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correlate with resistance to sunitinib in patients.

Introduction

Sunitinib malate is an orally available multitargeted tyrosine
kinase inhibitor. As a competitive ATP antagonist, sunitinib
inhibits the phosphorylation of several tyrosine kinase receptors
including VEGFR, PDGFR, and stem cell factor receptor (c-KIT)
(1). Sunitinib is approved for treating patients with advanced renal
cell carcinoma (2), pancreatic neuroendocrine tumors (3), and
gastrointestinal stromal tumors (4, 5) and is being tested in other
types of cancer including osteosarcoma (6), colorectal cancer (7),
and melanoma (8). However, a substantial percentage of patients
are intrinsically resistant to sunitinib, and most patients who show
initial response to treatment with sunitinib eventually relapse
and develop progressive disease secondary to acquired sunitinib
resistance, resulting in a modest overall therapeutic benefit (9-13).
Optimal clinical use of sunitinib therefore relies on better under-
standing of the mechanisms of tumor resistance to this anticancer
agent. While the mechanisms of intrinsic resistance remain large-
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Most patients who initially respond to treatment with the multi-tyrosine kinase inhibitor sunitinib eventually relapse.
Therefore, developing a deeper understanding of the contribution of sunitinib’s numerous targets to the clinical response or
to resistance is crucial. Here, we have shown that cancer cells respond to clinically relevant doses of sunitinib by enhancing
the stability of the antiapoptotic protein MCL-1 and inducing mTORC1 signaling, thus evoking little cytotoxicity. Inhibition of
MCL-1 or mTORC1 signaling sensitized cells to clinically relevant doses of sunitinib in vitro and was synergistic with sunitinib in
impairing tumor growth in vivo, indicating that these responses are triggered as prosurvival mechanisms that enable cells to
tolerate the cytotoxic effects of sunitinib. Furthermore, higher doses of sunitinib were cytotoxic, triggered a decline in MCL-1
levels, and inhibited mTORC1 signaling. Mechanistically, we determined that sunitinib modulates MCL-1 stability by affecting
its proteasomal degradation. Dual modulation of MCL-1 stability at different dose ranges of sunitinib was due to differential
effects on ERK and GSK3g activity, and the latter also accounted for dual modulation of mTORC1 activity. Finally, comparison
of patient samples prior to and following sunitinib treatment suggested that increases in MCL-1 levels and mTORC1 activity

ly elusive, a few studies have attempted to identify the molecular
mechanisms of acquired resistance of cancer cells to sunitinib.
However, to date, in-depth insights into the molecular basis of
sunitinib resistance are still lacking.

The BCL-2 family of proteins is a group of proteins that acts as
crucial regulators of cell survival and death, and as such, they also
play an essential role in determining the response to chemothera-
peutic agents (14). Balance between pro- and antiapoptotic mem-
bers of the BCL-2 family dictates the fate of cells and ultimately
the sensitivity or tolerance of cancer cells to drugs (14, 15). Anti-
apoptotic BCL-2, BCL-XL, and MCL-1 act as prominent oncopro-
teins through their capacity to protect cancer cells from apoptosis
(16). Among the antiapoptotic BCL-2 proteins, MCL-1 stands out
as a unique member of the family by exhibiting unshared fea-
tures related to its complex regulation and short half-life (17, 18).
Tight MCL-1 regulation coupled with its short half-life hints that
its activities may be finely tuned in response to different cellular
stresses. MCL-1 is among the most highly upregulated oncopro-
teins in several types of tumors and has been shown to directly
contribute to chemoresistance of those tumors (19-22). Targeting
MCL-1is therefore emerging as a promising therapeutic strategy,
with several inhibitors under development (19, 23-25).
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Figure 1. Dual, concentration-range-dependent effect of sunitinib on
MCL-1 levels and mTOR signaling. (A-C) Proliferation of U20S (A), Bon-I

(B), and HCT116 (C) cells treated with increasing concentrations of sunitinib
for 24 hours as assessed by CellTiter-Glo assay. (D-F) Percentage of cell
death of U20S (D), Bon-I (E), and HCT116 (F) cells treated with the indicated
concentrations of sunitinib (Sun) for 24 hours. Results are representative of
3 independent experiments. Error bars indicate SEM. (G-1) Immunoblotting
analysis of lysates prepared from U20S (G), Bon-I (H), and HCT116 (1) cells
treated with the indicated concentrations of sunitinib for 24 hours using
the indicated antibodies. In some cases, exposures at low versus high doses
of sunitinib are different to better allow visualization of the differential
effect of sunitinib in function of the dose. Blots presented are derived from
replicate samples run on parallel gels and controlled for even loading.

mTOR is another crucial factor in determining the response
of cancer cells to chemotherapeutic agents (26, 27). mTOR exerts
diverse cellular functions; it acts as a crucial sensor of cellular
energetics, is also a key upstream autophagy repressor, and con-
trols several pathways that regulate cell survival and prolifera-
tion (28-30). mTOR exists in 2 distinct complexes termed mTOR
complex 1 and 2 (mTORCI and mTORC2). mTORC1 is regulated
mainly by the Ras-like small GTPase Rheb. Rheb must be in the
GTP-bound state to activate mTORC1. GTP binding of Rheb is
regulated by the tuberous sclerosis complex (TSC), a heterodimer
of the polypeptides Hamartin (TSC1) and Tuberin (TSC2). The
action of Rheb is opposed by the TSC complex. When the GAP
activity of TSC2 is inhibited, Rheb accumulates in the GTP-bound
state and ultimately leads to mTORCI1 activation (28). Consistent
with its multivalent cellular functions, the contribution of mTOR
to tumorigenesis therefore occurs through multiple processes and
its relevance is highlighted by the prominent role gained by drugs
targeting mTOR in cancer therapy (31, 32).

In this study, we examined the adaptive prosurvival
responses that tumor cells exploit for maintaining their viabili-
ty and tolerating the cytotoxic effects triggered by sunitinib. We
focused on the modulation of the antiapoptotic BCL-2 proteins
and mTOR signaling as crucial determinants of cell survival
and response to chemotherapy. We then further analyzed the
relevance of those adaptive responses to intrinsic, as well as
acquired, resistance of cancer cells to sunitinib.

Results

Sunitinib exerts dual effects on MCL-1 and mTOR in tolerant and
sensitive cells. Initially, we profiled sunitinib against a panel of
cancer cell lines, representative of several cancer subtypes:
osteosarcoma (U20S), colon cancer (HCT116), pancreatic neu-
roendocrine tumors (Bon-I), and renal cell carcinoma (ACHN
and A-498). Cells were treated with a wide range of doses of
sunitinib, and cell proliferation was assessed after 24 hours. As
shown in Figure 1, A-F, and Supplemental Figure 1, A-D (supple-
mental material available online with this article; doi:10.1172/
JC184386DS1), different cell lines showed considerably varying
degrees of sensitivity to sunitinib. For instance, while U20S cells
were highly sensitive to sunitinib and showed evident cytotoxic-
ity at submicromolar concentrations of the drug, HCT116 cells
showed cytotoxic effects only at concentrations of 10 uM or more
(Figure 1, A and D, compared with Figure 1, C and F). In each
of these cell lines, the threshold concentration beyond which
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sunitinib starts to exert evident cytotoxic effects was identified:
in essentially all tested cell lines, this threshold lay beyond clin-
ically relevant levels of sunitinib (0.125- 0.25 pumol/1) (33-35).
Each cell line was then exposed to either tolerated (lower) or
cytotoxic (higher) doses for a more in-depth molecular analysis
of the mechanisms underlying the cellular responses to the drug,
focusing on the BCL-2 family and mTOR signaling pathways.
Immunoblotting analysis of cell lysates showed that in all of the
examined cell lines, cells responded to treatment with lower (tol-
erated) doses of sunitinib by markedly increasing the levels of
MCL-1. Treatment also induced mTORCI signaling, as indicat-
ed by increases in the phosphorylation levels of mTORCI targets
S6K1, S6, and 4E-BP1 (Figure 1, G-I, and Supplemental Figure 1,
E and F), but not mTORC?2 (as assessed by phosphorylation of
Akt at the serine 473 site). Interestingly, treatment with higher
(cytotoxic) doses of sunitinib exerted an opposite effect, trigger-
ing a decrease in MCL-1 levels and inhibition of mTORC1 signal-
ing as compared with control cells treated with vehicle (Figure 1,
G-I, and Supplemental Figure 1, E and F).

Besides its well-established roles in the regulation of apopto-
sis, MCL-1 has recently been shown to regulate autophagy. Over-
expression of MCL-1 has been shown to inhibit autophagy, while
downregulation of MCL-1 has been associated with the induction
of autophagy (22, 36-38). In addition, the mTOR pathway is an
established master regulator of autophagy (29). Consistent with
the dual effect of sunitinib on MCL-1 levels and mTOR activity
observed at tolerated versus cytotoxic doses, our analysis showed
that sunitinib exerts a dual effect on autophagy, as indicated by
changes in established markers of autophagy (protein levels of
p62/SQSTM1, a protein specifically degraded through autoph-
agy, conversion of LC3I to LC3II, and formation of GFP-LC3II
puncta: Supplemental Figure 2, A and B). Lower doses of sunitinib
increased p62 levels and thus inhibited autophagy — probably
through elevating MCL-1levels and inducing mTOR —while high-
er doses of sunitinib induced autophagy, which was concomitant
with decline in MCL-1 levels and mTOR inhibition (Figure 1, G-I).

Sunitinib enhances MCL-1 levels and induces mTOR activity in
vivo. We next sought to examine in a tumor xenograft model the
effect of sunitinib on BCL-2 family proteins and mTOR signal-
ing in vivo. Mice bearing established subcutaneous tumors from
injected HCT-116 cells were treated with either sunitinib or vehi-
cle for 10 days. Tumor growth was followed, and lysates prepared
from isolated tumors from both groups were analyzed by immu-
noblotting. Consistent with the observed effect of sunitinib treat-
ment in vitro, tumors isolated from animals treated with sunitinib
had significantly elevated levels of MCL-1 and active mTOR sig-
naling as compared with tumors from the control group (Figure
2A). In contrast, there was no difference in the protein levels of
BCL-2 and BCL-XL (Figure 2A). Notably, under these experimen-
tal conditions, sunitinib exerted an insignificant inhibitory effect
on tumor growth (Figure 2B).

Dual modulation of MCL-1 by sunitinib contributes to resistance
or sensitivity of cancer cells. The differential effect of sunitinib treat-
ment on MCL-1 and mTOR at tolerated versus cytotoxic doses
suggested that elevated MCL-1 levels and mTOR activation could
be a cellular response to antagonize the cytotoxic effects of suni-
tinib and prolong survival of cancer cells. To test this hypothesis,
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Figure 2. Sunitinib enhances MCL-1 levels and mTOR signaling in vivo.

(A) Immunoblotting analysis of the levels of BCL-2 family proteins and mTOR
signaling activity in HCT116 tumor xenografts isolated from mice treated daily
with either 30 mg/kg sunitinib or vehicle for 10 days. Blots presented are
derived from replicate samples run on parallel gels and controlled for even
loading. (B) In vivo growth of HCT116 tumor xenografts in mice treated as
above for the indicated time points. Error bars indicate SEM (n = 5 per group).
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we first examined the effect of MCL-1 depletion on the response
of cancer cells to tolerated doses of sunitinib. MCL-1, BCL-2, and
BCL-XL were individually knocked down using 2 different siRNAs
(Supplemental Figure 3A). As shown in Figure 3A and Supplemen-
tal Figure 3, A and B, upon sunitinib treatment, cells depleted for
either BCL-2 or BCL-XL showed no or little increase in cell death
compared with control cells. Cells depleted for MCL-1, however,
showed a strong increase in cell death in response to the same dose
of sunitinib, indicating that elevated MCL-1levels under those con-
ditions are crucial for survival and the observed tolerance of those
cells to sunitinib (Figure 3A and Supplemental Figure 3, A and B).
To further investigate this observation, we made use of induc-
ible Mcl1 KO mouse embryonic fibroblasts (MEFs) where tamox-
ifen treatment leads to deletion of Mcll and complete ablation
of MCL-1 protein (39). Sunitinib cytotoxicity was profiled, and a
cytotoxic threshold was identified in these MEFs in the presence
of MCL-1 (Supplemental Figure 4A). Cells were then treated with
a subtoxic dose of sunitinib (or DMSO as control) in the presence
or absence of tamoxifen. Consistent with the results obtained in
other cell systems, treatment with sunitinib at a dose lower than
the cytotoxic threshold led to increased MCL-1 levels (Supplemen-
tal Figure 4B). Mcl1 deletion upon tamoxifen treatment greatly
sensitized those MEFs to the same dose of sunitinib, which evoked
evident cell death only in MclI-ablated cells (Supplemental Figure
4, B and C). Mcli-deleted MEFs reconstituted with a construct
encoding WT MCL-1 did not show the same magnitude of cell
death upon treatment with sunitinib, further confirming the spe-
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cific role of MCL-1 in determining the response to sunitinib (Sup-
plemental Figure 4, B and C).

We next aimed at examining the effect of pharmacological
depletion of MCL-1 on the response to sunitinib. We made use
of the multikinase inhibitor sorafenib, which has been shown to
downregulate MCL-1 levels (19, 24). Cotreatment with a subtoxic
dose of sorafenib abolished sunitinib-induced MCL-1 elevation
(Figure 3B). We also tested ABT737, in combination with suni-
tinib, as a control for a drug targeting other BCL-2 family pro-
teins, but not MCL-1 (40). The sunintinib/ABT737 combination
did not alter MCL-1 induction (Figure 3B). Importantly, abolish-
ing sunitinib-mediated induction of MCL-1 by the combination
with a subtoxic dose of sorafenib was associated with a dramat-
ic sensitization to treatment with lower dose of sunitinib, while
neither of these treatments evoked apparent cell death (Figure
3C and Supplemental Figure 5, A and B). The sunintinib/ABT737
combination did not show such synergism, but if anything, suni-
tinib seemed to desensitize cells to ABT737 treatment, possibly
through MCL-1 stabilization, which is known to mediate resis-
tance to ABT737 (40, 41). Replating equal numbers of surviving
HCT116 cells from all the previous conditions in fresh medium
without drugs showed that the antiproliferative effect of the suni-
tinib/sorafenib combination was irreversible, as cells pretreated
with this combination could not recover and died within the ensu-
ing 48 hours, while cells from other treatments proliferated nor-
mally (Figure 3D). Consistently, a combination of sunitinib and
subtoxic doses of small molecule inhibitors obatoclax and TW-37,
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Figure 3. Dual modulation of MCL-1 levels contributes to resistance or sensitivity of cancer cells to sunitinib. (A) Percentage of cell death of U20S,
Bon-I, and HCT116 cells transduced with the indicated shRNAs (sh) and treated with either DMSO or sunitinib at 0.0625 uM (U20S), 0.125 uM (Bon-I), or
1.25 uM (HCT116) for 24 hours. (B) Immunoblotting analysis of MCL-1 levels in HCT116 cells treated for 24 hours with either DMSO or sunitinib (1.25 uM) in
the absence or presence of sorafenib (2.5 uM) or ABT737 (2.5 uM). (C) Percentage of cell death of U20S, Bon-I, and HCT116 cells treated with either DMSO
or sunitinib at 0.0625 puM (U20S), 0.125 uM (Bon-1), or 1.25 uM (HCT116) for 24 hours in the absence or presence of sorafenib (2.5 uM) or ABT737 (2.5 uM).
(D) Representative images of wash-out experiment of HCT116 cells treated as in C for 24 hours, followed by washing in PBS and replating equal numbers
of viable cells in fresh medium without drugs for the ensuing 48 hours. (E) Percentage of cell death of U20S, Bon-I, and HCT116 cells transfected with the
indicated constructs and treated with either DMSO or sunitinib at 1 puM (U20S), 5 uM (Bon-1), or 10 uM (HCT116) for 24 hours. Results are representative of

3 independent experiments. Error bars indicate SEM.

which target MCL-1, exerted synergistic cytotoxic effects on all
cancer cell lines tested (Supplemental Figure 5C).

As we observed that treatment with higher doses of sunitinib
induces a drop in MCL-1 levels, we next sought to investigate the
contribution of sunitinib-mediated decrease in MCL-1 levels to
the cytotoxic effect observed under these conditions. To this end,
comparable amounts of MCL-1 or BCL-2 and BCL-XL as control
were individually overexpressed. Cells were then treated with
doses of sunitinib above the cytotoxic threshold for each cell line.
MCL-1 overexpression imparted significant resistance against the
cell-killing effect of high doses of sunitinib (Figure 3E and Supple-
mental Figure 5, D and E), clearly confirming that the decrease in
MCL-1levels contributes to the cytotoxic effect of sunitinib under

those conditions. Taken together, our results establish a crucial
role for MCL-1 in mediating tolerance or cytotoxicity in response
to sunitinib treatment.

Differential modulation of mTOR activity by sunitinib contrib-
utes to resistance or sensitivity of cancer cells. We then sought to
explore the contribution of the observed activation of mTOR to
sunitinib response. Depletion of mTOR by shRNA sensitized cells
to treatment with tolerated doses of sunitinib, as indicated by the
increase in cell death in cells infected with mTOR shRNA com-
pared with control cells infected with scrambled shRNA (Figure
4, A and B, and Supplemental Figure 6, A and B). Notably, nTOR
depletion did not sensitize cells to another cytotoxic agent — tuni-
camycin — confirming the specificity of this effect to sunitinib

jci.org  Volume127  Number1  January 2017
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Figure 4. Dual modulation of mTOR signaling contributes to resistance or sensitivity of cancer cells to sunitinib. (A) Immunoblotting analysis of mTOR
signaling activity in HCT116 cells transduced with the indicated shRNAs and treated for 24 hours with either DMSO or sunitinib (1.25 uM). (B) Percentage of
cell death of U20S, Bon-I, and HCT116 cells transduced with the indicated shRNAs and treated with DMSO or tunicamycin (2.5 uM) as control and sunitinib
at 0.0625 pM (U20S), 0.125 pM (Bon-1), or 1.25 pM (HCT116) for 24 hours. (C) Immunoblotting analysis of mTOR signaling activity in HCT116 cells treated for
24 hours with either DMSO or sunitinib (1.25 uM) in the absence or presence of rapamycin (2.5 uM) or tunicamycin (2.5 uM). (D) Percentage of cell death

of U20S, Bon-I, and HCT116 cells treated with either DMSO or sunitinib at 0.0625 uM (U20S), 0.125 uM (Bon-I), or 1.25 uM (HCT116) for 24 hours in the
absence or presence of rapamycin (2.5 uM) or tunicamycin (2.5 uM). (E) Immunoblotting analysis of mTOR signaling activity in HCT116 cells plated in either
complete DMEM medium or starved in HBSS and treated with either DMSO or 1.25 uM sunitinib for 8 hours. (F) Percentage of cell death of U20S, Bon-|,
and HCT116 cells plated in either complete DMEM medium or starved in HBSS and treated with either DMSO or sunitinib at 0.0625 uM (U20S), 0.125 uM
(Bon-1), or 1.25 uM (HCT116) for 8 hours. Results are representative of 3 independent experiments. Error bars indicate SEM.
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treated with either DMSO or 1.25 uM (B) or 10 uM (C) sunitinib in the absence or presence of cycloheximide (20pg/ml) at the indicated time points.

(D and E) Quantification of the MCL-1 protein levels as assessed by the intensity of MCL-1 bands in cells treated as in B and C. Results are representative of
3 independent experiments. Error bars indicate SEM. (F) Endogenous MCL-1 was immunoprecipitated from HCT116 cells treated with either DMSO, 1.25 uM
sunitinib, or 10 uM sunitinib. The ubiquitination status of the immunoprecipitated MCL-1 protein was assessed in each condition. (G and H) MCL-1 protein
levels in HCT116 cells treated with either DMSO or 10 uM (G) or 1.25 uM (H) sunitinib in the absence or presence of MG132 (2.5 uM).

rather than predisposition to cytocidal stimuli per se. Depletion
of RAPTOR (but not RICTOR) sensitized cells to sunitinib in a
manner similar to mTOR depletion, indicating the predominant
involvement of mMTORC1in determining the response to sunitinib
(Supplemental Figure 6, C and D). Furthermore, pharmacologi-
cal inhibition of mTOR by subtoxic doses of rapamycin sensitized
cancer cells to sunitinib, with a much higher extent of cell death
as compared with cells treated with either agents alone or a com-
bination of sunitinib and tunicamycin used as control (Figure 4, C
and D, and Supplemental Figure 6, E and F). Washout and replat-
ing of treated cells showed that sunitinib/rapamycin cotreatment
evoked irreversible cytotoxic effects in HCT116 cells (Supple-
mental Figure 6G). Nutrient starvation is known to be a phys-
iologically relevant condition under which mTOR is markedly
inhibited. We exploited this approach to further assess the effect
of manipulating mTOR activity on the response to sunitinib. Our
results show that mTOR deactivation in cells cultured under
nutrient starvation conditions was associated with high sensitivi-
ty to treatment with sunitinib but not to tunicamycin (Figure 4, E
and F, and Supplemental Figure 6, H and I).

Since we observed that treatment with cytotoxic doses of
sunitinib was associated with mTOR inhibition, we next aimed
to study whether cell death observed under those conditions was
a result of mTOR inhibition or, conversely, mTOR inactivation
was caused by the decrease in cell viability. Cells constitutively
expressing an active form of mTOR or control cells were chal-
lenged with high doses of sunitinib. As shown in Supplemental
Figure 7, A and B, cells with active mTOR were more resistant
to the cytotoxic effect of sunitinib compared with control cells,
indicating that inhibition of mTOR by high doses of sunitinib
contributes to the induction of cell death.

mTOR activity is negatively regulated by the TSC, a heterodi-
mer of the polypeptides TSC1 and TSC2. mTOR activation follow-
ing TSC2 depletion renders cells resistant to high doses of suni-
tinib (Supplemental Figure 7, C and D), which further confirms
that inhibition of mTOR by high doses of sunitinib contributes to
the cytotoxic effects observed in these conditions.

Our results thus demonstrate that MCL-1 and mTOR are 2
major determinants of sensitivity as well as resistance to suni-
tinib. To further investigate the contribution of mTOR signaling
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Figure 6. Dual, concentration-range-dependent effect of sunitinib on GSK3p and ERK activity and MCL-1 phosphorylation. (A-C) Immunoblotting analy-
sis using the indicated antibodies of lysates prepared from U205 (A), Bon-I (B), and HCT116 (C) cells treated with the indicated concentrations of sunitinib
for 24 hours. Blots presented are derived from replicate samples run on parallel gels and controlled for even loading.

and MCL-1 to sunitinib resistance with another experimental
approach, we examined melanoma cell lines desensitized to suni-
tinib by continuous exposure to 20 uM sunitinib that was freshly
added to the culture medium every 3 days for 12 weeks (42). As
shown in Supplemental Figure 8, sunitinib-desensitized cells
exhibit higher levels of MCL-1 and mTOR activity as compared
with parental cells, further demonstrating the relevance of these
newly identified axes in the acquired resistance to sunitinib.
Sunitinib modulates MCL-1 levels by controlling its ubiquitylation
and proteasomal degradation. Next, we sought to get insight into
the molecular mechanisms by which sunitinib modulates the lev-
els of MCL-1. Since mTOR has been suggested to modulate the
levels of MCL-1 protein, we explored the involvement of mTOR
in sunitinib-induced MCL-1 modulation. Sunitinib treatment
enhanced MCL-1 levels in mTOR-depleted cells to levels similar
to those observed in control cells, suggesting no major role for
mTOR in this process (Supplemental Figure 9A). We decided to
apply a more systematic approach to determine whether sunitinib
modulates MCL-1 levels through transcriptional or translational
control or via regulation of MCL-1 degradation. Analysis of gene
expression by real-time quantitative PCR (RT-qPCR) revealed
no detectable changes in MCLI gene expression in HCT116 cells
treated with any dose of sunitinib compared with control cells
treated with DMSO (Figure 5A), ruling out transcriptional con-
trol as a mechanism of sunitinib-induced modulation of MCL-1.
We next investigated whether mRNA translation and protein bio-
synthesis play a role in sunitinib-induced modulation of MCL-1.
Inhibition of de novo protein synthesis by cycloheximide failed to
significantly modulate the increase or decrease in MCL-1 levels
in response to treatment with lower or higher doses of sunitinib,
respectively (Figure 5, B and C), ruling out a role for protein trans-
lation in this process. MCL-1 is a short-lived protein that relies on
de novo protein synthesis to maintain its levels. As shown in Fig-
ure 5, B and C, following cycloheximide treatment, MCL-1 levels
dropped readily in control cells treated with DMSO. However, in
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cells treated with tolerated doses of sunitinib, the half-life time
of MCL-1 protein was much longer than in DMSO-treated cells
(Figure 5, B and D). Conversely, in cells treated with high doses
of sunitinib, the half-life time of MCL-1 protein was much shorter
thanin DMSO-treated cells (Figure 5, C and E). Pulse-chase exper-
iments further confirmed these results (Supplemental Figure 9B).
Taken together, these results indicate that sunitinib at lower doses
presumably acts through increasing protein stability of MCL-1 or,
conversely, high doses of sunitinib accelerate the decline in MCL-1
levels through enhancing MCL-1 degradation.

The stability of MCL-1 is controlled mainly by the ubiquitin/
proteasome pathway (17). In fact, lower doses of sunitinib reduced
MCL-1 ubiquitination compared with DMSO-treated cells, while
treatment with high doses of sunitinib increased MCL-1 ubiqg-
uitination (Figure 5F). Moreover, inhibition of proteasome with
MG132 impaired the reduction of MCL-1 levels upon treatment
with high doses of sunitinib, while it had almost no effect on low
sunitinib-induced increases in MCL-1 (Figure 5, G and H). Collec-
tively, these results indicate that sunitinib modulates MCL-1 levels
by affecting its ubiquitination and proteasomal degradation.

Sunitinib modulates ERK and GSK3p activity to control MCL-1
levels and mTOR activity, thus regulating the response of cancer cells
to the drug. Phosphorylation of MCL-1 has been shown to modu-
late its ubiquitination, ultimately affecting its targeting to the pro-
teasome for degradation (43). MCL-1 phosphorylation at Ser159
by GSK3 has been shown to enhance MCL-1 ubiquitination and
proteasomal degradation (44). Conversely, phosphorylation of the
PEST domain of MCL-1 at Thr163 by ERK reduces its ubiquitina-
tion and enhancesits stability (45). Immunoblotting analysis of cell
lysates showed that tolerated doses of sunitinib induce phosphory-
lation of GSK3p and ERK, while high doses of sunitinib inhibit the
phosphorylation of both kinases (Figure 6, A-C). GSK3p activity
is inhibited by phosphorylation (46). Tolerated doses of sunitinib
therefore inactivate GSK3p and activate ERK, while higher doses
activate GSK3pB and inhibit ERK. Activation or inhibition of either
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Figure 7. Dual modulation of ERK phosphorylation contributes to modulation of MCL-1 phosphorylation and levels by sunitinib. (A) Immunoblotting
analysis with the indicated antibodies of lysates prepared from HCT116 cells treated for 24 hours with either DMSO or sunitinib (1.25 pM) in the absence or
presence of the MEK inhibitors UO126 (20 uM) or PD98059 (50 uM). (B) Percentage of cell death of U20S, Bon-I, and HCT116 cells treated with either DMSO
or sunitinib at 0.0625 uM (U20S), 0.125 uM (Bon-I), or 1.25 uM (HCT116) for 24 hours in the absence or presence of MEK inhibitors U0126 (20 uM), PD98059
(50 uM), INK inhibitor SP600125 (20 uM), or p38 inhibitor SB202190 (20 uM). (C and D) Immunoblotting analysis with the indicated antibodies of lysates
prepared from HCT116 cells transfected with the indicated constructs and treated with either 1.25 uM (C) or 10 uM (D) sunitinib for 24 hours. (E) Percentage of
cell death of U20S, Bon-I, and HCT116 cells transfected with the indicated constructs and treated with either DMSO or sunitinib at 1uM (U20S), 5 uM (Bon-I),
or 10 uM (HCT116) for 24 hours. (F) Immunoblotting analysis with the indicated antibodies of lysates prepared from MCL1 KO HCT116 cells transduced with
the indicated constructs and treated for 24 hours with either DMSO or sunitinib (1.25 uM). Blots presented are derived from replicate samples run on parallel
gels and controlled for even loading. (G) Percentage of cell death of MCL7 KO HCT116 cells transduced with the indicated constructs and treated for 24 hours
with either DMSO or the indicated concentrations of sunitinib. Results are representative of 3 independent experiments. Error bars indicate SEM.
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Figure 8. Dual modulation of GSK3p phosphorylation contributes to modulation of MCL-1 phosphorylation and levels and mTOR activity in response

to sunitinib. (A and B) Immunoblotting analysis of MCL-1levels and mTOR signaling activity in HCT116 cells transfected with the indicated shRNAs (A)

or pretreated for 1 hour with GSK3p inhibitor xii (20 pM) or GSK3 inhibitor viii (25 puM) (B) followed by treatment with either DMSO or 10 uM sunitinib for
24 hours. (C) Immunoblotting analysis with the indicated antibodies of lysates prepared from HCT116 cells transfected with the indicated constructs and
treated with 1.25 uM sunitinib for 24 hours. (D and E) Percentage of cell death of U20S, Bon-I, and HCT116 cells transfected with the indicated shRNAs (D)
or pretreated for 1 hour with GSK3p inhibitor xii (20 pM) or GSK3 inhibitor viii (20 uM) (E), followed by treatment with either DMSO or sunitinib at 1 uM
(U20S), 5 uM (Bon-1), or 10 uM (HCT116) for 24 hours. (F) Percentage of cell death of U20S, Bon-I, and HCT116 cells transduced with the indicated constructs
and treated with either DMSO or sunitinib at 0.0625 puM (U20S), 0.125 uM (Bon-I), or 1.25 uM (HCT116) for 24 hours. (G and I) Immunoblotting analysis
with the indicated antibodies of lysates prepared from MCL7 KO HCT116 cells transduced with the indicated constructs and treated for 24 hours with either
DMSO0 or 10 uM (G) or 1.25 uM (1) sunitinib. (H and J) Percentage of cell death of MCL1 KO HCT116 cells transduced with the indicated constructs and treated
for 24 hours with either DMSO or the indicated concentrations of sunitinib. Results are representative of 3 independent experiments. Error bars indicate
SEM. Blots presented are derived from replicate samples run on parallel gels and controlled for even loading.
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Figure 9. Modulation of MCL-1 levels and mTOR activity determines response to sunitinib in vivo and correlates with patient response. (A) In vivo
growth of tumor xenografts derived from HCT116 cells transduced with the indicated shRNA. After establishment of subcutaneous xenografts, mice were
kept on 1 mg/ml doxycycline supplemented in drinking water to induce shRNA expression and were treated daily with either 10 mg/kg sunitinib or vehicle
by oral gavage for the indicated time. Error bars indicate SEM (n = 6 per group). (B) In vivo growth of HCT116 tumor xenografts in mice treated with vehicle
or sunitinib (10 mg/kg administered daily by oral gavage) either alone or in combination with sorafenib (15 mg/kg administered daily by oral gavage),
obatoclax (2 mg/kg administered daily by i.v. injection), rapamycin (0.5 mg/kg administered daily by i.p. injection), or ABT737 (75 mg/kg administered daily
by i.p. injection). Tumor growth was followed for the indicated time points. Error bars indicate SEM (n = 6 per group). (€) Scores of immunohistochemical
analysis of MCL-1 and phosphorylated S6 (p-6) levels in tumor tissues derived from neuroendocrine tumor (NET) (patients 1and 2) and renal cell cancer
(patients 3-9) before and after treatment with sunitinib. Wilcoxon'’s signed rank test was used for statistical analysis, and a P value of less than 0.05 was
considered statistically significant. Scoring was done in a blinded manner. (D) Representative images of immunohistochemical analysis of tumor tissues
isolated from a renal cell cancer patient before and after treatment with sunitinib. Original magnification, x20.

GSK3p or ERK activity correlated with corresponding changes in
the levels of MCL-1 phosphorylation at Ser159 or Thr163, respec-
tively (Figure 6, A-C). To test whether modulation of GSK3B/ERK
activity mediates sunitinib-induced changes in MCL-1 levels, we
initially assessed the effect of pharmacological inhibition of ERK
activity on MCL-1 stabilization, combining MEK inhibitors with
sunitinib. As shown in Figure 7A, MEK/ERK inhibition using the
largely used compounds UO126 or PD98059 diminished suni-
tinib-induced MCL-1 stabilization and phosphorylation at Thr163.
Consistently, a combination of sunitinib with MEK inhibitors, but
not JNK or p38 inhibitors, enhanced sunitinib cytotoxicity (Figure
7B and Supplemental Figure 10, A and B). Treatment with titrat-
ed doses of the MEK inhibitor UO126 showed a close correlation
between the magnitude of impeding ERK activation and MCL-1
stabilization and the induction of cell death in cells treated with
sunitinib (Supplemental Figure 10, C and D). These results were
further confirmed by examining cells expressing a dominant neg-
ative MEK, in which sunitinib failed to increase MCL-1 Thr163

phosphorylation and to stabilize MCL-1 to the same magnitude
observed in control cells (Figure 7C). These results indicate that
the induction of ERK and subsequent MCL-1 phosphorylation at
Thr163 site contribute to MCL-1 stabilization by sunitinib. To test
whether ERK inhibition by high doses of sunitinib contributes to
the observed enhanced MCL-1 degradation, cells were transfect-
ed with a constitutively active form of MEK and then were treated
with high doses of sunitinib. Cells expressing the constitutively
active form of MEK did not show the extent of reduction in MCL-1
levels observed in control cells upon treatment with high doses of
sunitinib (Figure 7D), suggesting that inhibition of ERK contrib-
utes to MCL-1 degradation by high doses of sunitinib. Consistent
with decreased MCL-1 destabilization, overexpression of constitu-
tively active MEK decreased the cytotoxic effects of high doses of
sunitinib (Figure 7E and Supplemental Figure 10, E and F).

To further confirm the role of ERK activation in mediating
sunitinib-induced MCL-1 stabilization, we used MCLI-KO cells
reconstituted with either WT MCL-1 or with a MCL-1 mutant in

jci.org  Volume127  Number1  January 2017



RESEARCH ARTICLE

=)
/N

GSK3pB

f_/L

MCL-

Combinatorial
treatment

——

Rapalogs/
Starvation

mTOR

MCL-1
inhibitors

[ Sensitization ]

The Journal of Clinical Investigation

Sunitinib

(higher doses)
ERK GSK3B Beyond cell type- ERK GSK3$
specific threshold
MCL- mTOR MCL 1 mTOR
Resistance ] [ Sensitivity ]

Figure 10. Model of sunitinib-induced dual modulation of molecular targets and correlation with response. Schematic representation of the dual
modulation of ERK and GSK3p phosphorylation by different dose ranges of sunitinib and the subsequent modulation of MCL-1 levels and mTOR signaling
activity as determinants of overall sensitivity or resistance of cancer cells to sunitinib.

the Thr163 site that cannot be phosphorylated by ERK (MCL-1
T163A). Sunitinib treatment increased MCL-1 levels in MCLI-KO
cells reconstituted with WT MCL-1, but this increase was severely
reduced in MCL-1-KO cells reconstituted with MCL-1 T163A (Fig-
ure 7F). Consistently, MCL-1 T163A cells were more sensitive to
sunitinib (Figure 7G). Unlike cells reconstituted with WT MCL-1,
treatment of MCL-1 T163A cells with sunitinib and the MEK inhib-
itor did not increase cell death significantly, confirming that the
cooperative effect of the combination treatment is mediated by
modulation of MCL-1 levels (Supplemental Figure 10G).

We then aimed to investigate the role of GSK3p modulation in
determining the response to sunitinib. Upon treatment with high
doses of sunitinib, cells depleted of GSK3p (Figure 8A) or treated
with inhibitors of GSK3 (Figure 8B) showed a reduction in MCL-1
phosphorylation at Ser159 and increased MCL-1 levels compared
with control cells, indicating that activation of GSK3p by high dos-
es of sunitinib contributes to the phosphorylation and reduction in
MCL-1 levels observed under these conditions. Conversely, cells
overexpressing a constitutively active GSK3p showed an increased
MCL-1 phosphorylation at Serl59 and decreased stabilization
upon treatment with tolerated doses of sunitinib compared with
control cells (Figure 8C).

Interestingly, our results also showed that depletion or phar-
macological inhibition of GSK3 impaired mTOR inhibition upon
treatment with high doses of sunitinib, while overexpression of a
constitutively active GSK3p diminished mTOR activation by suni-
tinib at tolerated doses (Figure 8, A-C), suggesting that the differ-
ential modulation of mTOR by sunitinib at different dose ranges
is mediated by differential modulation of GSK3p activity. These
results are in line with previous findings that demonstrated that
GSK3B acts to inhibit mTOR activity (47).

Consistent with an essential role in mediating sunitinib-
induced modulation of mMTOR and MCL-1, GSK3p depletion or its
inhibition reduced cell death induced by high doses of sunitinib
(Figure 8, D and E, and Supplemental Figure 11, A-D), and con-
versely, cells overexpressing a constitutively active GSK3p were
more sensitive to low doses of sunitinib, with higher levels of cell
death (Figure 8F and Supplemental Figure 11, E and F).
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Mcl1-KO cells reconstituted with WT MCL-1 and treated with
high doses of sunitinib showed a greater decline in MCL-1 levels
and subsequent cell death than when reconstituted with MCL-1
carrying a mutation in the GSK3p phosphorylation site (MCL-1
S159A) (Figure 8, G and H). Moreover, MCL-I-KO cells reconsti-
tuted with a MCL-1 phosphomimetic mutant in the GSK3 phos-
phorylation site (MCL-1 S159D) were more sensitive to lower dos-
es of sunitinib than MCLI-KO cells reconstituted with WT MCL-1
(Figure 8, I and J). Finally, previous reports have implicated a role
for the E3 ligases FBW7 and B-TrCP in mediating MCL-1 degra-
dation upon phosphorylation by GSK3p. Knockdown of the 2 E3
ligases in sunitinib-treated cells suggested an essential role for
FBW7 in mediating MCL-1 degradation in response to high doses
of sunitinib (Supplemental Figure 12A).

These results suggest that both ERK and GSK3p mediate the
changes in MCL-1 levels induced by sunitinib at different doses.
Phosphorylation of MCL-1 by GSK3p upon treatment with sunitinib
was independent of phosphorylation by ERK, as cells cotreated with
sunitinib and the MEK inhibitor UO126 at different times showed
a marked inhibition of MCL-1 phosphorylation at Thr163, but no
significant changes in phosphorylation at Ser159 compared with
control cells treated only with sunitinib (Supplemental Figure 12B).

Taken together, these results indicate a critical role for the
modulation of GSK3p and ERK activity by sunitinib in the regula-
tion of MCL-1 stability and mTOR activity, and in turn, in mediat-
ing the cell response to the drug.

Synergism between sunitinib and inhibition of MCL-1 or mTOR
in vivo. Our in vitro results clearly demonstrated that inhibition
of MCL-1 or mTOR dramatically sensitizes different cancer cell
lines to sunitinib. We next sought to test the reproducibility of
these results in an in vivo setting. To this end, immune-compro-
mised mice were inoculated with HCT116 or ACHN cells trans-
duced with doxycycline-inducible shRNA targeted against MCL-1,
mTOR, BCL-2, or scrambled shRNA as control. Upon establish-
ment of the xenografts, doxycycline was added to drinking water
to induce the expression of the shRNA and mice inoculated with
each shRNA received either vehicle or suboptimal doses of suni-
tinib. Our results show that depletion of MCL-1 or mTOR, but not
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BCL-2, cooperated with sunitinib in impairing tumor growth (Fig-
ure 9A and Supplemental Figure 13A).

Finally, we attempted a clinically relevant approach for in vivo
studies, based entirely on the use of drugs, and we extended our xeno-
graft models to include (HCT116 or ACHN cells) 2 patient-derived
xenograft models. The tumor-bearing mice received vehicle or a sub-
optimal dose of sunitinib either alone or in combination with either
suboptimal doses of the mTOR inhibitor rapamycin or various MCL-
1 inhibitors (sorafenib, obatoclax, TW-37, or as control, ABT737). As
shown in Figure 9B and Supplemental Figure 13, B-D, coadministra-
tion of sunitinib in combination with rapamycin or the MCL-1 inhibi-
tors sorafenib, obatoclax, and TW-37, but not with ABT737, markedly
inhibited tumor growth as compared with mice receiving each agent
alone. Of note, no clinical signs of toxicity were observed in mice of
any of the groups, as indicated by absence of gross organ failure or
marked loss of body weight (Supplemental Figure 13E).

Collectively, those results are consistent with the in vitro
observations and indicate that inhibition of MCL-1 and /or mTOR
could be exploited clinically to enhance the antitumor activities of
sunitinib.

Modulation of MCL-1 and mTOR correlates with resistance of
patients to sunitinib treatment. To further explore the clinical rele-
vance of our results, we examined the levels of MCL-1 and phos-
phorylated S6 — as readout of mTOR activity — in tissue samples
(before and after sunitinib treatment) derived from patients that
were resistant to treatment with sunitinib. Immunohistochemical
analysis using antibodies validated for immunohistochemistry
(Supplemental Figure 13F) showed that the levels of both MCL-1
and phosphorylated S6 increased after sunitinib treatment (Wil-
coxon signed-rank test, P = 0.0391 and P = 0.0313, respectively;
n =9), further indicating the clinical relevance of the correlation
between resistance to sunitinib and posttreatment enhancement
of MCL-1 levels and mTOR activity (Figure 9, C and D, and Sup-
plemental Figure 14, A-C).

Discussion

Among recently introduced targeted therapies, sunitinib has
become the most commonly used first-line therapy for the treat-
ment of certain types of cancer. While it continues to be assessed
for treatment of other types of cancer, resistance to sunitinib has
emerged as the major hurdle for its clinical use. A marked per-
centage of patients are intrinsically resistant to sunitinib, and
those who show initial response eventually become resistant and
relapse, leading to a very modest overall therapeutic benefit.

A few studies have attempted to identify the molecular mech-
anisms of resistance of cancer cells to sunitinib. However, in most
cases, those studies relied on comparison of gene expression profiles
of sunitinib-sensitive versus -resistant cancer cells. This approach
is therefore not suitable for identifying other resistance mecha-
nisms that do not necessarily involve regulation of gene expression.
Additionally, in several of those studies, sunitinib was used in a con-
centration range above the levels pharmacologically achievable in
patients, raising doubts about the clinical relevance of these findings.

In the present study, we examined the response of cancer cells
to treatment with sunitinib, focusing on the adaptive molecular
responses that may enable cells to cope with and tolerate the cyto-
toxic effects of clinically relevant doses of sunitinib.
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Cellular stresses can trigger either prosurvival or prodeath
responses. Generally, in mild to moderate or brief stress condi-
tions (as possibly in the case of treatment with lower doses of suni-
tinib), cells attempt to sustain the stress by inducing prosurvival
pathways. But if the stress is overwhelming or prolonged (possi-
bly as in the case of high doses of sunitinib), prodeath pathways
are activated. Defining the factors that dictate the magnitude of
sunitinib-induced stress that cells can cope with by upregulating
prosurvival pathways from that considered overwhelming and
leading to cell death is intriguing. In this study, we focused on the
modulation of 2 crucial determinants of cell survival: the action of
antiapoptotic BCL-2 proteins and mTOR signaling. Our analysis
shows that cancer cells respond to treatment with sunitinib at dos-
es closer to the clinical range by enhancing the stability of MCL-1
protein and activation of mTOR signaling. Notably, under those
conditions, sunitinib elicits no or very little cytotoxic effects, in
agreement with previous studies that reported no evident cytotox-
ic effect of clinically relevant doses of sunitinib on renal cell car-
cinoma (33). Importantly, impeding either MCL-1 stabilization or
mTOR activation by various approaches greatly sensitized cancer
cells to clinically relevant doses of sunitinib. These results demon-
strate that MCL-1 stabilization and mTOR activation are prosur-
vival mechanisms induced in different cancer cells to antagonize
cytotoxic effects triggered by sunitinib.

Interestingly, our results also showed that higher doses of
sunitinib exerted opposite effects and led to MCL-1 destabiliza-
tion and mTOR inhibition, which correlated with evident cyto-
toxicity. Destabilization of MCL-1 and mTOR inhibition mediated
the cytotoxicity observed under those conditions, as overexpres-
sion of MCL-1 or constitutive activation of mTOR rendered can-
cer cells resistant to high doses of sunitinib. This dual mechanism
thus not only can contribute to resistance to sunitinib, but also can
represent a mechanism by which higher doses of sunitinib exert
cytotoxicity. Several reports have shown that cancer patients who
resisted and subsequently progressed in response to clinically
approved doses of sunitinib as well as during “sunitinib-off” peri-
od can be sensitized to sunitinib by escalating its dose (11, 48). Our
data shown here provide a potential molecular explanation for this
reported observation, as higher doses of sunitinib could shift the
response of tumor cells toward MCL-1 destabilization and mTOR
inhibition, with an increased anticancer effect.

Both mTOR and antiapoptotic BCL-2 proteins are crucial reg-
ulators of autophagy. mTOR is a master regulator of autophagy,
and MCL-1 has also been shown to inhibit autophagy through neg-
ative regulation of autophagy essential mediator beclin 1 (22, 36,
37). A few recent studies investigated the interplay between suni-
tinib and autophagy and led to different conclusions (49-52). Con-
sistent with the dual effects of sunitinib on mTOR and MCL-1, we
observed that sunitinib inhibits or induces autophagy in different
dose ranges specific for every cell line.

We further dissected the molecular mechanisms by which
sunitinib modulates MCL-1 levels and found that differential
modulation of ERK and GSK3p activity by different dose ranges
of sunitinib mediates the positive or negative modulation of MCL-
1 and ultimately determines sunitinib cytotoxicity. We also found
that sunitinib differentially modulates mTOR activity through dif-
ferentially tuning GSK3p activity.
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Collectively, these results suggest a model of the mechanism
of sunitinib-induced modulation of MCL-1levels and mTOR activ-
ity schematized in Figure 10 in which sunitinib-induced MCL-1
stabilization is mediated by ERK activation and GSK3p inhibition,
with the latter event also accounting for mTOR activation by suni-
tinib. Beyond dose thresholds that are cell-type specific, the differ-
ential effect of sunitinib on ERK and GSK3 is reversed, leading to
decline in MCL-1 levels and mTOR inhibition. However, the fac-
tors that control the differential effect on ERK and GSK3p activi-
ty and ultimately decide the final outcome of sunitinib on MCL-1
levels and mTOR signaling in each case remain to be identified.

Importantly, our results were reproducible in several types of
cancer, including human renal cell carcinoma, pancreatic neuro-
endocrine tumor, colorectal cancer, and osteosarcoma cell lines.
Sunitinib-desensitized melanoma cells exhibited higher MCL-1
levels and mTOR activity compared with parental cells. Further-
more, tumor xenografts isolated from mice treated with sunitinib
showed enhanced MCL-1 levels and mTOR activity compared
with control tumors from mice treated with vehicle. Inhibition
of MCL-1 or mTOR using shRNA or pharmacological inhibitors
greatly synergized with a lower dose of sunitinib in inhibiting
tumor growth in xenograft models. These results indicate that the
combination of sunitinib and mTOR or MCL-1 inhibitors is prom-
ising and warrants further investigation in a clinical setting.

Finally, our analysis of tumor samples derived from patients
that were resistant to sunitinib showed that the levels of MCL-1
and mTOR activity increased after treatment with sunitinib, fur-
ther suggesting the clinical relevance of our findings.

Taken together, our results indicate that dual modulation of
MCL-1 stability and mTOR signaling exerted by different dose
ranges of sunitinib is a major determinant of resistance or sensitiv-
ity of cancer cells to sunitinib. Our results also provide mechanistic
rationale for the previously reported synergism between sunitinib
and mTOR inhibitors identified through a systematic screening
approach (53) and suggest that a combination of sunitinib with
mTOR and/or MCL-1 inhibitors could prove clinically beneficial.

Methods

Reagents. Antibodies were purchased from the indicated sources and
used at a dilution of 1:1,000 unless otherwise described: anti-MCL-1
(clone S$-19), anti-p62/SQSTMI1 (clone H-290) (Santa Cruz Biotech-
nology Inc.); anti-mTOR, anti-pS6K1, anti-S6K1, anti-pS6, anti-S6,
pAKT (S473), anti-pMCL-1 (T163), anti-pGSK3p, anti-GSK3p,
anti-pERK, anti-ERK, anti-cleaved PARP, anti-cleaved caspase 3,
anti-cleaved caspase 7 (Cell Signaling Technology); anti-pMCL-1
(5159) (Abcam); anti-mouse MCL-1 (Rockland Immunochemical);
anti-BCL-2 and anti-BCL-XL, anti-caspase 3, anti-caspase 7 (BD
Biosciences); and anti-FLAG and anti-vinculin (Sigma-Aldrich, dilu-
tion 0f 1:10,000). Drugs were purchased from the following sources:
sunitinib, rapamycin, tunicamycin, cisplatin, cycloheximide (Sigma-
Aldrich); sorafenib, ABT737, obatoclax, TW-37, GSK3b inhibitor xii,
GSK3b inhibitor viii, U0126, PD98059, SP600125, and SB 202190
(Selleck Chemicals).

Tissue culture. HCT116, U20S, ACHN, A-498 (all obtained from
ATCC), and melanoma cell lines were grown in DMEM supplemented
with 10% fetal bovine serum and 2 mM L-glutamine. The human pan-
creatic neuroendocrine tumor cell line Bon-I was cultured in DMEM
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supplemented with 10% FBS, 1% PEST, and 1% sodium pyruvate. For
starvation experiments, cells were washed 3 times with PBS, pH 7.2,
and then incubated in HBSS. All cultures were maintained in a humid-
ified tissue culture incubator at 37°C in 5% CO,.

Immunoblotting. Total cell lysates were prepared by directly lysing
cells growing in culturing dishes or collected cell pellets in lysis buffer
(40 mM Hepes, pH 7.5,120 mM NaCl, 1 mM EDTA, 10 mM pyrophos-
phate, 10 mM glycerophosphate, 50 mM NaF, 0.5 mM orthovanadate,
and EDTA-free protease inhibitors [Roche] containing 0.3% CHAPS).
Lysates were prepared from frozen tumors using GentleMACS dissoci-
ator. Lysates were cleared by centrifugation at 13,000 g for 15 minutes
at 4°C, quantified using Bio-Rad DC Protein Assay Reagent followed
by mixing 1:1 with 4%SDS, 100 mM Tris.Cl, pH 6.8, 20% glycerol,
0.1% bromophenol blue, and 5% fB-mercaptoethanol added immedi-
ately before use and heating at 94°C for 7 minutes. Equal amounts of
proteins were then electrophoresed on 8%-15% SDS-PAGE gels. Gels
were run at 100 V (stacking gel) /150 V (separation gel) on a Protean
III apparatus (Bio-Rad). Gels were transferred onto nitrocellulose and
probed with the appropriate primary antibody for a variable incuba-
tion time depending on the experimental design, followed by the cor-
responding secondary antibodies diluted 1:5,000-10,000. The pro-
teins were visualized by enhanced chemiluminescence (ECL) using
ChemiDoc apparatus (Bio-Rad) according to the manufacturer’s
instructions. Areas of the blot around the visible bands were selected
to enhance the detection and resolution of the bands.

Immunoprecipitation. Precleared cell lysates were incubated for
2 hours with 4 pg of the indicated antibodies or control IgG under
constant rotation at 4°C. Then 25 pl of a 50% slurry of protein
G-sepharose was added and the incubation continued for another
hour. Immunoprecipitates captured with protein G-sepharose were
washed 4 times with the lysis buffer. Beads were finally collected by
centrifugation at 5,000 g for 2 minutes and brought up in of 20 pl of
sample buffer for further analysis.

RNA interference. shRNA pLKO.1 lentiviral constructs were
purchased from Open Biosystems. Target sequences were as fol-
lows: scrambled, GTGGACTCTTGAAAGTACTAT; MCL-1 no. 1,
GCCTAGTTTATCACCAATAAT; MCL-1 no. 2, GCTTCGGAAACT-
GGACATCAA; BCL-2 no. 1, GGGAGAUAGUGAUGAAGUA; BCL-2
no. 2, GAAGUACAUCCAUUAUAAG; BCL-XL no. 1, CCUACAAGC-
UUUCCCAGAA; and BCL-XL no. 2, GGAGGCAGGCGACGAGUUU.

Transfection of mammalian cells. HCT-116 cells were plated in a
10-cmdish and transiently transfected the next day using Lipofectamine
2000 reagent (Invitrogen) according to the manufacturer’s protocol.
Briefly, Lipofectamine 2000 was added to OptiMEM (Invitrogen). The
Lipofectamine 2000-OptiMEM mix was added dropwise to the plas-
mid/siRNAs and was allowed to settle for 15 minutes before it was add-
ed to cells. U20S, Bon-I, ACHN, and A-498 cells were electroporated
using Amaxa Nucleofection procedures. Briefly, cells were trypsinized,
pelleted, and resuspended in nucleofection buffer. Cell suspension (100
ml) was added to the plasmid mixture, transferred to a nucleofection
cuvette, immediately electroporated using program T-020, and seeded
in a 10-cm dish containing 8 ml of prewarmed medium.

Lentiviral transduction. The pLKO.1 vectors and package plasmid
were cotransfected into packaging HEK293T cells, and the viral super-
natants were collected, supplemented with polybrene (8 pg/ml), and
used to infect target cells in four 2-hour cycles of transduction over 2
consecutive days.
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MCLI KO. To knock out MCLI in HCT116 cells, a CRISPR/
Cas9 gene-editing system was used. The plasmids for CRISPR/
Cas9 were obtained from Addgene. The target sequence used was
CTCAAAAGAAACGCGGTAAT.

Quantification of cell proliferation. CellTiter Glo Luminescent Cell
Viability Assay (Promega) was used according to the manufacturer’s
protocol. Briefly, cells were plated in 96-well plates and treated 24
hours later with different doses of drugs in a total volume of 100 pl.
Twenty-four hours later, 100 pl of CellTiter Glo reagent was added to
the cells and incubated for 15 minutes at 37°C and luminescence was
measured using a Promega plate reader.

Quantification of cell death. Cells were harvested by trypsinization,
washed in PBS (pH 7.2), and then stained with propidium iodide (10
mg/ml) added immediately prior to analysis. Cell fluorescence was
then measured on a flow cytometer (FACSCalibur; BD) and analyzed
using CellQuest software.

Pulse-chase assay. HCT116 cells were washed twice with PBS
and then incubated in methionine/cysteine-free DMEM for 30
minutes, followed by incubation in labeling medium containing
200-500 upCi of [*S] cysteine/methionine for 2 hours at 37°C.
After labeling, the cells were chased with complete DMEM con-
taining 10% FBS and 2 M cold methionine at 37°C and were either
left untreated or were treated with sunitinib for the indicated time
points. MCL-1 was then immunoprecipitated from the lysates and
analyzed by autoradiography.

Immunohistochemistry. Formalin-fixed paraffin-embedded sam-
ples of human renal cell carcinomas were cut 5-pum thick on polarized
glass; unmasking for both antigens was made with Citrate for 30 min-
utes at 99° C; anti-Mcl1 was used at 1:200 concentration for 40 min-
utes; anti-pS6 was used at 1:800 concentration for 40 minutes. LSAB
2 System-AP (DAKO) and Vulcan Fast Red Chromogen Kit 2 (Biocare
Medical) were used as visualization systems according to the manu-
facturer’s recommended procedures. After H&E review, the positivi-
ty of tumor cells was recorded scoring the intensity of staining in the
most reactive area (absent/weak/moderate/strong scoring, respec-
tively, O, 1, 2 or 3). Scoring was done in a blinded manner.

Xenograft. Six-week-old NOD scid gamma (NSG) or nude CD1
mice received single subcutaneous flank injections of 5 x 10¢ HCT-
116, ACHN cells, or patient-derived melanoma cells diluted in 200 pl
saline. After the tumors were established, mice were randomized in
groups as indicated in the figure legend (Figure 9, A and B, and Supple-
mental Figure 13, A-D). Sunitinib was dissolved in 5% dextrose-water
and administered by daily gavage. The vehicle groups received dex-
trose-water vehicle. Tumor growth was monitored by bidimensional
measurements using a caliper.

Statistics. Results are representative of 3 independent experi-
ments. Results are expressed as the mean, and error bars indicate
SEM. The immunohistochemical data of MCL-1 and phosphorylated
S6 scores in biopsies isolated from patients was analyzed using Wil-
coxon’s signed rank test. A P value of less than 0.05 was considered
statistically significant.

Study approval. Experiments on animals were done in accordance
with Italian laws (D.L.vo 116/92 and following additions), which
enforce the EU 86/609 Directive (Council Directive 86/609/EEC of
November 24, 1986, on the approximation of laws, regulations and
administrative provisions of the Member States regarding the protec-
tion of animals used for experimental and other scientific purposes).
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Mice were housed according to the guidelines set out in Commission
Recommendation 2007/526/EC — June 18, 2007, on guidelines for
the accommodation and care of animals used for experimental and
other scientific purposes. The study was approved by the Ethics Com-
mittee of the European Institute of Oncology.
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