cause tumour
regression with only transient tumour responses
observed (Sequist et al., 2014; Soria et al., 2014). Pro-
longed responses have been seen, but these are limited
to those patients whose tumours show high-level ampli-
fications or FGFR2/3 fusions rather than those with
activating mutations in FGFR1-3 (Babina and Turner,
2017). Presumably, the therapeutic response could be
enhanced by combination therapies that target addi-
tional prosurvival signals within the cell. Therefore,
understanding the mechanism of cell death is critical.

As the cell death we have observed in EC occurs in
the presence of constitutive PI3K activity (Byron
et al., 2008), and is therefore likely to be different than
in those cancers where FGFR inhibitors block both
the MAPK and PI3K downstream signalling pathways
(Chell et al., 2013; Gavine et al., 2012; Pearson et al.,
2016; Turner et al., 2010b), we sought to investigate in
detail the molecular mechanism underlying this cell
death. We have employed multiple FGFR inhibitors
(PD173074, AZD4547, BGJ398) and several EC cell
lines carrying different FGFR2 mutations. Our results
show that FGFR inhibition induces mitochondrial-
dependent cell death that, when combined with BH3
mimetics (such as ABT263), leads to enhanced cell
death, likely through caspase activation. These results
open up the possibility of a clinical trial testing this
combination in EC as well as other cancers where cas-
pase-dependent cell death has been reported.

2. Materials and methods

2.1. Cell lines

AN3CA, JHUEM?2 and MFE296 were obtained from
ATCC, Riken Cell Bank and ECACC, respectively.
AN3CA, JHUEM2 and MFE296 were authenticated
by STR profiling at the sequencing facility of The
QIMR Berghofer Medical Research Institute in 2016
and 2018 and passaged less than 20 times since
authentication. AN3CA and MFE296 were grown in
MEM-alpha and JHUEM2 cells in 1:1 DMEM:
Ham’s F12, supplemented with 10% fetal bovine
serum (FBS), 1% penicillin/streptomycin and 0.1 mm
nonessential amino acids. According to the Cancer
Cell Line Encyclopedia, the cell lines harbour the
following mutations: AN3CA FGFR2NKK3IO0R
JHUEM2 FGFR2%*® and MFE296 FGFR2N¥K,
BGJ398, AZDA4547, PD173074, ABT737, ABT263,
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paclitaxel and necrostatin-1 were purchased from Sel-
leckchem; Z-VAD-FMK, bafilomycin and stau-
rosporine from LClabs; and actinomycin from Sigma
(Castle Hill, NSW, Australia).

2.2. Annexin positivity

Floating and attached cells were collected and anal-
ysed for Annexin and PI staining according to the
manufacturer’s instructions (FITC Annexin V Apopto-
sis Detection Kit II, BD Biosciences, North Ryde,
NSW, Australia) using the BD LSR II and rrLowjo
v10.7 (Ashland, OR, USA). An equal number of cells
were stained to ensure that Annexin V levels could be
accurately assessed and compared across samples. All
annexin-positive cells were counted (whether PI posi-
tive or negative).

2.3. Cell survival assay

Cells (600—-1000) were seeded in 6-well plates and the
following day treated with DMSO or inhibitors for
72 h. Cells were washed thrice in PBS and grown in
full-growth medium for 10-16 days, fixed with metha-
nol and stained with crystal violet (0.1% in 25%
methanol). Colonies were counted and plotted as a
percentage of the DMSO control.

2.4. Western blot, immunoprecipitation and
antibodies

Proteins were harvested using RIPA buffer (50 mm
Tris, pH 7.4, 150 mm NaCl, 1 mm EDTA, 1% IGE-
PAL, 0.1% SDS, 0.5% sodium deoxycholate, 1 mwm
sodium orthovanadate, 1 mm NaF, 1 mm PMSF,
10 pg-mL~" aprotinin and leupeptin). Western blotting
was performed using standard protocols. To stimulate
FGFR2, cells were treated with 10 ngmL~' FGF10
(R&D systems, Noble Park, VIC, Australia) and
5 pg-mL ™" heparin (Sigma) for 10 min prior to collec-
tion of lysate. FGFR2 immunoprecipitation was per-
formed as described in Packer et al. (2017). Bim IP was
performed as described in Packer et al. (2017). Normal-
ized IP fold changes were calculated as follows:

Interacting protein e, mene . INteracting proteinpyso

Bimtreatment - Bin’IDMSO Bil'nDMSO - BirnDMSO

The following antibodies were used: AIF (#5318),
PAKT (serd73) (#4060) AKT (#2920), ATG3 (#3415),
ATGT7 (#8558), ATG12 (#4180), Bcl-XL (#2764), BIM
(#2933), BID (#2002), caspase-3 (#9662), caspase-7
(#9502), Cox IV (#4844), cytochrome c (#4272),
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ERK1/2 (#4695), pFRS2a (Tyr436) (#3861), LC3
(#2775) and Smac/diablo (#2954) from Cell Signaling
Technology; pERK (Thr202/Tyr204) (MS8159), p53
(P8999) and tubulin (T9026) from Sigma; PUMA
(PC686) and Bcl-2 (OP60) from Calbiochem; Bcl-XL
(#610746) and Mcl-1 from BD Biosciences; EndoG
(AB9647) from Abcam; FGFR2 (sc-122), FRS2 (sc-8318)
and Tom20 (sc-11415) from Santa Cruz Biotechnology;
and HTRA2/OMI (AF1458) from R&D Systems.

2.5. Flow cytometry measurement of cytochrome
c release

We followed the method described in Christensen
et al. (2013). Samples were analysed on the BD LSR
IT and analysed using rFLowJo v10.7.

2.6. TMRE staining

Cells (AN3CA, JHUEM?2) were plated onto glass-bot-
tom dishes (Cellvis 4-Chamber 35-mm Glass Bottom
Dish with 20-mm microwell, #1.5 cover glass, D35C4-
20-1.5-N) or #1.5 coverslips (immunofluorescence),
24 h prior to treatment with FGFR inhibitors for
48 h. Samples for immunofluorescence were fixed in
4% PFA in BRB80 buffer (80 mm K-PIPES, pH 6.8,
1 mm MgCl,, 1 mm EGTA) for 20 min at room tem-
perature, washed three times with PBS and permeabi-
lized with 0.25% Triton X-100 in PBS for 5 min.
Samples plated on glass-bottom dishes were processed
for live-cell analysis of mitochondrial function. Con-
trol cells were pretreated with FCCP (10 um) for
10 min prior to labelling to ensure that TMRE
(Tetramethylrhodamine, Ethyl Ester, Perchlorate,
ThermoFisher T669) is below quenching level. Mito-
chondria were labelled with MitoTracker Green FM
(100 nm) and TMRE (50 nm) as per the manufac-
turer’s instructions. In brief, cells were incubated in
full-growth media containing MitoTracker Green FM
(ThermoFisher M7514) for 15 min at 37 °C. Cells were
rinsed three times with media to remove unbound dye
before incubating with TMRE for 15 min at 37 °C
and rinsed three times in full-growth media. Cells were
imaged immediately on a spinning disc confocal micro-
scope (>40 min) (Stehbens et al., 2012), in media sup-
plemented with 20 mm HEPES (pH 7.5) (GIBCO).

2.7. LC3 staining

For LC3 staining, samples were fixed in ice-cold
methanol for 5 min at room temperature, followed by
rehydration in PBS and processing for immunofluores-
cence. Serum starvation in 0.5% FBS was included as
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a control for induction of LC3 puncta. Fixed samples
were rinsed 3-5 times in blocking buffer (2% BSA,
0.1% Triton X-100, 0.1% NaN;3 in PBS). Samples
were incubated with LC3 diluted in blocking buffer for
1 h at room temperature. Samples were rinsed 3-5
times in blocking buffer for 5-10 min each before
incubating in secondary antibodies (1 : 500) for
45 min at room temperature. Secondary antibodies
and phalloidin were diluted in blocking buffer. Sam-
ples were rinsed 3-5 times in PBS, 5-10 min each, and
then mounted in Mowiol mounting medium (0.1 M
Tris/HCI, pH 8.5, 25% glycerol, 10% Mowiol 4-88;
475904, Calbiochem, 2% DABCO; D2522, Sigma). All
secondary fluorescently labelled antibodies were highly
cross-absorbed secondary antibodies from Jackson
ImmunoResearch, Alexa Fluor® 488 Anti-Rabbit (711-
545-152) and Rhodamine (TRITC) Anti-Mouse (715-
025-151), used at 1 : 500.

2.8. TMRE and LC3 image analysis

Mitochondria, TMRE and LC3 puncta were imaged
on a spinning disc confocal microscope, details of
which are published elsewhere (Stehbens ez al., 2012).
Image processing and analysis was performed in NIS
Elements (Nikon). Generally, for display purposes
image contrast was linearly adjusted on the 14- or 16-
bit raw data, and images were low-pass-filtered in NIS
Elements (Detail level: 2) and processed with an
unsharp mask filter (Power: 0.5; Area: 7). To quantify
TMRE staining, the total mitochondrial region of
interest (ROI) was defined by thresholding to create a
binary mask of the 488 channel (MitoTracker Green
FM) in NIS Elements. The binary mask was converted
to ROI, and ROI mean pixel intensities were measured
for both the 594 and 488 channels and expressed as a
ratio of TMRE/MitoTracker. To quantify LC3
puncta, images were thresholded for bright objects
using the Object Count tool in NIS Elements. The
number of LC3 objects/puncta was normalized to the
number of nuclei per field of view.

2.9. Subcellular fractionation

Mitochondrial and cytosolic fractions were extracted
according to Holden and Horton (2009). Briefly, cells
were pelleted, washed in ice-cold PBS, lysed in 400 pL
cold cytosolic buffer (150 mm NaCl, 50 mm HEPES,
pH 7.4, 25 pgmL~' digitonin, protease and phos-
phatase inhibitors) for 10 min and then centrifuged at
376 g. Supernatant was collected as the cytosolic frac-
tion. The cell pellet was washed in PBS and resus-
pended by vortexing in 200 pl. cold NP-40 buffer
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(150 mm NaCl, 50 mm HEPES, pH 7.4, 1% NP-40,
protease and phosphatase inhibitors), placed on ice for
30 min and centrifuged at 7000 RCF. The supernatant
(containing mitochondria) was collected.

2.10. Lentiviral shRNA knockdown

The following pLKO.1-puro lentiviral shRNA plasmids
were used in this study: pKLO.1 nontargeting (NT)
shRNA (puro) plasmid #1864 (Addgene, Waterton,
MA, USA), Bim #1 TRCN0000356031, Bim #2 TRCN
0000001051 (Sigma), EndoG #1 TRCN0000039643,
EndoG #2 TRCN0000039645 (Dharmacon, Millennium
Science, Mulgrave, VIC, Australia), AIF #1 TRCNO0000
229860, AIF #2 TRCNO0000064489 (sigma), ATG3
TRCNO0000149597, ATG7.1 TRCN0000007584, ATG7.2
TRCNO0000007587 and ATG12 TRCN0000007394
(kindly provided by Jay Debnath, UCSF).

To generate lentiviral particles, 8 x 10® HEK293FT
cells were seeded in a T75 flask. The next day, cells
were transfected with the following mixture 500 pL
Opti-MEM, 26 uL lipofectamine 2000, packaging vec-
tors 0.5 ng pTAT, 7.1 pg pNHP, 2.8 ng pHEF-VSVG
and 3.5 pg pLKO.1 plasmid. Virus was collected at 48,
72 and 96 h post-transfection. To establish stable
knockdown of genes, 500 000 cells were seeded in a
T25 flask. The following day, cells were infected with
1 mL of virus, 4 pg-mL ™' polybrene in 4 mL media.
Puromycin Dihydrochloride (1-2 pg-mL~", Invtrogen,
ThermoFisher, Melbourne, VIC, Australia, A11138-
03) selection took place 48 h postinfection.

2.11. Overexpression plasmids

Bcl-2 and Bcl-XL constructs were obtained from Ori-
gene (SC125546 and SC127825) and subsequently sub-
cloned into pEF1aIRES.neo.3. AN3CA and JHUEM2
cells were transfected with FuGENE 6 and Lipofec-
tamine 2000 according to standard protocols. Stable
expression was selected for in G418.

2.12. Measurement of oxygen consumption

Oxygen consumption rate (OCR) was measured with
the optical fluorescent oxygen/hydrogen sensor XF24
Seahorse analyser (Agilent, Mulgrave, VIC, Australia).
Briefly AN3CA cells (20 000/well) were incubated
overnight in 250 pL media. The following day, cells
were treated with FGFR inhibitors for 48 h (AN3CA).
Cells were then washed into unbuffered DMEM with
an adjusted pH of 7.4 according to the manufacturer’s
instructions. The Seahorse XF Cell Mito Stress Kit
was used to measure OCR wusing the following
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concentrations: 1.2 pm oligomycin, 1 um FCCP, 1 um
rotenone and 1 pM antimycin A. All OCR measure-
ments were normalized to cell number [using the
CyQUANT Cell Proliferation Assay (ThermoFisher,
Melbourne, VIC, Australia)] and used to calculate var-
ious mitochondrial parameters following established
methods (Brand and Nicholls, 2011).

2.13. In vivo mouse xenografts

All mice were acclimated for seven days prior to han-
dling. Mice were maintained and handled under asep-
tic conditions, allowed access to food and water
ad libitum and maintained under specific pathogen-free
conditions. The mice were closely followed and would
be euthanized if they showed signs of ill health or
stress, such as inactivity, ruffled fur coat or anorexia.
Five-week-old female NSG mice (16-20 g) were pur-
chased from the Australian BioResources (Moss Vale,
Australia) and hosted in the pathogen-free Biological
Resource Facility of the Translational Research Insti-
tute (Brisbane, Australia). In vivo animal studies were
performed according to institution-approved protocols
(Translational Research Institute TRI/416/17/AUC),
and guidelines for maintenance of animals and end-
point of tumour studies were followed. Xenografts of
AN3CA were established by subcutaneously injecting
4 x 10° cells in growth factor-reduced Matrigel
(#354230, BD Biosciences) 1 : 1 with PBS. Perpendicu-
lar tumour diameters were measured using Vernier-
scale callipers, and tumour volumes were calculated
using the formula [(x x »?)/2]. AN3CA xenografts
were allowed to grow for 10 days, to allow formation
of tumours with mean xenograft volume ~150 mm?>.
Mice were then stratified into treatment groups with
one tumour per mouse on the basis of their weight and
tumour volume. Mice (8/group) were treated for
2 weeks via oral gavage, 6 days on/l day off, of (a)
vehicle control [100 mmol-L ™" acetic acid/sodium acet-
ate buffer (pH 4.6)/PEG 300 (1: 1)]; (b) BGJ398,
20 mgkg™'; (c) ABT263, 100 mg-kg™'; or (d) BGJ398+
ABT263. Body weight was recorded for each animal
every other day to monitor potential toxicities. Addi-
tional animals (4/group) were treated for 7 days, with
their final treatment 4 h prior to tumour collection.

2.14. Immunohistochemistry and digital image
analysis

Cleaved caspase-3 staining was performed as previously
described (Packer er al., 2017). After sectioning and
staining, tumour sections were digitally scanned at x40
magnification, using an Olympus VS120 slide scanner
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at the TRI microscopy facility. VISIOPHARM INTEGRATOR
systeM v2107.2 (Visiopharm A/S, Hoersholm, Den-
mark) was used to score for cleaved caspase-3 status.
The software was trained to dissociate positive staining
from background and to exclude necrotic areas and
blood cells. For each sample, the whole section was
delimitated and the visioPHARM software returned speci-
fic area value for each tissue type. The ratio of the area
value of the cleaved caspase-3 positively stained cells to
the entire tissue area was then calculated.

2.15. Statistical analysis

Annexin positivity, cell survival growth, cytochrome c
release and spare respiratory capacity were analysed
using one-way ANOVA with Dunnett’s multiple com-
parison to compare treatments to control. Caspase-3
staining by THC was analysed using one-way ANOVA
with Tukey’s multiple correction test. LC3 and TMRE
staining was analysed using a Kruskal-Wallis one-way
ANOVA with a Dunn’s multiple comparison test. To
analyse the four treatment conditions of the Bim IP
experiments, a two-way ANOVA with Holm-Sidak
multiple comparisons correction tests was used. P-
values, calculated with prism (GraphPad, San Diego,
CA, USA), are coded by asterisks: <0.05 (*), <0.01
(**), <0.001 (***) and P < 0.0001 (****). Differences
in xenograft volume between groups were assessed for
significance using a repeated two-way ANOVA with
Tukey’s multiple comparisons test.

3. Results

The FGFR2-mutant EC cell lines AN3CA
(FGFR2NS3OK-KOI0R) 5y JHUEM2 (FGFR2C3%3R)
were used in this study, due to their sensitivity to
FGFR inhibitors. The ICs, values of PD173074,
BGJ398 and AZD4547 are shown in Table 1. We first
confirmed FGFR2 inhibition by PD173074, BGJ398
and AZD4547 in these cells. Figure 1A shows imm-
unoprecipitation of FGFR2 from cells treated with
DMSO, cells stimulated with FGF10 (50 ng-mL™")
and heparin (5 pg-mL™") for 10 min and cells treated
with FGFR inhibitors for 1 h, followed by FGF10/
heparin stimulation. Probing the FGFR2-enriched
fraction for phospho-tyrosine shows activation of
FGFR2 by FGF10 stimulation and loss of phosphory-
lated FGFR2 following inhibitor treatment. This cor-
responds with the activation of downstream effectors
FRS2a and ERK1/2 by FGF10/heparin stimulation
and inhibition by PD173074, BGJ398 and AZD4547.
We next investigated the timing of cell death induced
by FGFR inhibition. Cells were treated with 1 um
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Table 1. ICgy values for FGFR inhibitors PD173074, BGJ398 and
AZD4547 in AN3CA and JHUEM2 cells.

PD173074 AZD4547
Cell line ICs0 (nm) BGJ398 ICsq (nM) ICs0 (nv)
AN3CA 110 30 45
JHUEM2 100 20 30

PD173074, 300 nm BGJ398 and 300 nm AZD4547, and
annexin positivity, as measured by flow cytometry, was
used to determine the percentage of dead cells
(Fig. 1B,C). Unlike many chemotherapy drugs, which
induce cell death within 24 h, cell death resulting from
FGFR inhibition was delayed. A significant increase in
annexin positivity was observed at 48 h (AN3CA PD
P <0.001, BGJ P <0.01, AZD P <0.001; JHUEM?2;
P <0.001 PD, BGJ and AZD) and 72 and 96 h in
both cell lines (P < 0.0001 PD, BGJ and AZD). Both
cell lines exhibited 10% annexin staining in the DMSO
control, and this increased to 30-35% at 72-96 h of
treatment in AN3CA cells and 30-50% in JHUEM?2
cells at 48-72 h of treatment with FGFR inhibitors.
FGFR inhibition also significantly reduced long-term
cell survival in both cell lines, albeit more potently in
JHUEM?2 (Fig. ID-E; P < 0.0001). This is consistent
with in vivo results showing reduction in tumour
growth in AN3CA and JHUEM2 cells treated with
BGIJ398 (Packer et al., 2017).

The mechanism by which FGFR inhibitors
PD173074, BGJ398 and AZD4547 induce cell death in
these cells was further investigated. Several groups
have reported caspase-3/7 cleavage following FGFR
inhibition in breast and other cancer lines, suggesting
a ‘classical’ apoptotic response to FGFR inhibitors
(Goke et al., 2015a; Hall et al., 2016; Pearson et al.,
2016; Sharpe et al., 2011). Unlike these previous
reports, we observed no cleavage of caspase-3 and cas-
pase-7 following FGFR inhibition in AN3CA or
JHUEM2 cells over a 72-h time course by western
blotting (Fig. 2A). To confirm that FGFR inhibitor-
mediated cell death was caspase-independent, we
examined whether cell death could be blocked by the
pan-caspase inhibitor Z-VAD-FMK (Fig. 2B). Pre-
treatment of AN3CA and JHUEM2 with 100 pum
Z-VAD-FMK did not abrogate cell death following
FGFR inhibition in either cell line, suggesting that
FGFR inhibitors induce caspase-independent cell
death (CICD) in FGFR2-mutant EC cells. To ensure
that AN3CA and JHUEM2 cells are capable of under-
going caspase-dependent apoptosis, we treated cells
with 1 um actinomycin D (AN3CA) or 1 um stau-
rosporine (JHUEM2; Fig. 2C). We observed activation
of caspase-3, and furthermore, cell death resulting
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from these compounds was blocked by pretreatment
with Z-VAD-FMK, indicating that classical apoptotic
signalling is functional in these cells (Fig. 2D).

We went on to investigate the known mediators of
CICD: AIF, EndoG, Smac/diablo and HTRA2/OMI.
No translocation of Smac/diablo or HTRA2/OMI
from the mitochondria to the cytosol was observed
(Fig. 2E). We note that while the mitochondrial frac-
tion also contains ER proteins, no loss of expression
in the mitochondria fraction was observed nor any
increase expression in the cytosol, suggesting no
translocation from the mitochondria has taken place.
Goke et al. (Goke et al., 2015a) reported an increase
in AIF expression in the cytosol of the H1581 lung
cancer cell line after 48-h BGJ398 treatment and con-
cluded that caspase-independent apoptosis was occur-
ring. Conversely, in our EC cell lines, translocation of
AIF from the mitochondria to the nucleus was not
observed (Fig. 2F) and shRNA-mediated knockdown
of AIF and EndoG failed to block FGFR inhibitor-
mediated cell death in AN3CA and JHUEM?2 cells
(Fig. SIA-H). We ruled out necroptosis, another form
of CICD, by pretreating cells with 100 um necrostatin,
an inhibitor of the death domain receptor-associated
adaptor kinase RIP (RIPI1). Necrostatin did not pro-
hibit cell death by FGFR inhibitors in AN3CA or
JHUEM?2 cells (Fig. S1LJ). Furthermore, there was no
upregulation in GRP78, a marker of endoplasmic
reticulum stress, in AN3CA or JHUEM2 cells follow-
ing BGJ398 treatment over 72 h (Fig. 4A), indicating
the unfolded protein response was not induced by
FGFR inhibition.

Autophagy, the process of intracellular self-digestion
in autophagosomes and autolysosomes, is another
form of programmed cell death we investigated. We
observed a significant increase in the number of LC3
(autophagosomal marker) puncta per cell (P < 0.0001)
following the treatment of AN3CA and JHUEM2 cells
with PD173074, BGJ398 and AZD4547 (Figs 3A,B
and S2A.,B). In order to distinguish whether the
increase in LC3 puncta was due to increased
autophagosome synthesis or a block in autolysosomal
fusion/degradation, we sort to assess the level of lipi-
dated LC3-II in the presence and absence of bafilomy-
cin. Starving the cells in 0.5% FBS overnight served as
a positive control for autophagy induction. Bafilomy-
cin, an inhibitor of LC3-II degradation, caused accu-
mulation of LC3-II, with the combination of
starvation and bafilomycin leading to greater accumu-
lation of LC3-II. In contrast, although FGFR inhibi-
tion induced an increase in lipidated LC3-II,
bafilomycin did not increase the levels of LC3-II more
than bafilomycin alone (Fig. 3C), suggesting the
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Fig. 1. Fibroblast growth factor receptor inhibitors induce cell death, reduce long-term survival and inhibit the in vivo growth of FGFR2-
mutant EC cells. (A) Western blots showing immunoprecipitates (FGFR2 IP) or whole-cell lysates from AN3CA and JHUEM2 cells cultured
overnight in 0.5% FBS with 1-h treatment with DMSO, 1 pm PD173074 (PD), 300 nm BGJ398 (BGJ) or 300 nm AZD4547 (AZD), with a 10-
min stimulation with 50 ng-mL~" FGF10 and 5 pg:-mL~" heparan sulfate (FGF/HS) immediately prior to cell lysis. (B) AN3CA and (C)
JHUEM2 cells were treated with the above concentrations of PD, BGJ and AZD for 72 h. Cell death was detected by staining cells with
Annexin V. The mean percentage of Annexin V-positive cells from three independent experiments (each performed in triplicate) is shown
along with SD. Data were analysed using a one-way ANOVA with Dunnett’'s multiple comparison to compare treatments to control. (D)
Clonogenic survival assays in AN3CA and JHUEM2 with the above doses of PD, BGJ and AZD for 72 h. Cells were then cultured for
approximately 2 weeks and stained with crystal violet. (E) The mean number of colonies (expressed as a fraction of DMSO) of three
independent experiments (each performed in triplicate), error bars represent SD. One-way ANOVA with Dunnett’'s multiple comparison to
compare treatments to control. P <0.01 (**), <0.001 (**%*), <0.0001 (***%*),

increase in LC3 puncta is due to a block in autophagic flux is not involved in the cell death

autophagosome fusion/degradation rather than an
increase in autophagosome synthesis.

When we depleted the key autophagy proteins
ATG3, 7 and 12 via shRNA knockdown, there was no
reduction in cell death by FGFR inhibitors (Fig. 3D,
E), indicating that the effect of FGFR inhibition on

observed. Autophagy has been paradoxically impli-
cated in both cell death and cell survival by providing
an alternative energy source and maintaining cell
homoeostasis (Kourtis and Tavernarakis, 2009). These
results suggest that autophagy is not contributing to
cell destruction; however, further work is required to
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Fig. 2. Caspases are not activated by FGFR inhibition in FGFR2-mutant EC cells. (A) Western blots showing total caspase-3 and caspase-7
in response to treatment with 300 nm BGJ398 for up to 72 h. Tubulin serves as a loading control. *Denotes nonspecific band. (B) AN3CA
and JHUEM2 cells were pretreated with 100 um Z-VAD-FMK for 1 h prior to the addition of DMSO, 1 uvm PD173074 (PD), 300 nm BGJ398
(BGJ) or 300 nm AZD4547 (AZD) for 72 h. Cell death was detected by staining cells with Annexin V. The mean percentage of Annexin V-
positive cells from three independent experiments (each performed in triplicate) is shown along with SD. (C) Western blot showing cleavage
of caspase-3 in AN3CA and JHUEM2 cells treated with 1 pm actinomycin D (Act D) or staurosporine (STS), respectively, for 24 h. (D) Mean
percentage of AN3CA and JHUEM2 cells showing Annexin V-positive staining following treatment with 100 pm Z-VAD-FMK alone or 1 h
prior to treatment with 1 um Act D and STS for 24 h. The mean from three independent experiments (each performed in triplicate) is shown
along with SD. (E) Western blot showing staining of Bim, Bid, HTRA2/OMI and Smac/diablo in cytosolic and mitochondrial fractions of
JHUEM2 cells treated with 300 nm BGJ398 for 24 and 48 h. Tom20 serves as a marker of the mitochondrial fraction, GRP78 as a marker of
the ER, Lamin B1 as a marker of the nuclear fraction and GAPDH as a marker of the cytosolic fraction. (F) Western blot showing staining of
AIF in mitochondrial and nuclear fractions of AN3CA cells treated with 1 uv PD173074 for 48 h. Cox IV and PARP serve as mitochondrial
and nuclear markers, respectively.

investigate the effect of FGFR inhibitors on autolyso-
somal fusion and lysosomal degradation.

We further investigated the role of mitochondria in
cell death resulting from FGFR inhibition. Markers of
mitochondrial cell death were measured by western
blotting over 72 h of BGJ398 treatment (Figs 4A and
S3A,B). Although MAPK/ERK signalling has been
shown to regulate the transcription of prosurvival Bcl-
2 proteins in different cellular systems (Boucher et al.,
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2000; Jost et al., 2001), no change in expression was
seen in Bax, Bcl-2, Bcl-XL or Mcl-1 in AN3CA or
JHUEM?2 cells over 72 h despite robust ERK inhibi-
tion (Fig. 4A and data not shown). PUMA was upreg-
ulated in JHUEM2 (which harbours wild-type p53);
however, no such change was observed in AN3CA
(which harbours mutant p53%?'3?). No change was
observed in Bax, Bid, Mcl-1 or p53 (Fig. 4A and data
not shown). In line with its role as an important target
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Fig. 3. Fibroblast growth factor receptor inhibition increases autophagosome number in FGFR2-mutant EC cells. (A) AN3CA cells untreated,
serum-starved in 0.5% FBS overnight or treated with the indicated concentrations of PD173074 (PD), BGJ398 (BGJ) and AZD4547 (AZD) for
48 h prior to staining for LC3. Scale bar represents 10 um. (B) Quantitation of LC3 puncta per cell. 0.56% FBS was included as a positive
control for autophagy induction. Ten fields were imaged for each condition using a 60x objective. n = # of puncta per cell. Error bars
indicate SD. Data were analysed using a Kruskal-Wallis one-way ANOVA with a Dunn’s multiple comparison test. P <0.0001 (*¥**%*). (C)
Western blot of JHUEM2 cells treated with DMSO, 1 um PD or 300 nm BGJ for 48 h with or without 20 nmol bafilomycin (Baf) for 4 h prior
to collection. Cells grown in 0.5% FBS for 24 h (SS) —/+ Baf served as a positive control of autophagy induction. Phospho-ERK1/2, LC3-|
(upper band) and LC3-II (lower band) are shown along with the loading control tubulin. (D) Western blot of AN3CA cells stably expressing
nontargeting shRNA control (NT) and shRNAs targeting ATG3, ATG7 and ATG12. (E) Percentage of AN3CA cells staining positive for
Annexin V following treatment with PD, BGJ or AZD for 72 h. Error bars indicate SD.

of MAPK/ERK signalling, there was a marked upreg-
ulation of the BH3-only protein Bim in AN3CA and
JHUEM?2 cells 6-16 h after BGJ398 treatment. ERK
phosphorylates Bim, leading to degradation by the
proteasome pathway (Luciano et al., 2003). The down-
ward shift in Bim observed with BGJ398 treatment
(Fig. 4A) is likely due to Bim dephosphorylation

746

downstream of ERK inhibition, resulting in Bim accu-
mulation and enabling Bim binding to Bcl-2 family
members. This is considered to be an initiating event
in the cell death cascade (Puthalakath et al., 1999).
Depletion of Bim by shRNA abrogated cell death in
AN3CA cells (Fig. 4B,C), confirming the role of Bim
in FGFR inhibitor-mediated cell death.

Molecular Oncology 13 (2019) 738-756 © 2018 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.
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Induction of BH3-only proteins neutralizes the pro-
survival proteins such as Bcl-2, Bcl-XL and Mcl-1,
enabling activation of Bax and Bak on the mitochon-
drial outer membrane, which is accompanied by cyto-
chrome c release and membrane permeabilization. We
investigated the effect of FGFR inhibitors on cyto-
chrome c release from the mitochondria (Fig. 4D,E).
Cells were treated with PD173074, BGJ398 and
AZD4547 for 48 and 72 h, after which cells were digi-
tonin-permeabilized, fixed, stained with cytochrome c
and assessed by flow cytometry. Both AN3CA and
JHUEM?2 cells showed a significant increase in cyto-
chrome c¢ release from the mitochondria following
FGFR inhibition. AN3CA cells showed a ~12%
(P <0.05) increase in cytochrome c release at 48 h
and a > 28% (P < 0.0001) increase following 72 h of
FGFR inhibition. Cytochrome c¢ release in JHUEM?2
cells increased ~25% (P <0.05) at 48 h and ~40%
(P <0.0001) at 72 h. As a positive control of apopto-
sis, cells were treated with 1 pum actinomycin D
(AN3CA) or staurosporine (JHUEM?2).

Release of cytochrome ¢ from the mitochondria is
typically linked with perturbation of mitochondrial
function, via mitochondrial outer membrane permeabi-
lization (MOMP). To determine whether FGFR inhibi-
tion in FGFR2-mutant EC cells caused depolarization
of the mitochondrial membrane, we stained live cells
with TMRE and assessed by spinning disc confocal
microscopy 48 h post-treatment (Figs 4F,G and S3C,
D). FCCP, a mitochondrial uncoupler, caused complete
loss of TMRE staining. TMRE staining was normalized
to total mitochondrial staining by MitoTracker Green
FM to account for mitochondrial mass. Our results
show that mitochondrial membrane potential was signif-
icantly reduced (P < 0.0001) in AN3CA and JHUEM?2
cells treated with FGFR inhibitors (Figs 4G and S3D).

To further investigate the demise of mitochondrial
function and bioenergetics, we used the Seahorse XF24
assay to measure mitochondrial respiration (oxygen
consumption) and glycolysis (extracellular acidifica-
tion). We observed no change in the extracellular acidi-
fication rate (ECAR) (data not shown), a measurement
of glycolytic function, in AN3CA or JHUEM2 cells at
24 and 48 h of treatment with FGFR inhibitors. To
measure the oxygen consumption rate (OCR) of cells,
sequential injection of compounds that target the elec-
tron transport chain such as oligomycin (oligo), FCCP
and rotenone and antimycin A (Rot + Anti) was per-
formed to measure ATP production, maximal respira-
tion and nonmitochondrial respiration (Fig. 4H). Basal
respiration and spare respiratory capacity are then cal-
culated using these parameters. A significant reduction
in basal ADP-stimulated respiration and

Bcl-2 inhibitors enhance cell death by FGFR inhibitors

maximal mitochondrial respiratory capacity was
observed in AN3CA cells treated with FGFR inhibitors
BGJ398 and AZD4547 for 48 h (Fig. 4H-J), indicating
that there was a marked reduction in oxidative phos-
phorylation capacity in cells treated with FGFR inhibi-
tors.

We then confirmed mitochondrial cell death by over-
expression of Bcl-2 and Bel-XL, which impede cell death
by inhibiting both the BH3 proteins and the Bax/Bak
executioner proteins (Fig. SA-D). In AN3CA cells,
overexpression of both Bcl-2 and Bcl-XL prevented cell
death by the FGFR inhibitors (P < 0.0001). In contrast,
only overexpression of Bcl-XL blocked cell death by
PD173074, BGJ398 and AZD4547 (P < 0.001) in
JHUEM2 cells. This is consistent with the induction of
Bim:Bcl-XL but not Bim:Bcl-2 complex formation by
BGIJ398 in these cells (Fig. 5G-I). These results suggest
that JHUEM2 relies more on Bcl-XL than Bcl-2 for
maintaining mitochondrial integrity.

Our data suggest that the antitumour effect of
FGFR inhibitors could be enhanced by BH3 mimetics
such as ABT737, which binds with high affinity to Bcl-
2 and Bel-XL. While 1 um of ABT737 did not signifi-
cantly increase cell death alone, when used in combi-
nation with FGFR inhibitor ABT737 we observed a
significant increase in cell death in AN3CA, JHUEM?2
and an additional FGFR2-mutant EC cell line
MFE296, compared to that induced by FGFR inhibi-
tors alone (P < 0001; Figs SE,F and S4B). To confirm
the inhibition of Bcl-2/XL by ABT737, Bim was
immunoprecipitated and probed for Bcl-2, Bel-XL and
Mcl-1 (Figs 5G and S4C). Bim appeared to be pre-
dominantly bound to Bcl-2 and Mcl-1 under normal
conditions. While FGFR inhibition did not affect Bim
binding to Bcl-2 or Mcl-1 (relative to Bim levels), it
significantly increased Bim binding to Bcl-XL in
AN3CA, JHUEM2 and MFE296 (P <0.0001;
Figs 5G-1 and S4D). ABT737 inhibited binding of
Bim to Bcl-2 and blocked Bcl-XL binding to Bim in
the presence of BGJ398. Thus, ABT737 potentiates the
displacement of Bcl-2 and Bel-XL from BH3 activators
such as Bim and also from the apoptotic executioners
Bax and Bak on the mitochondrial membrane, to
enhance mitochondrial-dependent cell death following
FGFR inhibition by BGJ398.

We further investigated the combination of Bcl-2
inhibitor and FGFR inhibitor in vivo with AN3CA
cells grown as xenografts in NSG mice. ABT737 is not
orally bioavailable, so we used its orally active ana-
logue ABT263 (navitoclax). We treated mice by oral
gavage once daily with BGJ398 (20 mgkg ') or
ABT263 (100 mg-kg™") alone or in combination for
15 days. Tumour growth is shown in Fig. 6A. When
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Fig. 4. Cell death induced by FGFR inhibition involves mitochondrial dysfunction. (A) Western blot showing AN3CA and JHUEM2 cells
treated with 300 nm BGJ398 for up to 72 h. Various effectors of FGFR signalling and cell death are shown, with tubulin as the loading
control. (B) Western blot of AN3CA cells stably expressing nontargeting shRNA control (NT) and two different Bim shRNAs. (C) Percentage
of AN3CA cells (expressing NT or Bim shRNAs) staining positive for Annexin V following 72-h treatment with DMSO, 1 pm PD173074 (PD),
300 nv BGJ398 (BGJ) or 300 nm AZD4547 (AZD), along with SD. Percentage of AN3CA (D) and JHUEM2 (E) cells showing cytochrome ¢
release following 48- or 74-h treatment with DMSO, PD, BGJ or AZD. 1 um actinomycin D (Act D; AN3CA) and staurosporine (STS;
JHUEM2) were used as positive controls of cytochrome c release. Error bars indicate SD. Data from C-E were analysed using a one-way
ANOVA with Dunnett's multiple comparison to compare treatments to control. (F) AN3CA cells untreated (control) or treated with DMSO or
the indicated concentrations of PD, BGJ or AZD for 48 h prior to staining with MitoTracker Green FM and TMRE and imaged live on a
spinning disc microscope. Treatment of cells with 10 um FCCP for 10 min served as a control of mitochondrial membrane depolarization.
Scale bar represents 20 um. (G) Quantification of TMRE staining in AN3CA cells shown in F). TMRE staining is normalized to MitoTracker
staining (to indicate total mitochondrial mass) per cell. N = number of cells counted in a single experiment representative of four
independent experiments. Error bars show SD. Data were analysed using a Kruskal-Wallis one-way ANOVA with a Dunn’'s multiple
comparison test. (H) Mitochondrial respiration reflected by oxygen consumption rate (pmoles-min~") was detected in AN3CA cells untreated
(grey line), or treated with DMSO (black line), 300 nm BGJ (blue line) or 300 nm AZD (red line) for 48 h under basal conditions or following
the addition of 1.2 um oligomycin, the uncoupler FCCP (1 um) or the electron transport inhibitor rotenone and antimycin (each at 1 pwm), along
with the SD. Basal (I) and maximal (J) respiratory capacity were quantified by normalization of OCR level to the total cell number and then
expressed as a ratio of the untreated control. Error bars show SD. Results of a one-way ANOVA with Dunnett's multiple comparison are

shown. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

used in combination with BGJ398, ABT263 caused
marked tumour regression. Overall, the combination
of BGJ398 + ABT263 significantly improved the anti-
tumour response to BGJ398 alone (P < 0.01). Assess-
ment of caspase cleavage in AN3CA xenografts
following 4 days of treatment revealed an increase in
caspase cleavage with BGJ398 (2.5-fold) or ABT263
(3.8-fold) given as single agents compared to vehicle
control (Fig. 6B,C). The combination of BGIJ398 +
ABT263 caused an 11-fold increase in caspase-3 cleav-
age compared to the control (P < 0.05). These results
suggest that BGJ398 + ABT263 enhances tumour cell
death by caspase cleavage and activation of the classi-
cal apoptotic pathway.

4. Discussion

We previously reported cell death, evidenced by
increased annexin positivity, in FGFR2-mutated EC
cell lines treated with PD173074 (Byron et al., 2008).
Annexin-positive cell death was subsequently reported
72 h after treatment with BGJ398 (Konecny et al.,
2015), and following 48-h treatment of AN3CA and
MFE296 by AZDA4547 (Kwak et al., 2015). No cell
death, evidenced by lack of a subGl peak, was
reported in AN3CA cells following 24-h treatment
with ponatinib, ridaforolimus (mTOR inhibitor) and
their combination (Gozgit et al., 2013), thus highlight-
ing the need to assess cell death at multiple time
points. As the cell death we observed in FGFR2-
dependent EC cell lines following FGFR inhibition is
unique, in that it occurs in the presence of constitutive
PI3K activity, we sought to explore the molecular
events underpinning this cell death in detail.

We have shown that FGFR inhibition and subse-
quent inhibition of the MAPK pathway in FGFR2-
mutant EC result in Bim upregulation, as has been
previously reported (Gillings et al., 2009). Bim stabi-
lization has been shown to sequester the prosurvival
proteins Bcl-2 and Bcl-XL, which ultimately leads to
impairment of mitochondrial function, through cyto-
chrome c release and MOMP. Frameshift mutations in
Bax, leading to loss of expression, which in turn
impede apoptosis through an increased Bcl-2/Bax
ratio, were previously identified in ~10% of endome-
trial cancers (Sakuragi et al., 2002). Both AN3CA and
MFE296 contain heterozygous frameshift mutations in
Bax (p.A184 fs*29 and p.M38 fs, respectively). How-
ever, western blot analysis showed that full-length
wild-type Bax protein is expressed in these cells
(Fig. S4A).

Our results also indicated that FGFR inhibition
reduced the basal and maximal respiratory capacity of
the mitochondria (Fig. 4H-J), placing the cells in a
state of energy stress. However, without a concurrent
increase in glycolysis (ECAR), we propose this energy
stress ultimately leads to delayed cell death. Interest-
ingly, we did not detect caspase cleavage via western
blotting over a 72-h time course of FGFR inhibition
in either AN3CA or JHUEM2 (Fig. 2A) and pretreat-
ment with a pan-caspase inhibitor was unable to block
cell death following FGFR inhibition (Fig. 2B),
despite the capacity for caspase-dependent cell death
in these cells (Fig. 2C,D). Significant cell death in the
absence of caspase-3/7 activity has been reported in
several other FGFR-dependent models including
breast cancer (CALS51) (Sharpe et al., 2011) and
mesothelioma (H2810) (Quispel-Janssen et al., 2018).
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#P < 0.01, ***P < 0.001, ****L < 0.0001.
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Fig. 6. Bcl-2 inhibitor ABT263 and BGJ398 cooperate to kill FGFR2-mutant AN3CA cells in vivo. (A) AN3CA xenografts were established in
NSG mice and stratified into 4 groups (8/group) then treated for 2 weeks via oral gavage (6 days on, 1 day off) with vehicle, 20 mg-kg™"
BGJ398 or 100 mg-kg~" ABT263, or BGJ398 + ABT263. Mean tumour volumes are shown along with SEM. Differences in xenograft
volume between groups were assessed for significance using a repeated two-way ANOVA with Tukey's multiple comparisons test. (B)
Immunohistochemical staining of cleaved caspase-3 in AN3CA xenografts treated for 4 days with the indicated drugs. Scale bar represents
100 um (8x objective) and 20 um (40x objective). (C) Mean of cleaved caspase-3-positive cells as quantified by VISIOPHARM INTEGRATOR SYSTEM
v2107.2 (presented as a ratio over vehicle control). Error bars show SD. A one-way ANOVA with Tukey’s multiple correction test was used

to analyse the data. *P < 0.05, ****P < 0.0001.

Although caspase and/or PARP cleavage following
FGFR inhibition has been reported in several gastric
and breast models (Kunii et al., 2008; Pearson et al.,
2016), it has only been reported in one liver cell line
(Hep3B) (Hagel et al., 2015) and one lung cancer cell
line (H1581) (Goke et al., 2015a) with caspase-inde-
pendent death also being reported in the latter. In
addition, cell death following FGFR inhibition with
PD173074 in bladder cancer models has only been
identified based on annexin positivity (Lamont et al.,
2011); hence, this caspase-independent cell death could
be present in other FGFR-dependent cancer types.
Our in vivo studies showed ~3% of AN3CA cells
grown as xenografts stained positive for cleaved cas-
pase-3 (Fig. 6B) following BGJ398 treatment, com-
pared to ~1% in vehicle-treated controls, while caspase
activation was significantly increased when BGJ398
was combined with ABT263. Whether the caspase

cleavage in xenografts treated with BGJ398 alone indi-
cates a low level of caspase cleavage undetectable by
western blot analysis, or alternatively whether caspase-
dependent death is due to in vivo hypoxia, is unknown.
Nevertheless, the combination of Bcl-2 inhibition by
ABT263 and Bim upregulation by BGIJ398 triggers
substantial caspase activation in the tumour, which
likely contributes to the enhanced cell death following
treatment with BGJ398 + ABT263.

Autophagy has been previously reported in FGFRI1-
amplified lung cancer models and a single breast can-
cer line following FGFR inhibition with AZD4547
(Yuan et al., 2017) or PD166866, respectively (Chen
et al., 2016). In contrast to our findings in EC, FGFR
inhibition in combination with either lysosomal pro-
tease inhibitors or chloroquine leads to a significant
increase in lipidated LC3-IT or LC3 puncta in these
lines, suggesting that FGFR inhibition increases
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autophagosome synthesis. Both Yuan ez al. (2017) and
Chen et al. (2016) found that blocking autophagy by
knockdown of Beclin and ATGS increased cell death
by FGFR inhibition. Further studies of FGFR inhibi-
tion on autophagic flux in the context of activation of
different FGFRs are required.

We have now shown that FGFR inhibition results
in inhibition of the MAPK pathway and the induction
of Bim (Figs 2E, 4A) and that knockdown of Bim or
overexpression of Bcl-XL could block BGJ398- or
AZD4547-induced cell death (Figs 4C and 5A-D).
BGJ398 treatment induced significantly more binding
of Bim to Bcl-XL (Fig. 5G) whereas no increase in the
binding of Bim to Bcl-2 was observed when change in
immunoprecipitated Bcl-2 (treated vs DMSO) was nor-
malized to the change in total levels of Bim (Fig. 5G).
As expected, cotreatment of cells with BGJ398 and the
Bcl-2/X1 inhibitor ABT737 prevented Bim:Bcl-XL
binding and led to a significant increase in annexin
positivity in vitro (Fig. SE,F). We confirmed this
in vivo and report for the first time that the combina-
tion of BGJ398 and ABT263 treatment of AN3CA
xenografts led to significant tumour regression
(Fig. 6A). Although these cells do express Mcl-1, we
hypothesize that combining ABT263 with BGJ398
leads to a displacement of Bim from Bcl-XL to Mcl-1
leading to the effective induction of cell death. Very
little is known about the relative role of Bcl-2/Bcl-XL/
Mcl-1 in other solid malignancies with FGFR1-3 acti-
vation. Recently, a study in lung cancer cell lines and
PDX models showed that combining BGJ398 with
either the Bcl-XL inhibitor A1331852 or the Mcl-1
inhibitor S63845 led to a small survival benefit and
that only triple inhibition resulted in tumour regres-
sion (Weeden et al., 2018). The reason for the dis-
parate results between lung and endometrial cancer
models is unknown but could be due to higher expres-
sion of Mcl-1 in lung cancers and/or differences in
other prosurvival/pro-apoptotic proteins regulated by
FGFR1 and FGFR2. The work presented here sup-
ports the evaluation of ABT263 or other Bcl-XL inhi-
bitors in combination with FGFR inhibition in other
FGFR2- and FGFR3-dependent cancers.

Studies have shown that cancers with high expres-
sion of FGFR mRNA and protein are more likely to
respond to FGFR inhibitors (Goke et al., 2015b; Pear-
son et al., 2016; Weiss et al., 2010). In addition, we
and others have shown that in preclinical models
where FGFR inhibition does not block PI3K pathway
activation, the combination of FGFR and AKT/PI3K/
mTOR inhibition resulted in increased cell death
(Fumarola et al., 2017; Packer et al., 2017; Yu et al.,
2017). However, despite preclinical efficacy, dual
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FGFR/PI3K inhibition is unlikely to be evaluated in
clinical trials due to its combined toxicity (Hyman
et al., 2016). The current study has revealed that simi-
lar synergy can be obtained by targeting downstream
prosurvival proteins following mitochondrial priming
by FGFR inhibition.

Dual Bcl-2 and Bel-XL inhibition with ABT263 (nav-
itoclax) has shown single-agent activity in a variety of
leukaemias and lymphomas (Tse et al., 2008). Clinical
testing of ABT263 was initially associated with throm-
bocytopenia in patients, due to the reliance of platelets
on Bcl-XL for survival (Mason et al., 2007), but
changes in ABT263 dosing to include an initial ramping
period have overcome the acute thrombocytopenia
(Roberts et al., 2015). Consequently, ABT263 is again
being tested in solid malignancies in combination with
EGFR inhibition (NCT02520778), MEK inhibition
(NCT02079740) or mTOR inhibition (NCT03366103).
Our results provide evidence to suggest that in FGFR2-
mutant EC, Bim:Bcl-XL binding is critical for mediat-
ing cell death downstream of FGFR inhibition. Thus, a
Bcl-XL inhibitor (e.g. A1331852) or dual Bel-2/X1 inhi-
bitor (such as ABT263) should be tested with FGFR
inhibitors in other FGFR-dependent tumour models in
order to determine the feasibility of a basket trial test-
ing this combination in multiple FGFR-dependent
malignancies.

5. Conclusions

In this study, we show that FGFR inhibition in
FGFR2-mutant EC induces mitochondrial-dependent
cell death which involves induction of Bim, MOMP
and cytochrome c release. Low-level caspase activation
is seen in vivo with BGJ398 treatment, which was sig-
nificantly enhanced by ABT263, resulting in enhanced
cell death and tumour regression in vivo. Our data
indicate that priming the cell for apoptosis using BH3
mimetics could improve the clinical response to FGFR
inhibitors in FGFR-driven cancers, which have had
disappointing responses to FGFR inhibitors given as
single agents.
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Fig. S1. Western blots showing EndoG in AN3CA (A)
and JHUEM2 (C) cells stably expressing nontargeting
shRNA (NT), shEndoG 1 or shEndoG 2. AN3CA (B)
and JHUEM?2 (D) cells stably expressing NT shRNA,
shEndoG 1 or shEndoG 2 were treated with 1 pm
PD173074 (PD), 300 nm BGJ398 (BGJ), 300 nm
AZD4547 (AZD) or 10 nm paclitaxel (Pac) for 72 h.
Cell death was detected by staining cells with Annexin
V. The mean percentage of Annexin V-positive cells
from three independent experiments (each performed
in triplicate) is shown along with SD. Western blot
showing levels of AIF in AN3CA (E) and JHUEM?2
(G) cells stably expressing NT shRNA, shAIF #1 and
shAIF #2. AN3CA (F) and JHUEM?2 (H) cells stably
expressing NT shRNA, shAIF #1 and shAIF #2 were
treated with the above concentrations of PD, BGJ and
AZD for 72 h. Cell death was detected by staining
cells with Annexin V. The mean percentage of
Annexin V-positive cells from three independent exper-
iments (each performed in triplicate) is shown along
with SD. AN3CA (I) and JHUEM2 (J) cells were trea-
ted with 1 pm PD, 300 nm BGJ +/— 100 pm necro-
statin for 72 h. Cell death was detected by staining
cells with Annexin V. The mean percentage of
Annexin V-positive cells from three independent exper-
iments (each performed in triplicate) is shown along
with SD. P <0.05 (*), <0.01 (¥*¥), <0.001 (***),
<0.0001 (F***),

Fig. S2. (A) JHUEM2 cells untreated, serum-starved
in 0.5% FBS overnight or treated with the indicated
concentrations of PD173074 (PD), BGJ398 (BGJ) and
AZDA4547 (AZD) for 48 h prior to staining for LC3.
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(B) Quantitation of LC3 puncta per cell. 0.5% FBS
was included as a positive control for autophagy
induction. 10 fields were imaged for each condition
using a 60x objective. n = per cell. Error bars show
SD. Kruskal-Wallis one-way ANOVA with a Dunn’s
multiple comparison test. P < 0.05 (*), <0.01 (**),
<0.001 (¥**), <0.0001 (***%*).

Fig. S3. Densitometric analysis of AN3CA (A) and
JHUEM?2 (B) western blots shown in Figure 4A per-
formed in biological triplicate. Proteins were normal-
ized to tubulin and then expressed as a fold change of
the DMSO control, with the exception of phospho-
ERK1/2 and phospho-AKT, which were normalized to
total ERK1/2 and total AKT, respectively. Error bars
indicate SD. (C) JHUEM2 cells untreated (control) or
treated with DMSO or the indicated concentrations of
PD173074 (PD), BGJ398 (BGJ) or AZD4547 (AZD)
for 48 h prior to being stained with MitoTracker
Green FM and TMRE and imaged on a spinning disc
microscope. Treatment of cells with 10 pm FCCP for
10 min served as a control of mitochondrial membrane
depolarization. (D) Quantification of TMRE staining
in JHUEM?2 cells shown in (C) using a Kruskal-Wallis

L. M. Packer et al.

one-way ANOVA with a Dunn’s multiple comparison
test. TMRE staining is normalized to MitoTracker
staining (to indicate total mitochondrial mass) per cell.
N = number of cells counted. P < 0.05 (¥), <0.01 (**),
<0.001 (**%*), <0.0001 (****).

Fig. S4. (A) Western blot showing AN3CA, JHUEM2
and MFE296 cells treated with 1 pm PD173074 for up
to 72 h. Bim and Bax levels are shown, with tubulin as
the loading control. (B) Percentage of MFE296 cells
positive for Annexin V following 72-h treatment with
DMSO, 1 um PD173074 (PD), 300 nm BGJ398 (BGJ),
300 nm AZD4547 (AZD) and 1 um ABT737 alone or
in combination. One-way ANOVA with Dunnett’s
multiple comparison to compare treatments to control.
Error bars show SD. P < 0.05 (*), <0.01 (**), <0.001
(***), <0.0001 (****). (C) Western blotting showing
Bim, Bcl-2, Bcl-XL, Mcl-1 and tubulin (loading con-
trol) in AN3CA and JHUEM2 cell lysates or Bim co-
IPs 24 h after treatment with BGJ and/or ABT737.
(D) Graph showing normalized quantification of Bim
co-IPs from triplicate experiments for samples shown
in (B). Error bars show SD.
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