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Inhibition of cholesterol metabolism underlies synergy between

mTOR pathway mhibition and chloroquine in bladder cancer cells

MA King', IG Ganley? and V Flemington®

Mutations to fibroblast growth factor receptor 3 (FGFR3) and phosphatase and tensin homologue (PTEN) signalling pathway
components (for example, PTEN loss, PIK3CA, AKT1, TSC1/2) are common in bladder cancer, yet small-molecule inhibitors of these
nodes (FGFR/PTENi) show only modest activity in preclinical models. As activation of autophagy is proposed to promote survival
under FGFR/PTENI, we have investigated this relationship in a panel of 18 genetically diverse bladder cell lines. We found that
autophagy inhibition does not sensitise bladder cell lines to FGFR/PTENi, but newly identify an autophagy-independent cell death
synergy in FGFR3-mutant cell lines between mTOR (mammalian target of rapamycin) pathway inhibitors and chloroquine (CQ)—an
anti-malarial drug used as a cancer therapy adjuvant in over 30 clinical trials. The mechanism of synergy is consistent with
lysosomal cell death (LCD), including cathepsin-driven caspase activation, and correlates with suppression of cSREBP1 and
cholesterol biosynthesis in sensitive cell lines. Remarkably, loss of viability can be rescued by saturating cellular membranes with
cholesterol or recapitulated by statin-mediated inhibition, or small interfering RNA knockdown, of enzymes regulating cholesterol
metabolism. Modulation of CQ-induced cell death by atorvastatin and cholesterol is reproduced across numerous cell lines,
confirming a novel and fundamental role for cholesterol biosynthesis in regulating LCD. Thus, we have catalogued the molecular
events underlying cell death induced by CQ in combination with an anticancer therapeutic. Moreover, by revealing a hitherto
unknown aspect of lysosomal biology under stress, we propose that suppression of cholesterol metabolism in cancer cells should

elicit synergy with CQ and define a novel approach to future cancer treatments.
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INTRODUCTION

Bladder cancer has a worldwide incidence of roughly 400 000
cases and 150000 deaths per year, yet there are currently no
targeted therapeutics available to patients.! The disease is
genetically complex and presents with a predominance of
activating mutations to fibroblast growth factor receptor 3 (FGFR3)
and the phosphatidylinositol 3-kinase/AKT/mammalian target of
rapamycin (PI3K/AKT/mTOR) (phosphatase and tensin homologue
(PTEN)) pathway, highlighting therapeutic opportunities at these
nodes.'* Nevertheless, small-molecule inhibitors to these kinases
have so far proven ineffective in preclinical models and there is
considerable interest in determining the modes of resistance to
FGFR and PTEN pathway inhibitors (FGFR/PTEN:i) in bladder cancer.

There is a direct and well-characterised link between AKT/mTOR
signalling and macroautophagy (autophagy), which may promote
cancer cell survival under PTEN pathway inhibition.>™® Specifically,
the efficacy of AKT inhibitors in bladder and prostate cancer
models, and EGFR/HER2 inhibition in breast and lung carcinomas,
is promoted by inhibiting autophagy with chloroquine (CQ).'*"3
Autophagy describes the bulk sequestration of cytosol into
double-membraned vesicles and its fusion to the lysosome,
wherein substrates are degraded and recycled to support home-
ostasis under stress.* Under normal conditions, mTOR represses
autophagy via the ATG13/ULK/FIP200 complex, which in turn
directs the nucleation of autophagosomes through the Beclin/
VPS34 complex.'*'® Following activation of autophagy, two

ubiquitin-like systems regulated by ATG7 mediate autophago-
some maturation and completion by LC3 lipidation.'?'

We have investigated a function for autophagy in a panel of 18
bladder cancer cell lines treated with small-molecule inhibitors
targeting nodes of potential therapeutic relevance: FGFR, PI3K{3/5,
AKT and mTOR (FGFR/PTENi). Modulation of cell death was
quantified under these conditions and a function for autophagy
was assayed by knockdown of multiple essential components
(ATG13, ULK1/2, VPS34, ATG7, ATG3, ATG16L1 and ATG14),
CRISPR/Cas9 ATG7 knockout (KO) and chemical inhibitors includ-
ing CQ, bafilomycin A1 (BafA1) and 3-methyladenine (3MA).
Our data reveal little evidence for autophagy in the promotion of
survival under FGFR/PTENi, but highlight an autophagy-
independent synergistic cell death between AKT or mTOR
inhibition and CQ in FGFR-dependent cell lines.

Synergistic cell death showed features of lysosome-initiated
apoptosis, including cathepsin-dependent caspase activation. We
show that inhibition of FGFR/PI3Ka/AKT/mTOR nodes suppress the
expression of enzymes regulating cholesterol metabolism in FGFR-
dependent cell lines, correlating with the degree to which these
compounds potentiate CQ-induced cell death. This form of CQ-
driven synergistic cell death is profoundly inhibited by saturating
cellular membranes with cholesterol, or recapitulated by inhibiting
cholesterol metabolism with atorvastatin (Ato) and knockdown
of cholesterol biosynthesis enzymes. Moreover, we found that
all FGFR3-mutant cell lines regulate cSREBP1 expression in
an mTORC1/2-dependent manner, sensitising these—but not
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FGFR-wild type (FGFR-WT)—cell lines to CQ-induced cell death
under mTORIi. These results elucidate how CQ, which is currently
being used as a cancer therapy adjuvant in over 30 clinical trials,
synergises with inhibitors of mTOR signalling and defines a patient
cohort predicted to respond to this combination. This work also
highlights a fundamental feature of lysosomal membrane biology,
suggesting that cancer therapeutics that impact cholesterol
metabolism should combine with CQ and provide an innovative
approach to cancer treatment.

RESULTS

Genetic inhibition of autophagy does not increase the sensitivity
of bladder cancer cell lines to FGFR/PTENi
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bladder cancer cell lines: FGFRi (AZD4547), PI3KB/&i (AZD8186),
AKTi (AZD5363) and mTORi (AZD2014); and assayed cell death
over 5 days??>? Data relating to RT112, which express
constitutively active FGFR3 (FGFR3-TACC3), are shown in
Figure 1 and used throughout this study to represent our major
findings.?® RT112 cultures showed marked sensitivity to both
FGFRi and mTORi, but tolerated AKTi and PI3K@i (Figure 1a). This
pattern of cell death was also observed in MGH-U3—defining
these two cell lines as FGFR-dependent—but absent across all
other cell lines (Supplementary Figure S1A). Nevertheless, FGFRIi
significantly reduced proliferation in all FGFR3-mutant cell lines,
whereas mTORi reduced proliferation across the panel
(Supplementary Figure S1C). Western blotting confirms target
engagement, also showing that chronic AKT/mTOR inhibition

Autophagy is reported to promote survival under RTK and AKT
inhibition in multiple preclinical cancer models. We therefore used
a selection of highly selective and potent kinase inhibitors

increases the efficiency of LC3 lipidation, but suppresses the volume
of LC3 flux (Figure 1b and Supplementary Figures S1B-D).?’
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Figure 1. Activation of autophagy does not contribute to survival under FGFR/PTENi. (a) RT112 cells were treated with the indicated inhibitors at
1 pm for 5 days and assayed for cell death. Histogram shows the number of dead cells (SYTOX Green-positive) as a proportion of total cell number
(Hoechst-positive; n>7; mean+s.e.). (b) RT112 were incubated with kinase inhibitors for 22 h before the addition of BafA1 (20 nm), where
indicated, for the last 2 h. A representative immunoblot confirms target engagement for FGFRi (FRS-2 bandshift), AKTi (hyperphosphorylated in
catalytically inactive state), mTORI (S6 dephosphorylation) and BafA1 (LC3B; n=3). (c) Schematic to illustrate mTOR regulation of autophagy. (d-
h) RT112 cultures were reverse transfected with the indicated autophagy-targeting siRNAs (10 nw) for 48 h before analysis. (d) Efficiency of
protein knockdown and inhibition of autophagic LC3 flux (—/+BafA1) was assayed by immunoblotting at 72 h (n=3). (e and f) Histograms show
the quantification of cell death in cultures starved of amino acids and serum (EBSS) for 24 h (e; n=5; mean =+ s.e.) or treated with the indicated
kinase inhibitors for 5 days (n =4; mean +s.e.). (g) Immunoblot confirms knockdown of the indicated autophagy-essential proteins and inhibition
of LC3 lipidation. (h) Histogram shows quantification of cell death after treatment with FGFRi or mTORi for 5 days (n=3; mean + s.e.). (i) An ATG7
KO cell line was engineered by CRISPR/Cas9 and immunoblotted to confirm loss of ATG7 expression and LC3 lipidation. (j) ATG7 KO RT112
cultures were assayed for cell death as in (a) (n=4; mean +s.e.). *P < 0.05, **P < 0.01, ***P < 0.001.
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knockdown of key signalling components coupling mTOR to
autophagy activation: ATG13, ULK1/2 and VPS34; and the core
autophagy protein ATG7 (Figure 1c). Considerable suppression of
protein expression and autophagic flux was achieved in RT112
cells (Figure 1d), and validated across six bladder cancer cell lines
(ATG13: 95% knockdown, 68% flux inhibition; ULK: 97% knock-
down, 61% flux inhibition; VPS34: 94% knockdown, 56% flux
inhibition; and ATG7: 96% knockdown, 51% flux inhibition).
A functional consequence of autophagy inhibition by siRNA is
demonstrated by the exacerbation of cell death following
starvation in Earle's balanced salt solution (EBSS) for 24 h
(Figure 1e). Importantly, in combination with FGFR/PTENi, inhibit-
ing the activation of autophagy (ATG13, ULK and VPS34 siRNAs)
did not increase cell death in RT112 or any other bladder
cell line, irrespective of genetic aberrations to the PTEN pathway,
although proliferation was moderately suppressed (Figure 1f and
Supplementary Figures S2A-C).

RT112 cells showed some evidence for the potentiation of
FGFR/mTORi-induced cell death by ATG7 siRNA (Figure 1f);
however, on deconvolving the SMARTpool, we found significant
variability in cytotoxicity despite similar ATG7 knockdown
(Supplementary Figure S2D). We therefore assayed the role of
core autophagy components downstream of ATG7 by siRNA
knockdown of ATG3, ATG16L1 and ATG14. Again, however, we
show that these components do not contribute to the innate
resistance of RT112 cells to FGFR/PTENi (Figures 1g and h). To
assay directly a function for ATG7, we generated ATG7 KO clones
from RT112 cultures using CRISPR/Cas9. RT112 ATG7 KO cultures
were disabled for LC3 lipidation and autophagy (Figure T1i), yet
showed no increase in sensitivity to FGFR/PTENi (Figure 1j).
Conversely, ATG7 KO cells showed increased tolerance for FGFRi
and mTORi, similar to that observed under ATG13, ULK and VPS34
knockdown (Figure 1f). Thus, neither the activation of autophagy
nor core autophagic processes contribute to the innate resistance
of bladder cancer cell lines to FGFR/PTEN..

Potentiation of CQ-induced cell death by AKTi is limited to
FGFR-dependent cell lines

As previous studies reported synergistic cell death between CQ
and AKTi, we next screened the bladder panel for combinations of
chemical autophagy inhibitors and AKTi or mTORi. CQ, BafA1 and
3MA were used to block autophagy, whereas rapamycin (Rapa)
was included to inhibit mTORC1. Over 4 days, a clear difference
emerged in the pattern of cell death across the bladder panel,
dividing the cell lines into three types (Figure 2a and
Supplementary Figure S3). Type-l cells displayed no evidence for
the potentiation of CQ-, BafA1- or 3MA-induced cell death with
AKT or mTOR inhibitors. Conversely, most lines showed significant
protection against BafA1 or CQ cytotoxicity with mTORi (for
example, UM-UC-3 and SW1710), correlating with an inhibition of
BNIP3 induction, BID cleavage and caspase-3 (CASP3) activation
(Figure 2b). This protection was recapitulated by blocking cell
cycle progression with the CDK4/6 inhibitor palbociclib, indicating
that BafAT1-induced cell death is compounded by proliferation
(Supplementary Figures S3B and C). Type-ll cells are defined by
the moderate potentiation of CQ-induced cell death with mTORi,
all of which express activating FGFR3 mutations (for example, J82,
97-7). Finally, type-lll cells show substantial potentiation of
CQ-induced cell death with both AKT and mTOR inhibitors. This
response was only observed in FGFR-dependent cell lines—MGH-
U3 and RT112—and correlated with BID cleavage and caspase-3
activation (Figures 2a and b). These cells also show moderate
potentiation of 3MA-induced cell death with AKTi and mTOR;;
however, when compared with the exquisite selectivity of BafA1, it
is unlikely that this effect is related to inhibition of autophagic flux
(Supplementary Figures S3F and G). Rapa treatment demonstrates
that type-lll cells tolerate mTORC1 inhibition alone, but that
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targeting this node is sufficient to potentiate cell death with CQ.
In contrast, CQ-induced cell death is significantly abated by
palbociclib, indicating that similar to BafA1, proliferation exacer-
bates CQ toxicity (Supplementary Figure S3H).

Disruption to autophagy by BafA1 and CQ is confirmed by the
accumulation of LC3-ll by immunoblotting and immunocyto-
chemistry, revealing that lysosomes swell to 2-5 times their
original size under these conditions (Figures 2b-d). In contrast,
3MA showed little effect on LC3-Il by immunoblotting, which is
reported for other VPS34 inhibitors, yet prevented LC3 punctation
by immunocytochemistry.?® Overall, this screen shows that
chemical autophagy inhibitors do not generally increase the
sensitivity of bladder cell lines to AKT or mTOR inhibitors, yet
highlights an intriguing response to these compounds in
combination with CQ in FGFR-dependent cells.

AKTi and mTORi enhance CQ-induced LCD

We reproduced the potentiation of CQ-induced cell death by AKTi
and mTORi in RT112 ATG7 KO cells, to demonstrate conclusively
that autophagy is unrelated to this cytotoxicity (Figure 3a).
Although RT112 ATG7 KO cells showed a small increase in CQ
tolerance (cell death EC50 (cdEC50) =48 um; P=0.003) versus wild-
type (WT) (cdEC50) = 30 pm), their ultimate sensitivity also confirms
that CQ-induced cell death is autophagy-independent. CQ is
known to cause lysosomal membrane permeabilisation, cathepsin
leakage and activation of BID and caspases.**3° We therefore
investigated the role of cathepsins in caspase activation and cell
death induced by CQ in combination with AKTi and mTORi. We
find that CASP3 activity is only observed when AKTi or mTORi are
combined with CQ, whereas treatment with AKTi, mTORi or CQ
alone is not sufficient to induce its activation (Figures 3c and d).
Moreover, CASP3 activation under these conditions is completely
suppressed by co-treatment with a cathepsin B/L inhibitor
(Ca-074Me) and partially suppressed by the pancathepsin
inhibitors E64D and pepstatinA3' This assay clearly positions
cathepsins upstream of caspase activation in this mode of
cell death.

Cathepsin inhibition by Ca-074Me also considerably inhibited
RT112 cell death with CQ and mTORi (from 74%, + s.e. 4% to 31%,
+s.e. 6%; P=0.004; Figure 3e), supporting the relevance of
cathepsin-mediated caspase activation to cell death. Additionally,
both Ca-074Me and the pancaspase inhibitor zZVAD rescued the
number of viable cells under mTORi+CQ treatment to roughly the
same value as that measured for mTORi treatment alone: from
35% (£s.e. 13%) to 96% (+£s.d. 13%) with Ca-074Me and to 84%
(% s.d. 28%) with zVAD. That E64D and pepstatinA did not robustly
protect against cell death or CASP3 activation under mTORi-
induced potentiation of CQ toxicity is likely due to the hydrolysis
of E64d—which inhibits cathepsins B, H and L—in the culture
medium.?'"33 To assay directly the role of CTSB in this model of
cell death and clarify the involvement of BID, we knocked down
these components by siRNA. Figure 3f shows that both BID and
CTSB siRNA robustly inhibited cell death induced by CQ in
combination with both AKTi and mTORi. The mechanism of
synergistic cell death is therefore autophagy-independent, show-
ing characteristics of apoptosis cross-talk activated by lysosomal
membrane permeabilisation.?®

Suppression of cholesterol biosynthesis by AKTi and mTORi
underlies synergy with CQ

Given that AKTi and mTORi only potentiate CQ-induced cell death
in FGFR-dependent cell lines, we investigated how FGFR3
signalling might regulate lysosomal cell death (LCD). A possible
link between these two pathways was found in reports showing
that (i) FGFR3 maintains the expression of genes required for fatty
acid and cholesterol biosynthesis via SREBP1; and (ii) lysosomal
cholesterol can regulate membrane integrity and LCD.3*3> FGFRi is

© 2016 Macmillan Publishers Limited, part of Springer Nature.
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Potentiation of CQ-induced cell death by AKTi or mTORi is restricted to FGFR3-dependent cell lines. Bladder cancer cell lines were
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known to induce cell death by suppressing SCD1 (stearoyl-CoA
desaturase-13) expression, which we now found to also underlie
mTORi cytotoxicity. Both FGFRi- and mTORi-induced cell death is
rescued by oleic acid, the product of SCD1 activity (Supplementary
Figure S4A), and correlates with complete suppression of SCD1
expression. However, as a lower dose of mTORi (0.25 pm) does not
induce cell death, but potentiates CQ-induced cell death, we used
this concentration for subsequent experiments.>*
Immunoblotting shows that FGFRi and mTORi fully suppress the
expression of cSREBP1 and cholesterol enzymes in RT112 cultures,
whereas AKTi and PI3Kai partially suppress this pathway
(Figures 4a and b). Remarkably, suppression of cSREBP1 by
FGFR/PTENi significantly correlates with the exacerbation CQ-
induced cell death; Pearson’s r (R%) = 0.871 (P=0.0065; Figures 4b—c).
Thus, CQ-induced cell death is not modulated by PI3KBi (P=0.9657
to ctrl), but similarly exacerbated by PI3Kai (P=0.0008 to ctrl) and
AKTi (P=0.0002 to ctrl; P=0.9013 to PI3Kai). However, inhibition of
mTOR (P < 0.0001 to ctrl) and FGFR (P=0.0003 to ctrl) further
potentiate CQ-induced cell death, although the curve for FGFRi is
clearly different to the other conditions, suggesting interference

© 2016 Macmillan Publishers Limited, part of Springer Nature.

by additional factors. To further investigate cholesterol biosynth-
esis in CQ-induced LCD, we inhibited HMGCR—a rate-limiting
enzyme in cholesterol biosynthesis—with Ato, or saturated
cellular membranes with water-soluble cholesterol.***” Figure 4d
shows that Ato exacerbates CQ-induced cell death, whereas
cholesterol is significantly protective. Furthermore, we could
recapitulate the effects of AKTi on CQ toxicity by knocking down
the expression of HMGCS1 or DHCR7 (Figures 4e and f).
Importantly, at low doses of CQ, a clear synergy is observed with
mTORi and AKTi, which is robustly (mTORi) or completely (AKTi)
suppressed by cholesterol (Figures 4g and h). However, choles-
terol did not protect against the monotherapy toxicity of either
FGFR or mTORi, nor other apoptotic insults including staurospor-
ine, TRAIL (tumour necrosis factor-related apoptosis-inducing
ligand) and proteasome inhibition, showing that it is not generally
protective against apoptosis (Supplementary Figures S4B and C).
Furthermore, cholesterol did not inhibit lysosomal neutralization
by CQ or BafAl, demonstrating that protection is conferred
downstream of the function of these compounds (Supplementary
Figures S4D and E). Suppression of cSREBP1 and cholesterol

Oncogene (2016) 4518 -4528
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with CQ (40 um). Histogram shows cell death quantification at 24 h (n=3; mean +s.e.). *P < 0.05, **P < 0.01, ***P < 0.001.

biosynthesis enzymes by FGFRi, mTORi and AKTi was also
confirmed in the other type-lll line, MGH-U3, wherein cholesterol
again significantly protects against synergistic cell death induced
by CQ and AKTi (Figures 4i and j). However, MGH-U3 cultures do
not show suppression of cSREBP1 or potentiation of CQ-induced
cell death with PI3Ka inhibition, likely due to the expression of a
downstream AKT1(E17K)-activating mutation, which sustains AKT
activation and PRAS40 phosphorylation under PI3Kai. Thus,
suppression of cSREBP1 and cholesterol biosynthesis pathway
correlates with the potentiation of CQ-induced cell death, which is
robustly inhibited by saturation of cellular membranes with
cholesterol.

Cholesterol depletion by AKTi sensitises lysosomes to CQ-induced
membrane permeabilisation

We used filipin to visualise cellular cholesterol and show that
whereas AKTi and Ato alone cause little measureable change to
cellular cholesterol, both compounds combine with CQ to deplete
severely intracellular cholesterol (Figure 5a). Under these condi-
tions, cholesterol treatment rescues cellular cholesterol, saturating
intracellular vesicle-like structures throughout the cell. These
observations were also quantified by fluorometric detection of
free cellular cholesterol (Supplementary Figure S4F). To assay
lysosomal membrane permeabilisation, we quantified the loss of
cathepsin immunoreactivity from punctate cytosolic structures
and the formation of galectin-3 foci, a marker for damaged
endomembranes.®® Figure 5b shows that the combination of CQ
with AKTi results in the substantial loss of punctate cathepsin
staining and a significant increase in galectin-3 aggregates.
Remarkably, these changes were almost completely prevented
by cholesterol. Furthermore, lysosomal swelling induced by CQ
alone or in combination with AKTi is also robustly blocked by
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cholesterol (Figure 5c). However, we could not detect the cytosolic
translocation of lysosomal cathepsins by microscopy or fractiona-
tion (indicating a short half-life once released). Nevertheless, we
found that the combination of CQ with AKTi causes lysosomal
cathepsin depletion, correlating with cytochrome c release, before
the onset of caspase activation (Supplementary Figure S4G). Taken
together, our data show that cellular cholesterol depletion and
lysosomotropic stress by AKTi+CQ causes lysosomal swelling,
damage, cathepsin release and cell death, which are profoundly
rescued by saturating cellular membranes with cholesterol.

Cholesterol availability is a general determinant to CQ sensitivity

Figure 6 shows that type-l and -Il bladder cancer cell lines do not
show the same regulation of SREBP1 by FGFRI, PI3Ki and AKTi as
type-lll cells (RT112 and MGH-U3), despite the presence (top) or
absence (bottom) of FGFR3 mutations. However, all cell lines
carrying FGFR3 mutations showed suppression of cSREBP1
expression by mTORi, which correlated with a significant
exacerbation of CQ-induced cell death in four out of five cell
lines. All cell lines showed robust protection against CQ toxicity
with cholesterol, whereas Ato exacerbated cell death. We also
found that cholesterol significantly protects against BafAl-
induced cholesterol loss, cell death and lysosomal swelling across
the bladder panel (Supplementary Figures S5A-D). However, Ato
did not potentiate BafA1 toxicity, indicating that maximal cell
death is elicited at normal cellular cholesterol concentrations; a
feature that mitigates its use as a therapeutic (Supplementary
Figure S5E).>* Moreover, cholesterol significantly protects against
both CQ and BafA1 cytotoxicity in primary human fibroblasts,
suggesting that a widespread mode of cell death induced by
these compounds is lysosomal destabilisation, as opposed to the
inhibition of autophagy (Supplementary Figure S5F).**™** Overall,
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Figure 4. Inhibition of cholesterol metabolism underlies synergy between CQ and AKTi or mTORi. (a) RT112 were treated with FGFR/PTENi for
3 days and immunoblotted for the expression of enzymes regulating cholesterol and fatty acid biosynthesis pathways and quantified in (b)
(n=3; mean +s.e.). (c) RT112 cells were treated with inhibitors to FGFR (0.25 pm), AKT (1 pm) and mTOR (0.25 um) for 5 days in combination with
CQ (1-40 pm). Line graph shows OriginLab curve fitting based on data points generated in >3 independent experiments. Inset text shows
EC50 values and statistical analysis for each treatment. (d) RT112 cells were preincubated with Ato (5 um) or water-soluble cholesterol (Chol,
10 pg/ml) for 6 h before the addition of CQ (1-80 pm). Line graphs were curve-fitted using cell death data from three independent experiments
at each data point. (e) RT112 cultures were reverse transfected with siRNA targeting HMGCS1 or DHCR7 for 72 h or Ctrl siRNA and incubated
with or without Ato for 24 h. Immunoblotting shows expected protein knockdown by siRNA (n=2). (f) Cells were transfected as in (e) and
treated with CQ (1-80 pm) from days 2 to 7. Line graph shows curve-fitted data from three independent experiments. (g and h) RT112 cultures
were preincubated with Chol (10 pg/ml) for 6 h before the addition of mTORi (0.25 pm; g) or AKTi (1 pm; h) and CQ (1-40 pm) for 5 days.
Histograms show the quantification of cell death from four independent experiments. Statistical analysis on blue (mTORi+CQ) or red
(AKTi+CQ) bars reflects comparison of means to CQ control (black). Statistics on gold bars (+Chol) reflects significance to red and blue bars at
each concentration of CQ (i.e. protection by Chol against combination treatment) (i). MGH-U3 cells were treated and immunoblotted as in (a).
(j) MGH-U3 cells were treated as indicated and cell death quantified and curve-fitted to generate EC50 values (data from one experiment is
shown; n=3; statistical analysis by Student’s t-test on data at 10 um CQ). *P < 0.05, **P < 0.01, ***P < 0.001.

this study indicates a general role for cholesterol homeostasis in over 30 clinical trials.® Herein, we have shown across a
maintaining lysosomal membrane integrity under stress, which genetically diverse range of bladder cancer lines that synergy
supports a rationale for combinations of CQ with targeted between mTOR pathway inhibition and CQ is restricted to

therapeutics that block cholesterol metabolism in cancer cells. FGFR3-mutant cancers, and that suppression of cholesterol
metabolism, not autophagy, underlies lysosomal destabilisation

and cell death.

DISCUSSION
Despite the increasing number of reports suggesting a role for Role of autophagy in bladder cancer
autophagy in the response of cancers to therapeutics, little detail Our knockdown of numerous autophagy-targeting genes convin-

has emerged to account for the molecular mechanisms that cingly demonstrates that the activation of autophagy does not
elicit either prosurvival or prodeath autophagy.® Nevertheless, CQ contribute to the innate resistance of bladder cancers to FGFR/
is currently being used as an adjuvant to anticancer therapies in PTENi. These experiments highlight the differential requirements
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Figure 5. Water-soluble cholesterol saturates intracellular membranes under CQ treatment and rescues loss of cathepsin release, lysosomal

damage and swelling. (a) RT112 cells were treated with AKTi (1 um), Ato (5 pm), Chol (10 pg/mL) and CQ (20 um) as indicated for 3 days, fixed
and stained with filipin to visualise cholesterol (green; Hoechst staining in blue; n = 3). High-magnification imaging reveals that Chol saturates
numerous punctate vesicle-like structures throughout the cytosol, consistent with endo/lysosomal localisation (right). (b and ¢) RT112 cells
were treated as in (a) and stained for cathepsin L (CTSL; green, b), LAMP-I (green, c) and galectin-3 (Gal-3; red; b and c). Representative
immunomicrographs are shown alongside the quantification of punctate CTSL/Gal-3 staining (b; n=3) and lysosomal area (c; n=3; *P < 0.05,
***P < 0,001 to control, ***P < 0.001 to CQ+AKTi). Scale bars represent 10 pm.

for autophagy under genuine starvation, where autophagy
inhibition exacerbates cell death, compared with inhibitors of
mitogenic signalling, where suppression of autophagy does not
enhance cell death. Our data do however support a role for
autophagy in the optimal growth of bladder cancer cells, which
may underlie the trend for autophagy siRNAs or ATG7 KO to mildly
protect against FGFRi and mTORi.**** Furthermore, by robustly
blocking autophagosome degradation and recycling with CQ
and BafAl, we also rule out a role for constitutive bulk auto-
phagic flux as a cytoprotective pathway under AKTi and mTORi
in bladder cancers. These experiments did, however, identify a
synergy between CQ and AKT or mTOR inhibitors in FGFR-
dependent cancers. Our subsequent work brings together
recent findings describing the regulation of cholesterol biosynth-
esis by FGFR3 and the function of cholesterol in regulating
LCD.34'35'43

Oncogene (2016) 4518-4528

Modulation of CQ-induced cell death by inhibition of cholesterol
biosynthesis
The induction of LCD by CQ has been well characterised in HelLa
cells and recently shown to be potentiated by a dual PI3K/AKT
inhibitor in neuroblastomas.?®3°4547 Our model shares significant
similarities with these reports, as synergistic cell death is unrelated
to autophagy and requires cathepsin and BID activity upstream of
caspase activation. However, we further show that the degree to
which FGFR/PTENi potentiate CQ cytotoxicity correlates with
suppression of cSREBP1 and loss of cellular cholesterol. Impor-
tantly, both FGFRi and mTORi lower the EC50 of CQ to
therapeutically relevant concentrations (~6 uwm), indicating that
CQ may considerably improve the efficacy of these compounds
in vivo.*24849

The finding that PI3Kai or AKTi partially suppresses cSREBP1
expression, whereas FGFRi and mTORi completely suppress this

© 2016 Macmillan Publishers Limited, part of Springer Nature.
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Potentiation of CQ-induced cell death is linked to the suppression of cSREBP1 expression and recapitulated with atorvastatin (Ato),

or inhibited by water-soluble cholesterol (Chol), across the bladder cell line panel. Bladder cancer cell lines carrying FGFR3 mutations (top
row), or WT for FGFR3 (bottom row), were treated as indicated (1 um) for 5 days before lysis and immunoblotting for the indicated proteins
(n=2). Line graphs show curve-fitted cell death quantifications in response to CQ alone (black lines; 0-80 um) or in combination with FGFRIi
(grey), AKTi (red), mTORi (blue), Ato (green) or Chol (gold; data from one representative experiment is shown; n=3). EC50 values are shown
inset with corresponding indication of statistical significance (n>3; *P < 0.05 indicates where the difference between treatment and control

means reaches significance at any concentration of CQ).

pathway, suggests that FGFR regulates mTORC1/2-cSREBP1
through both PI3K/AKT-dependent and -independent (for
example, PLCy or RAS/MAPK) signalling. This is consistent with
reports that SREBP1 is regulated by multiple pathways and
indicates that the complete suppression of ¢SREBP1 is required to
maximally potentiate CQ-induced cell death.>*>? Moreover, we
found that all FGFR3-mutant cell lines stabilise cSREBP1 via
mMTORC1/2, yet do not show the same regulation of cSREBP1, or
potentiation of CQ-induced cell death, with FGFRi or AKTi
(Figure 6). Since S6 phosphorylation is also maintained under
these conditions, we interpret this data to indicate that other
mTORC1/2 signalling pathways are activated in these cells, which
are sufficient to promote SREBP1 activation in the FGFR3 mutant
background. Interestingly, the presence of FGFR3 mutations
correlates with the potentiation of CQ-induced cell death in only
six of the seven cell lines. RT4 cells do not fit this trend, possibly
due to a coincident RhoA(A161V) mutation that may alter
cholesterol or membrane dynamics.>® In contrast, FGFR3-WT cell
lines regulate cSREBP1 expression independently of mTORC1/2
and therefore do not show potentiation of CQ-induced cell death
with  mTORi. Rather, many of these lines show significant
protection against CQ toxicity with mTORi, suggesting that
whether mTORi potentiates or inhibits CQ-induced cell death
may be determined by the balance of its effects on cholesterol
availability versus inhibition of proliferation.

© 2016 Macmillan Publishers Limited, part of Springer Nature.

As activating FGFR3 mutations are found in up to 80% of low-
grade noninvasive bladder tumours, the combination of CQ with
mTOR pathway inhibitors may therefore benefit a substantial
population of patients.”® Other transforming RTK mutations may
similarly control cholesterol biosynthesis and present opportu-
nities for eliciting synergistic cell death between relevant
inhibitors and CQ. We provide proof of principle for this approach
by showing that inhibition of cholesterol metabolism with a statin,
or knockdown of key cholesterol biosynthesis enzymes, recapitu-
lates synergistic cell death in numerous cell lines. However, in
RT112 cells, knockdown of HMGCS1 and DHCR?, or Ato treatment,
exacerbated cell death to a similar extent as AKTi, rather than to
the level observed with mTORi. Additionally, the suppression of
cSREBP1 by mTORi in FGFR3-mutant lines only partially inhibited
the expression of cholesterol enzymes, yet resulted in a similar
potentiation of CQ toxicity to Ato. Conversely, some FGFR3-WT
cells showed mTORi-induced suppression of cholesterol enzyme
expression in the absence of changes to ¢SREBP1 expression and
CQ-induced cell death. Thus, additional mechanisms may regulate
the expression of these enzymes and the availability of cellular
cholesterol, which will require further elucidation.

Role of cholesterol in regulating lysosomal membrane integrity

Our data conclusively demonstrate a key role for cholesterol
biosynthesis in regulating lysosomal integrity and cell death under

Oncogene (2016) 4518 -4528
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Figure 7. FGFR signalling and model for the role of cholesterol biosynthesis in the maintenance of lysosomal membrane integrity under CQ-

and BafA1-induced stress. (a) FGFR-dependent (blue text) and FGFR3-mutant (light blue text only) bladder cancer cell lines maintain cSREBP1
expression in an mTORC1/2-dependent manner (left). In contrast, FGFR3-WT cells (green text) maintain cSREBP1 independently of mTORC1/2
signalling. (b) CQ is a weak base that diffuses into lysosomes (grey circles), neutralises the pH and becomes trapped by protonation, inducing
osmotic stress, lysosomal swelling, cathepsin release and lysosomal cell death (LCD). Inhibition of FGFR, AKT or mTOR signalling in FGFR-
dependent cell lines or HMGCR (Ato) in all cell lines, depletes cellular cholesterol and accelerates LCD (Fast LCD). In contrast, saturation of
cellular membranes with water-soluble cholesterol (+Chol) prevents CQ-induced lysosomal swelling, cathepsin loss and cell death (Slow LCD).
Lysosomal membrane cholesterol is known to regulate permeability to water and ions; however, this is the first study to demonstrate that
inhibition of cholesterol biosynthesis underlies the potentiation of CQ-induced LCD in cancer cells. Furthermore, we propose that water-
soluble cholesterol can be used to determine the relative contribution of LCD versus autophagy inhibition in future studies examining the

potentiation of therapeutic-induced cell death with lysosomal inhibitors.

lysosomotropic stress. These results can be explained by known
features of cholesterol homeostasis and lysosomal membrane
biology: (i) neutralisation of the endo/lysosomal system blocks the
processing of extracellularly derived cholesterol esters, rendering
cells dependent on the biosynthesis pathway; and (ii) lysosomal
membrane cholesterol decreases permeability to water and ions,
suppressing swelling and destabilization under osmotic stress.>*>¢
Thus, under inhibition of both cholesterol uptake (for example, CQ)
and cholesterol biosynthesis (for example, AKTi), osmotic stress is
enhanced, resulting in accelerated membrane permeabilisation,
cathepsin release and cell death (Figure 7; blue text).>” In contrast,
saturation of cellular membranes with cholesterol blocks CQ- and
BafA1-induced LCD upstream of swelling and membrane permea-
bilisation. Given the efficacy by which water-soluble cholesterol
prevents both BafA1- and CQ-induced LCD, we propose that this
method can be used as a novel assay to clarify the contribution of
LCD versus autophagy inhibition in cell death studies combining
CQ with other therapeutics in vitro.®

Concluding remarks

Our results delineate for the first time the mechanistic basis for
synergy between CQ and a targeted anticancer therapeutic and
stress caution in the interpretation of studies reporting enhanced
drug efficacy in combination with CQ. These data also highlight
the exciting therapeutic potential for CQ in combination with
mMTOR pathway inhibitors in patients with activating FGFR3
mutations. Finally, by revealing a role for cholesterol biosynthesis
in maintaining lysosomal integrity under stress, we propose that
therapeutics which suppress cholesterol metabolism in other
cancer types may present similar opportunities for eliciting
synergistic cell death with CQ, thereby defining a novel approach
to future cancer treatments.

MATERIALS AND METHODS
Cell culture

Reagents were obtained from Sigma (St Louis, MO, USA), except where
indicated. Cell lines were sourced from: RT112/84 (ECACC, Salisbury, UK);
TCC-SUP, J82, SW780, T24, 1A6, UM-UC-3, HT-1197, HT-1376, 5637, RT4,
SCaBER (ATCC, Manassas, VA, USA); VM-CUB-1, 647-V, BFTC-905, KU-19-19,
SW1710 (DSMZ, Braunschweig, Germany); MGH-U3 and 97-7 (LIMM,
Leeds, UK); and human fibroblasts (Promocell, Heidelberg, Germany). All
cell lines tested mycoplasma negative by Chan test. Cells were cultured in
DMEM (Dulbecco's modified Eagle's medium) containing 10% fetal calf
serum and 1% L-glutamine at 37 °C (5% CO,) and passaged weekly. For
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nutrient starvation, cells were washed three times in prewarmed EBSS
(Gibco, Grand Island, NY, USA). AZD4547, AZD8186, AZD8835, AZD5363,
AZD2014 and Ato were made by AstraZeneca (Macclesfield, UK) and
resuspended in dimethyl sulfoxide to 10 mm. All other reagents were
reconstituted in dimethyl sulfoxide except: CQ (200 mm phosphate-
buffered saline (PBS)); 3MA (20 mm DMEM); cycloheximide (10 mg/ml
water), cholesterol (10 mg/ml PBS); and N-acetyl-.-cysteine (100 mm
DMEM). CA-074Me was obtained from Calbiochem (San Diego, CA, USA).
Free cholesterol was quantified using ab65359 Kit (Abcam, Cambridge, UK).
SmartPOOL ON-TARGET siRNAs (Dharmacon, Lafayette, CO, USA) were
resuspended in water at 10 um and reverse transfected by adding
nine volumes of cell suspension to one volume of siRNA (10 nm
final concentration) premixed with Lipofectamine RNAIMAX (Invitrogen,
Carlsbad, CA, USA) in OPTI-MEM (Gibco).

Microscopy and cell death assays

Cells were seeded at a density of 5000/ml in 96-well plates and stained
with SYTOX Green Nucleic Acid Stain (Molecular Probes, Eugene, OR, USA)
and Hoechst 33342 (1 pg/ml) following treatment. Total and dead cells
were quantified using a Cellomics ArrayScan XTI (ArrayScan; 12 fields;
>1000 cells) with appropriate filter settings. cdEC50s were calculated
using Origin 7.5 SR6 (OriginLab Corporation, Northampton, MA, USA). For
CASP3 activation assays, NucView-488 Caspase-3 substrate (Biotum,
Hayward, CA, USA) was incubated with cells at 1 um in an IncuCyte ZOOM
(Essen Bioscience, Ann Arbor, MI, USA) for 5 days. The frequency of
NucView-488 signals was quantified using ZOOM GUI version 2014A, and
normalised for cell confluency using processing definitions adapted for
each cell line.

Immunocytochemistry

Cells were seeded in 96-well plates at a density of 0.5-5x10*ml and
formalin-fixed for 20 min following treatment. Cultures were washed three
times in PBS and blocked (3% bovine serum albumin, 0.1% Triton) for 1 h
before overnight incubation (4 °C) with primary antibodies and 1h
incubations with secondary antibodies. For LC3 and LAMP-I immuno-
staining, cultures were postfixed in 100% ice-cold methanol for 15 min.
Antibodies were purchased from Cell Signalling Technologies (Danvers,
MA, USA) except: anti-galectin-3 (BD Biosciences, San Jose, CA, USA), anti-
cathepsin L (Abcam). Secondary antibodies from Molecular Probes were
used at a 1:500 and visualised by ArrayScan. LAMP-I puncta were
quantified using ImageJ (NIH, Bethesda, MD, USA) by measuring the area
of the three largest and clearly defined immunopositive structures per cell
(three fields; three independent experiments). Galectin-3-positive cells
were defined by the presence of three or more cytosolic aggregates.
For filipin staining, fixed cultures were quenched in glycine (1.5 mg/ml PBS;
10 min), rinsed and incubated with 25 pg/ml filipin-PBS (60 min) washed
and visualised by ArrayScan.
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Immunoblotting

Cells were seeded at 0.5-2x10°/ml and lysed in sodium dodecyl sulphate-
based buffer following treatment. Lysates were normalised for protein
concentration (BCA assay; Pierce, Rockford, IL, USA), boiled in sample
buffer (NuPage+DTT; Life Technologies, Grand Island, NY, USA) and loaded
at 10 pg per lane on Criterion gels (4-20%). Gels were transferred to
nitrocellulose, blocked (5% milk-TBS-T) and incubated overnight (4 °C) with
primary antibodies. All antibodies were from Cell Signaling Technology
except: cathepsin B (Calbiochem), HMGCS1 (Sigma), FRS-2 (R&D Systems)
and HMGCR, IDI-I and DHCR7 (Abcam). Horseradish peroxidase-conjugated
secondary antibodies were incubated for 1h and visualised by ECL
(Perkin-Elmer, Waltham, MA, USA) using film (GE Healthcare, Uppsala,
Sweden) or CCD (Chemigenius; Syngene, Frederick, MD, USA). Films were
scanned at 600 dpi and analysed for densitometry using ImageJ (NIH).
Cellular fractionation was performed using Kit No. 9038 from Cell
Signalling.

CRISPR

A sequence targeting ATG7 exon 1 (5'-AAGCTGAACGAGTATCGGC-3') was
synthesised (Sigma) within a guide RNA plasmid also encoding
Cas9-GFP. The Cas9/gRNA was purified by Endo-free maxi prep (Qiagen,
Germantown, MD, USA), transfected using FUGENE HD (Promega,
Fitchburg, WI, USA). Cells were sorted for GFP fluorescence after 48 h
(BD FACSAria llu, BD Biosciences) and seeded at 1 cell per well in 96-well
plates. Cultures were monitored for single clones until confluency,
passaged and assayed for ATG7 and LC3-Il expression by western blotting.

Statistics

Data were analysed for statistical significance using one-way analysis of
variance followed by Dunnett's post hoc test to compare treatment
means to control means (JMP12.0.1; SAS, Cary, NC, USA). Where indicated,
Student’s t-test was used to compare means from at least three
independent experiments.

CONFLICT OF INTEREST

MAK and VF are full-time employees of AstraZeneca. IGG declares no conflict of
interest.

ACKNOWLEDGEMENTS

We thank AM Tolkovsky, S Cosulich and ST Barry for their input during preparation of
the manuscript. AZD5363 was discovered by AstraZeneca subsequent to a
collaboration with Astex Therapeutics (and its collaboration with the Institute of
Cancer Research and Cancer Research Technology Limited).

REFERENCES

Cancer Genome Atlas Research Network. Comprehensive molecular character-
ization of urothelial bladder carcinoma. Nature 2014; 507: 315-322.

Wu XR. Biology of urothelial tumorigenesis: insights from genetically engineered
mice. Cancer Metast Rev 2009; 28: 281-290.

Puzio-Kuter AM, Castillo-Martin M, Kinkade CW, Wang X, Shen TH, Matos T et al.
Inactivation of p53 and Pten promotes invasive bladder cancer. Genes Dev 2009;
23: 675-680.

4 Sun CH, Chang YH, Pan CC. Activation of the PI3K/Akt/mTOR pathway correlates
with tumour progression and reduced survival in patients with urothelial
carcinoma of the urinary bladder. Histopathology 2011; 58: 1054-1063.
Degtyarev M, De Maziere A, Orr C, Lin J, Lee BB, Tien JY et al. Akt inhibition
promotes autophagy and sensitizes PTEN-null tumors to lysosomotropic agents.
J Cell Biol 2008; 183: 101-116.

Fan QW, Cheng C, Hackett C, Feldman M, Houseman BT, Nicolaides T et al. Akt and
autophagy cooperate to promote survival of drug-resistant glioma. Sci Signal
2010; 3: ra81.

Xu CX, Zhao L, Yue P, Fang G, Tao H, Owonikoko TK et al. Augmentation of NVP-
BEZ235's anticancer activity against human lung cancer cells by blockage of
autophagy. Cancer Biol Ther 2011; 12: 549-555.

Mirzoeva OK, Hann B, Hom YK, Debnath J, Aftab D, Shokat K et al. Autophagy
suppression promotes apoptotic cell death in response to inhibition of the PI3K-
mTOR pathway in pancreatic adenocarcinoma. J Mol Med 2011; 89: 877-889.

N

w

wv

[«

~N

o<}

© 2016 Macmillan Publishers Limited, part of Springer Nature.

9 Sui X, Chen R, Wang Z, Huang Z, Kong N, Zhang M et al. Autophagy and
chemotherapy resistance: a promising therapeutic target for cancer treatment.
Cell Death Dis 2013; 4: e838.

10 Dickstein RJ, Nitti G, Dinney CP, Davies BR, Kamat AM, McConkey DJ. Autophagy

limits the cytotoxic effects of the AKT inhibitor AZ7328 in human bladder
cancer cells. Cancer Biol Ther 2012; 13: 1325-1338.

1 Lamoureux F, Thomas C, Crafter C, Kumano M, Zhang F, Davies BR et al.
Blocked autophagy using lysosomotropic agents sensitizes resistant prostate
tumor cells to the novel Akt inhibitor AZD5363. Clin Cancer Res 2013; 19:
833-844.

12 Zou Y, Ling YH, Sironi J, Schwartz EL, Perez-Soler R, Piperdi B. The autophagy

inhibitor chloroquine overcomes the innate resistance of wild-type EGFR non-
small-cell lung cancer cells to erlotinib. J Thorac Oncol 2013; 8: 693-702.

13 Cufi S, Vazquez-Martin A, Oliveras-Ferraros C, Corominas-Faja B, Cuyas E,

Lopez-Bonet E et al. The anti-malarial chloroquine overcomes primary resistance
and restores sensitivity to trastuzumab in HER2-positive breast cancer. Scientific
Rep 2013; 3: 2469.

14 Feng Y, He D, Yao Z, Klionsky DJ. The machinery of macroautophagy. Cell Res

2014; 24: 24-41.

15 Jung CH, Jun CB, Ro SH, Kim YM, Otto NM, Cao J et al. ULK-Atg13-FIP200

complexes mediate mTOR signaling to the autophagy machinery. Mol Biol Cell
2009; 20: 1992-2003.

16 Russell RC, Tian Y, Yuan H, Park HW, Chang YY, Kim J et al. ULK1 induces

autophagy by phosphorylating Beclin-1 and activating VPS34 lipid kinase. Nat Cell
Biol 2013; 15: 741-750.

17 Ganley IG, Lam du H, Wang J, Ding X, Chen S, Jiang X. ULK1.ATG13.FIP200

complex mediates mTOR signaling and is essential for autophagy. J Biol Chem
2009; 284: 12297-12305.

18 Hosokawa N, Hara T, Kaizuka T, Kishi C, Takamura A, Miura Y et al. Nutrient-

dependent mTORC1 association with the ULK1-Atg13-FIP200 complex required
for autophagy. Mol Biol Cell 2009; 20: 1981-1991.

19 Mizushima N, Noda T, Yoshimori T, Tanaka Y, Ishii T, George MD et al. A protein

conjugation system essential for autophagy. Nature 1998; 395: 395-398.

20 Ichimura Y, Kirisako T, Takao T, Satomi Y, Shimonishi Y, Ishihara N et al.

A ubiquitin-like system mediates protein lipidation. Nature 2000; 408:
488-492.

Romanov J, Walczak M, Ibiricu |, Schuchner S, Ogris E, Kraft C et al. Mechanism and
functions of membrane binding by the Atg5-Atg12/Atg16 complex during
autophagosome formation. EMBO J 2012; 31: 4304-4317.

22 Gavine PR, Mooney L, Kilgour E, Thomas AP, Al-Kadhimi K, Beck S et al.

AZDA4547: an orally bioavailable, potent, and selective inhibitor of the
fibroblast growth factor receptor tyrosine kinase family. Cancer Res 2012; 72:
2045-2056.

23 Barlaam B, Cosulich S, Degorce S, Fitzek M, Green S, Hancox U et al. Discovery of

(R)-8-(1-(3,5-difluorophenylamino)ethyl)-N,N-dimethyl-2-morpholino-4-oxo-4H-
chrom ene-6-carboxamide (AZD8186): a potent and selective inhibitor of
PI3Kbeta and PI3Kdelta for the treatment of PTEN-deficient cancers. J Med Chem
2015; 58: 943-962.

24 Davies BR, Greenwood H, Dudley P, Crafter C, Yu DH, Zhang J et al. Preclinical

pharmacology of AZD5363, an inhibitor of AKT: pharmacodynamics, antitumor
activity, and correlation of monotherapy activity with genetic background. Mol
Cancer Ther 2012; 11: 873-887.

25 Pike KG, Malagu K, Hummersone MG, Menear KA, Duggan HM, Gomez S et al.

Optimization of potent and selective dual mTORC1 and mTORC2 inhibitors:
the discovery of AZD8055 and AZD2014. Bioorg Med Chem Lett 2013; 23:
1212-1216.

26 Williams SV, Hurst CD, Knowles MA. Oncogenic FGFR3 gene fusions in

bladder cancer. Hum Mol Genet 2013; 22: 795-803.

27 Klionsky DJ, Abdalla FC, Abeliovich H, Abraham RT, Acevedo-Arozena A,

Adeli K et al. Guidelines for the use and interpretation of assays for monitoring
autophagy. Autophagy 2012; 8: 445-544.

28 Dowdle WE, Nyfeler B, Nagel J, Elling RA, Liu S, Triantafellow E et al. Selective

VPS34 inhibitor blocks autophagy and uncovers a role for NCOA4 in ferritin
degradation and iron homeostasis in vivo. Nat Cell Biol 2014; 16: 1069-1079.

29 Boya P, Gonzalez-Polo RA, Poncet D, Andreau K, Vieira HL, Roumier T et al.

Mitochondrial membrane permeabilization is a critical step of lysosome-initiated
apoptosis induced by hydroxychloroquine. Oncogene 2003; 22: 3927-3936.

30 Seitz C, Hugle M, Cristofanon S, Tchoghandjian A, Fulda S. The dual PI3K/mTOR

inhibitor NVP-BEZ235 and chloroquine synergize to trigger apoptosis via
mitochondrial-lysosomal cross-talk. Int J Cancer 2013; 132: 2682-2693.
Montaser M, Lalmanach G, Mach L. CA-074, but not its methyl ester CA-074Me, is
a selective inhibitor of cathepsin B within living cells. Biol Chem 2002; 383:
1305-1308.

Oncogene (2016) 4518 -4528



Mechanism of synergy between CQ and AKT/mTORI
MA King et al

4528

32

33

34

35

36

37

38

39

40

4

42

43

a4

45

46

Shoji-Kasai Y, Senshu M, Iwashita S, Imahori K. Thiol protease-specific inhibitor
E-64 arrests human epidermoid carcinoma A431 cells at mitotic metaphase. Proc
Natl Acad Sci USA 1988; 85: 146-150.

McGowan EB, Becker E, Detwiler TC. Inhibition of calpain in intact platelets by the
thiol protease inhibitor E-64d. Biochem Biophys Res Commun 1989; 158: 432-435.
Du X, Wang QR, Chan E, Merchant M, Liu J, French D et al. FGFR3 stimulates
stearoyl CoA desaturase 1 activity to promote bladder tumor growth. Cancer Res
2012; 72: 5843-5855.

Wang BT, Ducker GS, Barczak AJ, Barbeau R, Erle DJ, Shokat KM. The mammalian
target of rapamycin regulates cholesterol biosynthetic gene expression and
exhibits a rapamycin-resistant transcriptional profile. Proc Natl Acad Sci USA 2011;
108: 15201-15206.

Roth BD. The discovery and development of atorvastatin, a potent novel
hypolipidemic agent. Progr Med Chem 2002; 40: 1-22.

Christian AE, Haynes MP, Phillips MC, Rothblat GH. Use of cyclodextrins for
manipulating cellular cholesterol content. J Lipid Res 1997; 38: 2264-2272.

Aits S, Jaattela M, Nylandsted J. Methods for the quantification of lysosomal
membrane permeabilization: a hallmark of lysosomal cell death. Methods Cell Biol
2015; 126: 261-285.

Lee CM, Tannock IF. Inhibition of endosomal sequestration of basic anticancer
drugs: influence on cytotoxicity and tissue penetration. Br J Cancer 2006; 94:
863-869.

Graham RM, Thompson JW, Webster KA. Inhibition of the vacuolar ATPase
induces Bnip3-dependent death of cancer cells and a reduction in tumor burden
and metastasis. Oncotarget 2014; 5: 1162-1173.

Appelqvist H, Sandin L, Bjornstrom K, Saftig P, Garner B, Ollinger K et al. Sensitivity
to lysosome-dependent cell death is directly regulated by lysosomal cholesterol
content. PLoS One 2012; 7: e50262.

Ch'ng JH, Lee YQ, Gun SY, Chia WN, Chang ZW, Wong LK et al. Validation of a
chloroquine-induced cell death mechanism for clinical use against malaria. Cell
Death Dis 2014; 5: e1305.

von Schwarzenberg K, Wiedmann RM, Oak P, Schulz S, Zischka H, Wanner G et al.
Mode of cell death induction by pharmacological vacuolar H+-ATPase (V-ATPase)
inhibition. J Biol Chem 2013; 288: 1385-1396.

Yang S, Wang X, Contino G, Liesa M, Sahin E, Ying H et al. Pancreatic cancers
require autophagy for tumor growth. Genes Dev 2011; 25: 717-729.

Guo JY, Chen HY, Mathew R, Fan J, Strohecker AM, Karsli-Uzunbas G et al.
Activated Ras requires autophagy to maintain oxidative metabolism and
tumorigenesis. Genes Dev 2011; 25: 460-470.

Laforge M, Petit F, Estaquier J, Senik A. Commitment to apoptosis in CD4(+)
T lymphocytes productively infected with human immunodeficiency virus

47

48

49

50

5

=

52

5

w

54

55

56

5

~

type 1 is initiated by lysosomal membrane permeabilization, itself induced
by the isolated expression of the viral protein Nef. J Virol 2007; 81:
11426-11440.

Stoka V, Turk B, Schendel SL, Kim TH, Cirman T, Snipas SJ et al. Lysosomal protease
pathways to apoptosis. Cleavage of bid, not pro-caspases, is the most likely route.
J Biol Chem 2001; 276: 3149-3157.

Rosenfeldt MT, O'Prey J, Morton JP, Nixon C, MacKay G, Mrowinska A et al. P53
status determines the role of autophagy in pancreatic tumour development.
Nature 2013; 504: 296-300.

Amaravadi RK, Yu D, Lum JJ, Bui T, Christophorou MA, Evan Gl et al. Autophagy
inhibition enhances therapy-induced apoptosis in a Myc-induced model of lym-
phoma. J Clin Invest 2007; 117: 326-336.

Yecies JL, Manning BD. Transcriptional control of cellular metabolism by mTOR
signaling. Cancer Res 2011; 71: 2815-2820.

Li S, Oh YT, Yue P, Khuri FR, Sun SY. Inhibition of mTOR complex 2 induces
GSK3/FBXW7-dependent degradation of sterol regulatory element-binding
protein 1 (SREBP1) and suppresses lipogenesis in cancer cells. Oncogene 2016; 35:
642-650.

Ye J, DeBose-Boyd RA. Regulation of cholesterol and fatty acid synthesis. Cold
Spring Harbor Perspect Biol 2011; 3: pii: a004754.

Medina MW, Theusch E, Naidoo D, Bauzon F, Stevens K, Mangravite LM et al.
RHOA is a modulator of the cholesterol-lowering effects of statin. PLoS Genet
2012; 8: e1003058.

Ikonen E. Cellular cholesterol trafficking and compartmentalization. Nat Rev Mol
Cell Biol 2008; 9: 125-138.

Johansson AC, Appelqvist H, Nilsson C, Kagedal K, Roberg K, Ollinger K. Regulation
of apoptosis-associated lysosomal membrane permeabilization. Apoptosis 2010;
15: 527-540.

Hao SJ, Hou JF, Jiang N, Zhang GJ. Loss of membrane cholesterol affects
lysosomal osmotic stability. Gen Physiol Biophys 2008; 27: 278-283.

Poole B, Ohkuma S. Effect of weak bases on the intralysosomal pH in mouse
peritoneal macrophages. J Cell Biol 1981; 90: 665-669.

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the
material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/

Supplementary Information accompanies this paper on the Oncogene website (http://www.nature.com/onc)

Oncogene (2016) 4518-4528

© 2016 Macmillan Publishers Limited, part of Springer Nature.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Inhibition of cholesterol metabolism underlies synergy between mTOR pathway inhibition and chloroquine in bladder cancer cells
	Introduction
	Results
	Genetic inhibition of autophagy does not increase the sensitivity of bladder cancer cell lines to FGFR/PTENi
	Potentiation of CQ-induced cell death by AKTi is limited to FGFR-dependent cell lines
	AKTi and mTORi enhance CQ-induced LCD
	Suppression of cholesterol biosynthesis by AKTi and mTORi underlies synergy with CQ
	Cholesterol depletion by AKTi sensitises lysosomes to CQ-induced membrane permeabilisation
	Cholesterol availability is a general determinant to CQ sensitivity

	Discussion
	Role of autophagy in bladder cancer
	Modulation of CQ-induced cell death by inhibition of cholesterol biosynthesis
	Role of cholesterol in regulating lysosomal membrane integrity
	Concluding remarks

	Materials and methods
	Cell culture
	Microscopy and cell death assays
	Immunocytochemistry
	Immunoblotting
	CRISPR
	Statistics

	Acknowledgements
	Note
	References




