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lysosomes and inhibition of the autophagic flux
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Metastatic renal cell carcinomas (mRCC) are highly vascularized tumors that are a paradigm for the treatment with
antiangiogenesis drugs targeting the vascular endothelial growth factor (VEGF) pathway. The available drugs increase
the time to progression but are not curative and the patients eventually relapse. In this study we have focused our
attention on the molecular mechanisms leading to resistance to sunitinib, the first line treatment of mRCC. Because of
the anarchic vascularization of tumors the core of mRCC tumors receives only suboptimal concentrations of the drug.
To mimic this in vivo situation, which is encountered in a neoadjuvant setting, we exposed sunitinib-sensitive mRCC
cells to concentrations of sunitinib below the concentration of the drug that gives 50% inhibition of cell proliferation
(IC50). At these concentrations, sunitinib accumulated in lysosomes, which downregulated the activity of the lysosomal
protease CTSB (cathepsin B) and led to incomplete autophagic flux. Amino acid deprivation initiates autophagy
enhanced sunitinib resistance through the amplification of autolysosome formation. Sunitinib stimulated the
expression of ABCB1 (ATP-binding cassette, sub-family B [MDR/TAP], member 1), which participates in the accumulation
of the drug in autolysosomes and favor its cellular efflux. Inhibition of this transporter by elacridar or the
permeabilization of lysosome membranes with Leu-Leu-O-methyl (LLOM) resensitized mRCC cells that were resistant to
concentrations of sunitinib superior to the 1C50. Proteasome inhibitors also induced the death of resistant cells
suggesting that the ubiquitin-proteasome system compensates inhibition of autophagy to maintain a cellular
homeostasis. Based on our results we propose a new therapeutic approach combining sunitinib with molecules that
prevent lysosomal accumulation or inhibit the proteasome.

Introduction

A large number of drugs currently used in the clinic are
weak bases that make them lysosomotropic. These drugs are
extensively sequestered in acidic lysosomes through an ion-
trapping mechanism. Drug accumulation in lysosomes is
driven by the large pH gradient that exists across the lumen
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of the organelle and the cytosol. Lysosomal sequestration
can directly influence the activity of the drug by preventing
its availability to bind with intended intracellular targets.
In addition, some cancer cells have acquired an enhanced
ability to sequester anticancer drugs in lysosomes, which con-
stitutes a mechanism of drug resistance. The clear cell form
of kidney cancers, the most represented one, is characterized
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by VHL/von Hippel-Lindau mutations and deletions which
lead to stabilization of HIF1A (hypoxia inducible factor 1, a
subunit [basic helix-loop-helix transcription factor]) protein
and consequent overexpression of VEGFA (vascular endothe-
lial growth factor A). This feature has rendered mRCC
attractive targets for the treatment with antiangiogenesis
drugs, particularly with the development of tyrosine kinase
inhibitors targeting the VEGF (KDR, FLT1, FLT4) and the
PDGF (PDGEFRB) receptors, both implicated in proliferation
of endothelial cells and pericytes. These inhibitors include
notably sunitinib,’ which since 2006 is considered as the
standard first line treatment option for this disease. Hence,
we have analyzed the tumor cell fate with chronic exposure
to the drug. Such a question may seem inappropriate since
sunitinib was originally defined as an antiangiogenesis com-
pound that inhibits endothelial cell proliferation. However,
we and others have recently shown that sunitinib also inhibits
mRCC cell proliferation probably because they aberrantly
express the tyrosine kinase receptors targeted by the drug
therefore leading to the selection of resistant cells.”? Suniti-
nib has been designed to disrupt major signaling pathways
(HRAS-RAF1-MAP2K1/2-MAPK1/3 and MTOR pathways)
that are responsible for the abnormal proliferation of cancer
cells and tumor angiogenesis.* However, sunitinib has not
significantly improved the overall survival of the majority of
patients compared to treatment with IFNA/interferon o or
IL2/interleukin 2 (median time of survival after the diagnosis
of about 20 mo),"’ the standard treatments used before the
development of antiangiogenesis drugs. Moreover, the fact
that mRCC patients gradually become refractory to sunitinib
represents an important obstacle to better outcomes for
patients. Therefore, it is urgent to better understand the
molecular mechanisms associated with resistance to sunitinib
to improve the final outcome of the patients. In this context,
we have analyzed the fate of tumor cells following chronic
exposure to the drug. The selection pressure exerted by
chronic exposure has led to the selection of resistant cells,>?
but the mechanisms inducing resistance are unknown.

It was previously reported that sunitinib induces autophagy
in bladder cancer cells, and that inhibition of autophagy
potentiates the antiproliferative effects of sunitinib.”® How-
ever, in these experiments, cells are exposed to high doses of
sunitinib and the cells are not representative of cancers for
which sunitinib is the treatment of reference.” Moreover, these
reports do not investigate the molecular link between sunitinib
treatment and autophagy. Lysosomal sequestration of sunitinib
may be explained by the fact that it is a hydrophobic weak
base (pKa 8.95).” Sequestration in lysosomes may prevent
access of the drug to the kinase domain of tyrosine kinase
receptors present in the cytoplasm, thus participating in the
loss of efficacy of the drug. However, the effect of sunitinib on
autophagy has not been described for mRCC cells. Further-
more, the implication of autophagy and lysosome trapping in
the mechanisms of resistance has not been addressed. In the
present study we aimed at deciphering the link between
autophagy and the mechanisms of resistance to sunitinib in
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mRCC. To overcome resistance we propose treatment with a
combination of drugs preventing lysosomal accumulation.

Results

mRCC cells showed reduced proliferation in the presence of
concentrations of sunitinib below the IC50 (suboptimal
concentration)

Because of the abnormal vascularization of tumors, the core
of primary mRCC or metastases is not exposed to optimal
concentrations of the drug (Fig. 1A). We first determined the
in vitro concentrations that resulted in progressive adaptation
to sunitinib and final selection of resistant cells. The plasma
concentrations of patients or mice exposed to sunitinib was
low (0.1 to 1 pwmol/L range) compared to the intratumor
amount, which was 10 times higher (10 pmol/L range).
Whereas the IC50 of endothelial cells for sunitinib was
approximately 0.1 wmol/L,'® the IC50 of mRCC cells was
approximately 5 pmol/L.>? In the presence of a concentration
of sunitinib below the IC50 (2.5 pmol/L), mRCC cells
(Fig. 1B, C and Fig. S1A, 786-O and RCC10, respectively)
have a reduced proliferation rate, which was linked to pro-
longed S and G2/M phases of the cell cycle (Fig. 1D). A sub-
optimal concentration of sunitinib (2.5 wmol/L) did not
affect cell viability (Fig. 1D, E) whereas exposure to a higher
concentration resulted in cell death, as measured by cell count-
ing or a clonogenic assay.

Sunitinib accumulated in lysosomes

To decipher the adaptation to suboptimal concentrations of
sunitinib, the rest of the experiments were conducted at the con-
centration of 2.5 pwmol/L.

Phase contrast microscopy highlighted a modification of the
cell shape and the appearance of a yellowish color inside the
cells after incubation with sunitinib for 2 d (Fig. 2A). The
intracellular localization of sunitinib was confirmed by visuali-
zation of its autofluorescence. Sunitinib autofluorescence colo-
calized with a specific lysosomal staining (LAMP1 [lysosomal-
associated membrane protein 1]; Fig. 2B) confirming that
sunitinib accumulated in acidic lysosomal structures. Accumu-
lation in lysosomes was also observed in 2 independent cell
lines (RCC10 and A498) and 2 RCC primary cell lines
(CC and TFE3) that we previously described (Fig. S1B).2
However, sunitinib did not accumulate in early endosomes
(no colocalization with EEAI [early endosome antigen 1];
Fig. §2). This result suggests accumulation of sunitinib in
intracellular compartments with no major consequences to cell
viability. This characteristic defines sunitinib as a lysomotropic
agent.'" FACS analysis showed that sunitinib accumulated in
lysosomes in a time-dependent manner and that there was an
increase in the lysosomal mass (Fig. 2C), which coincided
with increased expression of LAMP1 (Fig. 2D). Such accumu-
lation of sunitinib was not dependent on the oxygen concen-
tration since sunitinib

sequestration was equivalent in

normoxia or hypoxia (Fig. S3A). At the concentration of
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2.5 pmol/L of sunitinib, hypoxia
did not modify the cell viability
(Fig. S3B). Intracellular accumu-
lation of sunitinib was also
observed in experimental RCC in

mice (Fig. S3C).

Sunitinib neutralized the pH
of lysosomes and inhibited CTSB

Sunitinib is a weak base (pKa
8.95), which accumulates in lyso-
somes where it is protonated by a
pH-partitioning process.11 Once
ionized, sunitinib becomes mem-
with  the

impossibility of diffusing out of

brane impermeable
the organelle, which results in lyso-
some trapping. Accumulation con-
tinues as long as the low pH is
maintained by the vacuolar proton
pump (V-type H'ATPase) but
ultimately results in buffering of
the acidic pH of lysosomes. The
LysoSensor Green DND-153 fluo-
rescence (pKa 7.5) was intense in
control conditions (this dye fluo-
resces in an acidic environment)
but almost disappeared in the pres-
ence of sunitinib suggesting that
the acidic pH of lysosomes has
been neutralized (Fig. 3A, B).
This

expression and activity of one of

correlated with decreased

the major lysosome-associated pro-

teases CTSB (Fig. 3C).

Suboptimal concentrations of

sunitinib initiated incomplete
autophagic flux
In  physiological  situations,

autophagy is responsible for the
degradation  of
organelles and proteins and allows
during  nutrient
deprivation."” So, autophagy is
in  maintaining  cell

dysfunctional
cell  survival

important
homeostasis, but if exacerbated, it
can lead to cell death.'® Sunitinib
treatment resulted in an increase in
the lysosomal pH and inhibition of
the lysosomal protease activity.
Hence, we investigated the
consequences of these modifica-
tions on autophagy. Autophagy is
characterized by the accumulation
of cleaved and lipidated forms of
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Figure 1. A sunitinib concentration below the IC50 slowed down cell proliferation but did not induce cell
death. (A) General schema illustrating the different concentrations to which RCC cells may be exposed to in
a tumor. (B) The proliferative capacity of 786-O cells in the absence (Ct) or presence of increasing concentra-
tions of sunitinib (sun) was evaluated by counting the cells at the indicated times. Data are the mean fold
increase +SD. The fold increase of untreated cells was taken as the reference value for statistics. Statistical
significances of the results compared to untreated cells are indicated; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
(C) Clonal growth of 786-O cells in the absence (Ct) or presence of sunitinib (sun) (2.5 or 10 wmol/L). (D) The
proportion of cells in each phase of the cell cycle was determined by DNA labeling with propidium iodide
followed by FACS analysis. (E) Determination of viable cells in the absence (Ct) or presence of 2.5 umol/L
(2.5) or 10 wmol/L (10) of sunitinib (sun).
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cells to survive when they have
consumed all the nutrients easily
accessible from the blood stream.
Hence, the autolysosomes gener-
ated through this process may
engulf sunitinib thereby amplify-
ing resistance to the drug by pre-
venting drug access to its targets.
To test this hypothesis, we
cultured 786-OS cells in a saline
medium (Hank’s balanced salt
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Figure 2. Sunitinib accumulated in lysosomes. (A) Phase contrast microscopy showing modifications of the
cell shape and accumulation of yellow granules in 786-O cell incubated with 2.5 wmol/L of sunitinib for
24 h. (B) Immunofluorescence to LAMP1 in control (Ct) or sunitinib-treated (2.5 wmol/L, sun) 786-O cells for
48 h. Sunitinib autofluorescence is shown. Merged fluorescence is also shown. (C) The autofluorescence of
sunitinib and the fluorescence of the lysosomal probe (LysoTracker Red DND-99, Lyso) were followed by
FACS analysis performed at the indicated times. (D) Cell extracts from control (-) or sunitinib-treated
(2.5 pmol/L) 786-0 cells incubated for 72 h were tested for LAMP1 expression by immunoblotting. NAA10 is

fication by FACS confirmed this
qualitative observation (Fig. 5B).
A high concentration (10 pwmol/L)
of sunitinib induces cell death,
but
(2.5 pmol/L), it slows prolifera-

at a lower concentration

tion without inducing cell death,

MAP1LC3A/LC3A (microtubule-associated protein 1 light chain
3 a; LC3-II) and the degradation of SQSTM1/p62 protein. Suni-
tinib treatment induced accumulation of LC3-II, which indicated
either initiation or blockade of autophagy (in 786-O cells, Fig. 4A
and in 2 additional cell lines [RCC10 and A498] and the above
mentioned primary cells [CC and TFE3], Fig. S4A and S4B,
respectively). However, sustained expression of SQSTMI1 strongly
suggested incomplete processing. To confirm incomplete autopha-
gic flux, we evaluated the LC3-II level in response to sunitinib in
the presence or absence of chloroquine (CHL), a lysomotropic
agent that increases the lysosomal pH. A higher fold change com-
pared to control conditions reflected induction of autophagy
whereas no modification or a lower fold change in the presence of
CHL was indicative of inhibition of zlutophagy.14 The fold change
in LC3-II in sunitinib-treated cells after CHL treatment was
equivalent compared to cells treated with sunitinib alone (Fig. 4B,
C), indicating an inhibition of the autophagy flux. Furthermore,
the merged localization of sunitinib, LC3 and LAMP2 indicated
accumulation of nonfunctional autolysosomes (Fig. 4D), which
was visualized by electron microscopy (Fig. 4E).

Amino acid deprivation enhanced resistance to sunitinib

It is well known that cell starvation stimulates autophagy,
which helps cells to resist this unfavorable environment.
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as expected. However, if the cells
first in HBSS

medium, cell proliferation was minimally affected by 2.5 pwmol/

were cultured
L sunitinib and cell death was substantially decreased, even at a
high concentration of the drug (10 wmol/L; Fig. 5C). These
results were confirmed with 2 other independent cell lines

(RCC10 and A498 cells; Fig. S5).

Sunitinib-resistant cells showed exacerbated, incomplete
autophagy and a more aggressive phenotype

We hypothesized that sequestration of sunitinib in lysosomes
and the subsequent inhibition of the autophagy flux participated
in sunitinib resistance. To test this hypothesis, we generated suni-
tinib-resistant cells by chronic exposure of cells to the drug (786-
OR and RCCI0R). Incomplete autophagy in these cells was
attested by accumulation of LC3-II and sustained expression of
SQSTM1 (Fig. S6). Primary sunitinib-resistant cells were also
derived from a RCC removed surgically from a patient, as we
previously described (TFE3 cells).” The 786-OR and RCC10R
cells survive and proliferate in the presence of a high concentra-
tion of the drug, which is sufficient to induce parental cell death.
TFE3 cells are highly resistant to sunitinib in vitro even at high
concentrations of the drug (IC50 10 pmol/L).> The ability to
accumulate sunitinib inside 786-OR was increased compared to
parental cells (Fig. S7). The viability of parental (786-OS) and

resistant cells (786-OR) at different concentrations of sunitinib is
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illustrated in Fig. 6A. As shown A
previously by Gotink et al.,” resis-
tance (maintained several weeks) is
not genetically acquired since it
can be reverted by culturing the
cells in the absence of the drug for
a few passages. Electron micros-
copy showed that 786-OR cells
accumulate bigger vacuolar struc-
tures, identified above as autolyso-
somes, compared to 786-OS cells
when incubated in the presence of
2.5 pmol/L of sunitinib, a finding
in favor of an exacerbated incom-
plete autophagy (Fig. 6B).

Previous reports have shown

sun

that treatment of tumor-bearing
mice with sunitinib results in the
selection of more aggressive cells.
This has been observed in vivo, but
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cant

changes were observed

Figure 3. Sunitinib neutralized the lysosomal acidic pH and inhibited the proteolytic activity. (A) Acid
pH-dependent fluorescence to LysoSensor Green DND-153 in 786-O cells in the absence or presence of
sunitinib. (B) Quantification of the fluorescence shown in A (n = 3; ***, P < 0.001). (C) Quantification of the
CTSB activity in 786-O cells in the absence (Ct) or presence of sunitinib (sun) in the organelles compartment
(lysosomes, mitochondria, Golgi, endoplasmic reticulum) activity as described in Materials and Methods. (D)
Analysis of the presence of pro and mature CTSB by immunoblotting. NAA10 is shown as a loading control.

between the sensitive and resistant
cells.

Inhibition of the ATP binding cassette (ABC) transporter
ABCBI1 and lysosomal permeabilization enhanced the efficacy
of sunitinib

We hypothesized that sequestration of sunitinib in lysosomes
is involved in resistance to sunitinib. If so, destabilization of lyso-
somes with LLOM may result in increased cell death in the pres-
ence of a suboptimal concentration of sunitinib since the drug
inhibits the kinase activity of target tyrosine kinase receptors

www.tandfonline.com
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located in the cytoplasm. However, we observed that LLOM
reduced accumulation of sunitinib inside the cells. Moreover, in
the presence of LLOM, the amount of sunitinib in the culture
medium was increased. These results strongly suggest that if suni-
tinib is not sequestered in lysosomal compartment, it is actively
exported outside the cells.

Inhibition of the ABC transporters improves sunitinib
accumulation in the brain suggesting that these transporters
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Figure 4. Suboptimal concentrations of sunitinib initiated incomplete autophagic flux. (A) The autophagic triple combination  sunitinib,

flux was examined in 786-O cells in the absence (-) or presence (+) of 2.5 pmol/L of sunitinib for the indi- BAF and elacridar, was less
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rescence to LC3-Il and LAMP2 in control (Ct) or sunitinib-treated (2.5 pmol/L) 786-O cells after incubation Fig. S$10). These results suggest

for 48 h. Merged fluorescence is shown. Pink illustrates colocalization of the 3 markers. (E) Electron micro- that blockade of sunitinib trap-

graphs showing autolysosomes in 786-OS cells incubated in the absence (Ct) or presence of sunitinib ping in the lysosomes is an effi-
2.5 wmol/L (sun) for 48 h.

cient way to increase the potency

participate in the efflux of the drug.'” These transporters are
present at the lysosomal membrane and could participate in
sunitinib accumulation in this cellular compartment.'® More-
over, sunitinib is a substrate of ABCB1."” Hence, we hypothe-
sized that ABC transporters could be present on the plasma
and/or lysosomal membranes to mediate accumulation in spe-
cific cell compartments and/or to participate in sunitinib efflux
out of the cells. Sunitinib treatment of 786-OS stimulated
ABCBI1 expression and increased accumulation in 786-OR
cells (Fig. 7A). ABCBI1 expression was also increased in A498,
TFE3, and CC cells (Fig. S4). Whereas elacridar, an inhibitor
of ABC transporters, induced slightly 786-OS cell death at a
low concentration (1 wmol/L; Fig. S9A), it potentiated suniti-
nib activity on 786-OS cells (Fig. 7B). Elacridar did not sig-
nificantly mediate 786-OR cell death when alone (Fig. S9A)
but potentiated sunitinib activity (Fig. 7B). The lysomotropic
agent LLOM had little effect on cell death at a low concentra-
tion (1 wmol/L). Higher concentrations are needed to induce
cell death probably through the release of cathepsins and
induction of lysosome membrane permeabilization leading
finally to apoptosis (Fig. S9B).'® A low concentration of
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of the drug and
resistance.

Elacridar and LLOM alone or in combination had no effect
on TFE3 cell viability. Elacridar was more active in the presence
of a concentration of 2.5 pwmol/L sunitinib, (55% cell death) but
this was not the case for the LLOM and sunitinib combination.
As for 786-OR cells, massive TFE3 cell death was obtained with
the triple combination (Fig. 8).

prevent

Proteasome inhibitors induced the death of sunitinib-
resistant cells

Autophagy and the ubiquitin-proteasome system are 2 linked
mechanisms leading to the degradation of abnormal proteins and
the recycling of amino acids. These 2 mechanisms compensate
for each other when one is inhibited.'® Hence, we speculate that
incomplete autophagy resulted in enhanced proteasomal activity.
As a consequence, sunitinib and inhibitors of the proteasome may
have additional effects on cell death. We observed that MG132, a
proteasome inhibitor, or bortezomib, which is approved for the
treatment of multiple myeloma,*® induced the death of sensitive
and resistant cells. However, proteasome inhibitors combined
with sunitinib induced a higher level of mortality of 786-OR cells

than that induced by the individual compounds (Fig. 9). A
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Figure 5. Amino acid starvation enhanced sunitinib resistance. (A) Phase
contrast microscopy showing more accumulation of yellow granules in
786-0O cells incubated with 10 wmol/L of sunitinib cultured in HBSS
medium (sun + HBSS) for 24 h compared to cells cultured with 10 wmol/
L of sunitinib in normal medium. (B) Determination of sunitinib auto-
fluorescence by FACS after incubation with 2 concentrations of the drug
(sun 2.5 and 10 wmol/L) during 24 h. Cells were cultured either in normal
or HBSS medium; *, P < 0.05; **, P < 0.01; NS, nonsignificant. (C) Determi-
nation of the percentage of viable 786-O cells in the absence (Ct) or pres-
ence of 2.5 (sun 2.5) or 10 wmol/L (sun 10) of sunitinib during 24 h. Cells
were cultured either in normal or HBSS medium.

higher level of mortality was also observed for RCCI0S,
RCCI10R, and CC cells when proteasome inhibitors, and espe-
cially bortezomib, was combined with sunitinib (Fig. S11).

Discussion

Most of the current research in the field of antiangiogenesis
drugs has focused on the adaptation of the endothelial cells to
these drugs, which target VEGFA or its receptors.”’ However, it
has been shown that other members of the VEGF family espe-
cially VEGFC are induced after exposure to ant-VEGFA

www.tandfonline.com
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antibodies.*” Research has also concentrated on modifications to
the genetic program of tumor cells exposed to antiangiogenesis
drugs, which lead to the expression of redundant proangiogenesis
factors or the ability to migrate.”>** Different reports have
described the acquisition of a MET-dependent aggressive pheno-
type associated with sunitinib treatment, in particular in animal
models.>”*” However, it is difficult to address this modification
in patients since sunitinib is administered mainly after radical
nephrectomy to challenge metastatic sites and metastatic cells are
generally not sampled for ethical purposes. Dissemination of
mRCC cells via the lymphatic system has also been reported but
again in animal models.”®**” The role of the tumor microenvi-
ronment in the adaptation to treatments has also been
addressed.*

The major question was how to define the best treatment
among the different ones that have been approved since 2007. A
great hope was to use mouse avatars xenografted with fragments
of a tumor to test the available treatments in vivo. With this
experimental model, a correlation between the capacity of a
tumor to develop in nude mice and tumor aggressiveness has
been described. This model is also used to test the efficacy of a
new compound.” The results of many groups including ours
show that the growth of these tumor fragments in mice takes 3 to
6 mo. Hence, testing various treatments with this method is not
compatible time-wise for a rapid therapeutic decision between
surgical removal of the tumor and the beginning of the treat-
ment.*”> Tumor-derived slice cultures of head and neck cancers
have also been used to test the sensitivity to targeted therapies, a
technique that may also be used for mRCC, but the procedure
needs to be improved.”> Our recent study shows a good correla-
tion between the response of the patient and the sensitivity to a
FDA (food and drug administration)-approved drug.” We postu-
late that the antiangiogenesis treatment equivalently targets the
blood vessels constituted of normal cells from one patient to
another. However, we believe that tumor cell genetic plasticity
was at the origin of the variation in tumor response. Our proce-
dure consisted of testing cell survival and death in response to
available drugs on isolated tumor cells grown in a specific culture
medium. This technique is rapid and the procedure can be per-
formed within one month after surgery. It may allow assistance
in a therapeutic decision considering that the response to a given
treatment on primary cells that represents tumor heterogeneity
will reflect the general effect on patients.®*

Although all the aspects that lead to acquired resistance are of
major importance, to become resistant the cells require chronic
exposure to the drugs. So it would take several months before
genetically modified tumor cells emerge that survive antiangio-
genesis treatment.

The ability of cells to compartmentalize the drug in subcellu-
lar organelles to avoid accessibility to its target has not been
examined in detail. Several reports have shown that certain
weakly basic compounds (z.e. daunorubicin, doxorubicin) with
pKa values near neutrality are selectively sequestered into lyso-
somes of multidrug-resistant cell lines. Alternatively, other
weakly basic compounds, also with pKa near neutrality, specifi-
cally accumulate within mitochondria (i.e., rhodamine 123).%
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Figure 6. Enhanced inhibition of autophagy and aggressiveness of 786-OR cells. (A) Determination of the
percentage of viable 786-0S and 786-OR cells in the absence (Ct) or presence of 2.5 (sun2.5) or 10 pwmol/L
(sun10) of sunitinib after incubation for 24 h. (B) Electron micrographs of 786-OS cells incubated in the
absence (Ct) or presence of sunitinib 2.5 wmol/L (sun) for 48 h and of 786-OR cells showing autolysosomes
(arrows). Note the presence of autolysosomes of increased size in 786-OR cells. (C) Quantification of the
number (left panel) and the size (right panel) of colonies obtained for 786-OS and 786-OR cells seeded in
soft agar; *, P < 0.05. (D) Cell migration in real time was analyzed with the xCELLigence RTCA. The chart
shows the outcome of the kinetics analysis of the cell migration for 786-OS and 786-OR cells (left panel). The
right panel shows the average cell indexes at 24 h from 3 independent experiments. **, P < 0.01.

in the cytoplasm. This mechanism
has been described in chronic mye-
loid leukemia for which agents that
destabilize lysosomes revert resis-
tance to imatinib.'"® Among the
different drugs that have obtained
FDA and/or EMA (Food and
Drug Administration and/or Euro-
pean Medicines Agency) approval
for the treatment of mRCC, in
addition to sunitinib, axitinib and
dovitinib can be protonated at
physiological pH and subsequently
trapped in the lysosomes. Hence,
resistance mechanisms equivalent
to that described herein for suniti-
nib may be the cause of reduced
efficacy of these drugs. Pazopanib,
another ATP mimetic approved
for the treatment of mRCC is the
only drug that cannot be proton-
ated and trapped in the lysosomes,
hence not concerned by this mech-
anism of resistance. However,
sunitinib and pazopanib show the
same overall survival,*® but pazo-
panib is preferred by physicians
and patients mainly for its better
quality of life.”” Several reports
have previously shown that drugs
that are lysosomotropic shared cer-
tain physicochemical properties,
possessing a ClogP>2 and a basic
pKa between 6.5 and 11, predict-
ably influenced their intracellular
localization.?® Sunitinib enters per-
fectly into this category with a
ClogP = 5.2 and a basic pKa =
8.95. We also observed that the
amine group of sunitinib, added to
improve the solubility of the drug
is responsible for the high pKa
value. Thus, the synthesis of an
analog of sunitinib devoid of this
amine group may prevent its accu-
mulation in lysosomes.
Sequestration of chemothera-
peutic agents in lysosomes is
largely due to their lysosomotropic
properties but sequestration within
lysosomes may also be dependent
on the ABC transporter activ-

In our case, we have observed lysosomal sequestration of suniti-  ity.'®* We observed an increase in the expression of the ABCB1

nib but no accumulation in mitochondria, as previously shown.’
Lysosomal trapping reduces the activity of sunitinib, since its
targets, the kinase domain of tyrosine kinase receptors are located
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transporter after sunitinib treatment, but the regulatory mecha-
nism implicated is unknown. Preliminary experiments suggest
that the inidation of autophagy induces ATF4 (activating
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transcription factor 4) expression. ATF4
is a major transcription factor implicated

786-0S 786-OR

in the adaptation to nutrient stress of
tumor cells.*® Moreover, ATF4 has also
been implicated in resistance to cisplatin
and cells overexpressing ATF4 showed

multidrug resistance.*! Hence, ATF4
may be the driver of a transcriptional
program leading to expression of

ABCBI, as previously shown.*>*

Moreover, accumulation of ABCB1
may be due to a lack of its degradation.
Several membrane proteins, including
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Lysosomal sequestration is rapid,
occurring as soon as the drug is in con-
tact with the target cells, and does not
modify the genetic program. Recent
that

studies have also demonstrated

Figure 7. A combination of a lysosome destabilizing agent and an inhibitor of ABC transporters
reverted sunitinib resistance of 786-OR cells. (A) Expression of ABCB1 was detected by immunofluores-
cence in control (Ct) or sunitinib-treated (2.5 wmol/L) sensitive 786-O cells (786-0S) for 48 h (sun) and

in resistant 786-O cells (786-OR) in the presence of sunitinib (sun). (B) Determination of the percent-

have defective
acidification of their lysosomes. Hence,
lysomotropic agents would be in contact
with their targets in the cytoplasm of

numerous cancer cells

cancer cells devoid of lysosome trap-

ping.*> This elegant approach would limit toxicity to normal cell
and would concentrate the cytotoxic or cytostatic effects on
tumor cells. However, we showed that the acidification of the
lysosomes of mRCC cells was not defective. We observed that
the TFE3 cells were resistant to a high concentration of sunitinib
(IC50 = 10 wmol/L). However, we did not observe an increase
in the number of lysosomes (LysoTracker Red labeling) in TFE3
cells compared to 786-0 cells. The pH of lysosomes dictates the
predicted degree of lysosomal accumulation of sunitinib; the
greater the lysosome-to-cytosol pH gradient the greater the extent
of lysosomal sequestration. As long as the pH gradient is main-
tained, significant accumulation of the drug is possible. The pro-
ton pump, the vacuolar-type (V-) ATPase, which is located on
the lysosomal membrane, maintains acidification of lysosomes.
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age of dead 786-0S and 786-OR cells after incubation for 24 h the indicated combinations of drugs
(sunitinib (sun) 2.5 pwmol/L; LLOM (L) 1 wmol/L; elacridar (E) 5 wmol/L). *, P < 0.05; ***, P < 0.001.

Tumor cells with drug resistance exhibit an increase in V-ATPase
activity, which may explain the resistance to sunitinib of TFE3
cells.*>47

To prevent lysosomal trapping and avoid export of the drug
out of the cells, we used lysosomal destabilizing agents and inhib-
itors of ABCBI. This combination was very efficient in promot-
ing cell death of cancer cell lines and cancer cells derived from a
patient who progressed on sunitinib. The recapitulative schema
we propose to prevent sunitinib resistance is shown in Fig. 10.
Lysosome stabilizing agents are far from entering into the clinic,
because of major toxic effects whereas clinical assays using inhibi-
tors of ABC transporters are ongoing.*® Moreover, we found that
proteasome inhibitors induced strong tumor cell death especially
on cells resistant to sunitinib. As sunitinib and proteasome
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Figure 8. Primary tumor cells derived from a patient who progressed on
sunitinib, were sensitive to sunitinib when in the presence of elacridar or
elacridar and LLOM. Determination of the percentage of viable/dead
TFE3 cells after incubation for 24 h with the indicated combinations of
drugs (sunitinib (sun) 2.5 wmol/L; LLOM (L) 0.2 wmol/L; elacridar (E)
1 pmol/L). *, P < 0.05; ***, P < 0.001.

inhibitors have independent targets, the toxic effects should be
manageable. /n silico analysis of online-available microarrays
highlighted a cluster of proteasome-associated genes that are
overexpressed in primary and mRCC but also in paired pulmo-
nary metastasis (Fig. S12A, Table S1, Supplemental Materials
and Methods).**° The proteins encoded by these genes com-
prised a subset of the proteasome 3 subunits that affect the gener-
ation of peptides to promote efficient antigen recognition
(PSMB8/9/10; proteasome [prosome, macropain] subunit, 8
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Figure 9. Proteasome inhibitors induced the death of cells resistant to
sunitinib. The proteasome inhibitors MG132 (mg, 10 pwmol/L) or bortezo-
mib (borte, 5 wmol/L) alone or in combination with sunitinib (sun,
2.5 wmol/L) decreased the viability of 786-OS and 786-OR cells after
incubation for 24 h. **, P < 0.01; ***, P < 0.001, NS, nonsignificant.
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type, 8/9/10),”" and a cellular regulator of proteasome formation
and of proteasome-mediated antigen processing (PSMF1; protea-
some [prosome, macropain] inhibitor subunit 1 [PI31]).>2
A slight increase in expression (1.4 [PSMB8, PSMB9, PSMB10]
to fold2- [PSMF1] above the median) of each gene was associated
with a decrease in overall survival (OS) with significant P values
(P = 0.035 for PSMB8; 0.0006 for PSMB9; 0.018 for PSMB10;
0.036 for PSMF1) as revealed by data analysis at cbioportal.”>>*
Moreover, overexpression of the genes of the cluster were indica-
tive of both disease free survival (P = 0.0008) and overall survival
is much more decreased for patients that overexpressed the differ-
ent genes of the cluster (7 = 0.0002). Overexpression of the
genes of the cluster was also indicative of disease free survival for
non metastatic patients (2 = 0.007) and of overall survival for
metastatic patients (0.006) (Fig. S12B). This in silico analysis
clearly showed the prognostic significance of specific proteasome-
associated genes. It corroborated our "in cellulo" analysis for the
relevance of association of sunitinib and proteasome inhibitors.

The resistance to any targeted therapies is a constant debate
between the presence of mutations within the primary tumor and
acquired mutations under the selection pressure induced by the
treatment. Tumor heterogeneity constitutes a major problem for
defining personalized treatment. For mRCC, genomic sequenc-
ing highlighted an evolution of the metastatic niche that may
refine tumor progression.” As analyzed by cbioportal, protea-
some genes were highly informative as prognosis markers of poor
survival of nonmetastatic and metastatic patients while ATF4
and ABCB1 were not. A biopsy of metastases is rarely possible
because it would threaten patients’ life. However, if it is possible,
it would be interesting to test in metastases that become refrac-
tory to sunitinib treatment if ABCB1, ATF4 and PSMBS,
PSMB9, PSMB10, and PMSF1 are upregulated compared to the
primary tumor hence defining them as markers of resistance as
suggested by our study.

Taken together, our study highlighted a primary mechanism
of resistance to the major antiangiogenic compound used in the
treatment of mRCC. Having deciphered this mechanism, we
can now propose relevant therapeutic combinations that deserve
testing in preclinical models but also putatively in phase I clini-
cal trials.

Materials and Methods

Materials

Sunitinib and bortezomib came from residual materials given
to patients (Center Antoine Lacassagne, Nice, France) and pre-
pared as 2.5 mmol/L and 6.5 mmol/L stock solutions in
dimethyl sulfoxide (Sigma, 472301) and stored at -20°C. CHL
(C6628), elacridar (SML0486) and LLOM (L7393) were pur-
chased from Sigma. MG132 was purchased from Calbiochem
(474790) Anti-LC3 antibody (5F10) was obtained from Nano-
tools (0231-100/LC3-5F10). Anti-LAMP1 (H4A3, sc-20011)
and anti-EEA1 (N-19, sc-6415) were from Santa Cruz Biotech-
nology, anti SQSTM1 was from BD Bioscience (610833),
CTSB (Ab-1, IM27L) was purchased from Merck, anti-LAMP2
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was from Abcam (H4B4, ab25631), anti-
NAA10/ARD1 were pro-
duced and characterized in our labora-
tory,56 anti-actin  (I-19, sc-1616) was
from Santa Cruz Biotechnology, anti-
phospho-AKT1 (Ser473; 9271S), anti-
AKT1 (9272), anti-phospho-MAPK1/3
(Thr185/Tyr187 and Thr202/Tyr204;
4370), anti-MAPK1/3 (137F5; 4695)
and anti-ABCB1 (EY7B, 133442S) anti-
bodies were all obtained from Cell Sig-
naling Technology. HBSS was from Life
Technologies (14025092).

antibodies

Cell culture

Human 786-0 cells were purchased
from the American Tissue Culture Col-
lection ~ (ATCC—  CRL-1932™),
RCC10 cells were a kind gift from W.H.
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Figure 10. Description of the different phases of events justifying a combinatorial approach for treat-
ment. (A) Maximal resistance (+++) is mediated by lysosomal trapping of sunitinib (yellow circles in
lysosomes). The presence of autolysosomes (green circles) is indicative of incomplete autophagy. The
proteasome degrades misfolded proteins and participates in recycling of amino acids. (B) The lyso-
some destabilizing agent Leu-Leu-O-Methyl (LLOM) prevents the trapping of sunitinib in lysosomes
so the drug is localizes to the cytoplasm but is "taken in charge" by the ABCB1, which transport the
drug out of the cell thus leading to intermediate resistance (++). (C) Maximal sensitivity to sunitinib
can be obtained by 1) by destabilization of lysosomes with LLOM combined with inhibitors of ABC

Kaelin (Dana-Farber Cancer Institute,

transporters (elacridar) or 2) with proteasome inhibitors (MG132 [mg] or bortezomib [borte]).

Boston, MA) and were used in one of
our published studies.”” RCC cells were
grown in DMEM (Life Technologies, 61965-026) supple-
mented with 7% fetal calf serum at 37°C in a humidified atmo-
sphere containing 5% CO,. For HBSS experiments, cells were
preincubated in HBSS for 30 min before sunitinib treatment for
24 h for the determination of cell viability. For clonogenic assays,
cells were incubated for 7 d in fresh medium after the same pro-
cedure. Resistant cells were obtained by chronic exposure to
increasing concentrations of sunitinib up to 8 wmol/L. An
INVIVO, 200 workstation (Ruskinn Technology Biotrace Inter-
national Plc, Sanford, FL, USA) set at 1% oxygen, 94% nitrogen
and 5% carbon dioxide was used for hypoxic conditions.

Growth curves and cell viability

Cells were seeded in 6-well dishes and transiently treated with
sunitinib the following day. Cells were next detached from d 2 to
6 and counted with a Coulter counter (Beckman, Pasadena, CA,
USA) in duplicate to assess cell proliferation. Cell viability and
cell death was assessed using the ADAM-MC apparatus (Nano-
EnTek, Guro-gu, Seoul, Korea) based on fluorescent propidium
iodide staining according to the manufacturer’s instructions.

Colony formation assay

RCC cells (500 cells per condition) were treated or not with
sunitinib. Colonies were detected after 10 d of culture. Cells
were then washed, fixed at room temperature for 20 min with
3% paraformaldehyde (PFA; Electron Microscopy Sciences,
15713) and colored by crystal violet (Sigma, C3886).

Kinetics of cell migration

Cell migration in real time was monitored by using the xCEL-
Ligence Real-Time Cell Analyzer (RTCA) DP Instrument
equipped with a CIM-plate 16 (Roche, Indianapolis, IN, USA).

Each well of the plate is composed of upper and lower cham-
bers separated by a microporous membrane. Migration was
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measured as the relative impedance change (cell index) across
microelectronic sensors integrated into the bottom side of the
membrane. Ten® cells were added in triplicate to the upper
chambers. Migration and invasion were monitored every min for
48 h. For quantification, the cell index at the indicated time
points was averaged from 3 independent measurements.

Immunoblotting

Cells treated with sunitinib and/or exposed to pharmacologi-
cal inhibitors, were lysed in buffer containing 3% SDS (Eurome-
dex, EU0660), 10% glycerol, 0.825 mM Na,HPOy. Samples
(30 pg) were separated by 10% SDS-PAGE, transferred onto a
PVDF membrane (Immobilon, Millipore, IPVH00010) and
then exposed to the appropriate antibodies: anti-LC3, anti-
SQSTM1, anti-LAMP1, anti-NAA10, anti-CTSB or anti-actin.
Proteins were visualized with the ECL system using horseradish
peroxidase-conjugated anti-rabbit (W4011) or
(W4021) secondary antibodies (Promega).

anti-mouse

Subcellular colocalization studies

Cells were incubated with sunitinib and LysoTracker Red
DND-99 (Invitrogen, L7528) or LysoSensor Green DND-153
(Invitrogen, L7534). Viable cells were imaged in real time with
EVOS Cell Imaging Systems (Life Technologies, Carlsbad, CA,
USA).

Immunofluorescence

RCC cells seeded on glass coverslips (150,000 cells for 24 h or
60,000 cells for 48 h) in 6-well dishes were treated or not with
sunitinib. Twenty-four or 48 h after, cells were then washed,
fixed at room temperature for 20 min with 3% paraformalde-
hyde and permeabilized with phosphate-buffered saline
(PBS; Euromedex, ET330-A) containing 0.2% Triton X-100
(Amresco, 0694-1L) for 2 min before being exposed to
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anti-LC3, anti-SQSTM1, anti-LAMP1, anti-LAMP2, ant-EEA1
or anti-ABCB1 (Sigma, P7965) for 1 h at room temperature.
Cells were washed 3 times with PBS, and then incubated for 1 h
at room temperature with 1:1000 dilution anti-mouse or anti-
rabbit Alexa Fluor 488- (A21207) or Alexa Fluor 594-labeled
(A21203) secondary antibody (Invitrogen, Life Technologies)
and mounted using Mountant Permafluor (Thermo Scientific,
TA-030-FM). Fluorescence images were examined and collected
under a DeltaVision Microscopy Imaging System (GE Health-
care/Life Technologies, Carlsbad, CA, USA).

Subcellular fractionation

Subcellular fractionation was performed using a proteo-extract
subcellular proteome extraction kit according to the man-
ufacturer’s instructions (Calbiochem, 539790).

Flow cytometry— cell cycle distribution

Cells were trypsinized, washed, and resuspended in cold 70%
ethanol overnight. After 2 washes with PBS, cells were resus-
pended in propidium iodide (40 pg/ml; Sigma, P4170) contain-
ing ribonuclease A (10 pg/ml; Sigma, R4642) for 15 min at
room temperature and were analyzed using a fluorescence-acti-
vated cell sorter (BD healthcare FACSCALIBUR, analyzer, San
Jose, CA, USA).

Transmission and scanning electron microscopy

For ultrastructural analysis, cells were fixed in 1.6% glutaral-
dehyde (Electron Microscopy Sciences, 16210) in 0.1 M phos-
phate buffer, rinsed in 0.1 M cacodylate buffer, postfixed for 1 h
in 1% osmium tetroxide (Electron Microscopy sciences, 19170)
and 1% potassium ferrocyanide (Sigma, 14459-95-1) in 0.1 M
cacodylate buffer (Sigma, 124-65-2) to enhance the staining of
membranes. Cells were rinsed in distilled water, dehydrated in
alcohols and lastly embedded in epoxy resin (Sigma, 45345).
Contrasted ultrathin sections (70 nm) were analyzed under a
JEOL 1400 transmission electron microscope (JEOL Europe,
Croissy sur Seine, France) mounted with a Morada Olympus
CCD camera (Olympus-SIS Europe).

CTSB activity

RCC cells treated with sunitinib for 24 h were lysed for
30 min at 4°C in lysis buffer (400 mmol/L Na-phosphate, pH
6, 150 mmol/L NaCl, 4 mmol/L ethylene-diaminetetraacetic
acid, 1 mmol/L phenylmethylsulfonyl fluoride (Sigma, 78830),
10 pg/ml aprotinin (Euromedex, A162-A) and 1% Triton

X-100 (Sigma, T9284) and lysates were cleared at 10,000 g for
15 min at 4°C. Each assay (in quadruplicate) was performed
with 50 pg of protein prepared from control or sunitinib treated
cells. Briefly, cellular extracts were incubated in a 96-well plate,
with 60 pm of z-RR-AMC (7-amino-4-methylcoumarin; Pep-
tide Institute, 3123-v) as substrate for various times at 37°C. The
CTSB activity was measured by following the emission at
460 nm (excitation at 390 nm) in the presence or absence of
1 wm of CA-074Me (an inhibitor of CTSB activity; Calbio-
chem, 205531) Enzyme activities were expressed in arbitrary
units per mg of protein.

Statistical analysis
Statistical significance and P values were determined by the 2-
tailed Student 7 test.
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