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Introduction: mTOR and MDM2 signaling pathways are frequently deregulated in cancer
development, and inhibition of mTOR or MDM2 independently enhances carcinoma-cell
apoptosis. However, responses to mTOR and MDM2 antagonists in renal cell carcinoma (RCC)
remain unknown.

Materials and methods: A498 cells treated with MDM2 antagonist MI-319 and/or mTOR
inhibitor rapamycin were employed in the present study. Cell apoptosis and Western blot analysis
were performed.

Results and conclusion: We found that the MDM2 inhibitor MI-319 induced RCC cell apop-
tosis mainly dependent on p53 overexpression, while the mTOR antagonist rapamycin promoted
RCC cell apoptosis primarily through upregulation of HIF 1o expression. Importantly, strong
synergistic effects of MI-319 and rapamycin combinations at relatively low concentrations on
RCC cell apoptosis were observed. Depletion of p53 or HIF 1o impaired both antagonist-elicited
apoptoses to differential extents, corresponding to their expression changes responding to
chemical treatments, and double knockdown of p53 and HIF 1o remarkably hindered MI-319-
or rapamycin-induced apoptosis, suggesting that both p53 and HIF 1o are involved in MDM?2
or mTOR antagonist-induced apoptosis. Collectively, we propose that concurrent activation
of p53 and HIF1a may effectively result in cancer-cell apoptosis, and that combined MDM?2
antagonists and mTOR inhibitors may be useful in RCC therapy.
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Introduction

Renal cell carcinoma (RCC) leads to approximately 2% of all adult malignancies, and
accounts for over 90% of the kidney neoplasms. Recent statistics report that there are
predicted to be 65,000 new cases and 14,000 deaths in 2013 from RCC,' highlighting
the harm of this cancer. However, the pathogenesis of RCC and the signaling pathways
and genes associated with RCC remain unclear. The most common histologic subtype
of RCC is clear-cell RCC, and the majority of sporadic RCC patients have mutations or
epigenetic silencing of the VHL tumor-suppressor gene.? The best-characterized VHL
functions negatively regulate the HIFo. family of transcription factors (HIF 1o, HIF2q,
HIF3a) in an oxygen-dependent manner via its E3 ubiquitin ligase activity.>*

EGFR overexpression has frequently been identified in RCC, and EGFR signal-
ing is essential for malignant renal tubular cells.>® Downstream effectors of EGFR
signaling include the Ras/Raf/MAP kinase and PI3K/AKT pathways. PI3K signaling
leads to phosphorylation of AKT and the activation of protein translation initiation via
mTOR,” which have been widely investigated in RCC and other aggressive diseases.® !
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The mTOR protein kinase interacts with several proteins to
form two distinct complexes — mTORC1 and mTORC2 —
to regulate downstream-factor activity. mTOR integrates
extracellular growth signals with such cellular responses
as proliferation, autophagy, metabolism, cell growth, and
survival.!! mTOR activates HIF1o and inhibits neuronal
apoptosis in the developing rat brain.'>!* In contrast,
inhibition of mTOR activity suppresses the expression of
HIFlo, which determines sensitivity to mTOR inhibitors
in cancers.'*"® Deregulation of HIF 1ot appears to be essen-
tial to the disease process. These observations demonstrate
that HIFlo is tightly interacted with the mTOR signaling
pathway in cell survival and apoptosis. Blocking mTOR
signaling activity by rapamycin and its derivatives, which
are serine/threonine kinase inhibitors, has been revealed to
inhibit tumor-cell growth and induce cancer-cell apoptosis
in various cancers, including RCC.>'%'7 Two rapamycin
derivatives — RADO0O1 and CCI-779 — have demonstrated
promising antitumor activity with relatively minor toxic-
ity in early clinical trials in advanced cancer patients.'® %
Notably, CCI-779 has been examined as a single agent in
RCC, although with a low response rate (7%).2' Rapamycin
has shown additive or synergistic activity when combined
with other tyrosine-kinase inhibitors.?> Rapamycin also
enhances chemotherapy responses in breast cancer cells*
and overcomes EGFR resistance in non-small-cell lung
cancer cells.?* Therefore, the combination of mTOR inhibi-
tors and other antagonists may be more active than either
agent alone.

The tumor suppressor p353 is the most frequently mutated
gene in human cancers, and mediates cell-cycle arrest and
apoptosis in RCC.»%" p53 Transactivation is inhibited by
MDM2, a nuclear protein induced by p53, and MDM2 also
mediates p53 stabilization and degradation in p53-mediated
apoptosis.?®3% A large percentage of human tumors have
amplified MDM2, leading to p53 loss and tumorigenesis.*!
These observations implicate the importance of p53 and
MDM?2 feedback-loop interactions in regulating cancer
development. Inhibition of MDM2 by antagonists or deple-
tion of MDM2 expression induces apoptosis in leukemia
cells* and other kinds of carcinoma cells.**3* Although
MDM2 has been suggested to be a biomarker and potential
therapy target in RCC prognosis and treatment,** but the
role of MDM2 in RCC cells is not well understood. More-
over, dual inhibition of PI3K/mTOR could inhibit MDM?2
to enhance p53-mediated apoptosis in leukemia,® but the
cross talk between MDM2 and mTOR signaling pathways
in RCC is not clear either.

We hypothesized that the combination of an MDM2
inhibitor plus rapamycin might induce apoptosis in RCC
cell lines in a synergistic manner, which was proved at low
drug concentrations. We also explored the role of p53 and
HIF 1o, which act downstream of the MDM2 and mTOR
signaling pathways, to mediate antagonist-induced apoptosis
in a cooperative cross-regulated manner.

Materials and methods

Cell culture and treatment

The RCC cell line A498 (VHL-mutant) was originally
obtained from the American Type Culture Collection
(Manassas, VA, USA). A498 cells were grown in Roswell
Park Memorial Institute 1640 medium supplemented with
10% fetal calf serum. Cells were washed once with phosphate-
buffered saline and treated with indicated concentrations of
the MDM2 antagonist MI-319 (synthesized using previously
published methods)* and/or the mTOR inhibitor rapamycin
(Sigma-Aldrich Co, St Louis, MO, USA). The protocol in
the present study was reviewed and approved by the Human
Clinical and Research Ethics Committees.

Cell-apoptosis assay

Cells were plated in duplicate and treated with the indicated
drug for 48 hours. Percentages of apoptotic cells were deter-
mined by staining with propidium iodide, and the percent-
ages of sub-G, cells were considered apoptotic cells. Flow
cytometry was performed on a Beckman cytometer, and data
were analyzed using FlowJo software.

Western blot

A498 cells were washed and lysed in buffer containing
50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 1% NP-40,
0.5% docetaxel, 0.1% sodium dodecyl sulfate, 1 pg/mL
aprotinin, and 100 pwg/mL phenylmethylsulfonyl fluoride
supplemented with phosphatase-inhibitor cocktails (Sigma-
Aldrich). Samples were separated by sodium dodecyl sulfate
polyacrylamide-gel electrophoresis and transferred to poly-
vinylidene difluoride membranes. Membranes were blocked
in 10% nonfat milk phosphate-buffered saline buffer and
incubated with primary antibodies overnight at 4°C. ECL
Lightning Plus reagent (GE Healthcare, Little Chalfont, UK)
was used for protein detection. The primary antibodies used
in the experiments were p53 (Cell Signaling Technology Inc,
Danvers, MA, USA), HIFla (Novus Biologicals, Littleton,
CO, USA), p21 (Santa Cruz Biotechnology Inc, Dallas,
TX, USA), MDM2 (Santa Cruz Biotechnology), Bax (BD
Biosciences, San Jose, CA, USA), p-mTOR (Ser2448; Cell
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Signaling Technology), p-S6K (Ser389; Santa Cruz Biotech-
nology), and B-actin (Sigma-Aldrich).

siRNA

A498 cells were plated at 1x10° cells in 60 mm dishes.
Chemically synthesized small interfering RNAs (siRNAs)
were purchased from GeneChem (Montreal, Canada)
and transfected into A498 cells with Lipofectamine 2000
according to the manufacturer’s instructions (Thermo Fisher
Scientific, Waltham, MA, USA). The siRNA target sequences
were: human p53, 5-GCATCTTATCCGAGTGGAA-3’;
human HIFlo, 5-CCTATATCCCAATGGATGATG-3’;
and control siRNA, 5-CGTACGCGGAATACTTCGA-3".

Statistical analysis

Data are presented as means + standard deviation, and statisti-
cal evaluations were carried out using GraphPad Prism 5.0
(GraphPad Software Inc, La Jolla, CA, USA). For all tests,
three independent experiments were performed and similar
results obtained. Statistical significance was measured by
Student’s ¢-test, and levels of statistical significance was set
at *P<<0.05 and **P<0.01.

Results

Suppression of MDM2 induces cell
apoptosis and p53 upregulation in human
RCC cells

MDM2 overexpression has been associated with increased
metastasis and advanced disease in several cancers.’* MDM?2
is considered a risk factor and has clinical significance com-
bining with the p53 and BCL2 genes in RCC.*#! However,
the role of MDM2 in RCC remains unknown. We used an
MDM2 antagonist (MI-319) to treat RCC A498 cells for 48
hours, and then cell apoptosis was examined. As expected,
MDM?2 inhibition resulted in A498 cell apoptosis in a
dose-dependent manner (Figure 1A and B). The potentially
lethal activities of p53 are regulated by the proto-oncogene
MDM?2 3¢ To investigate the correlation between MDM2—p53
signaling and the mMTOR-HIF 1o cascade, the protein levels
of these pathway-related proteins and apoptosis-related Bax
were determined. We found that p53, p21, MDM2, and Bax
were remarkably upregulated, while p-mTOR and p-S6K
(Ser389) levels, which represent mTOR signaling activity,
were suppressed upon MI-319 treatment (Figure 1C and
D). However, the expression of HIF1ow was only slightly
increased by MI-319 stimulation. Therefore, blocking MDM?2
activity results in strong accumulation of p53 proteins and
efficient RCC cell apoptosis.

mTOR inhibition leads to apoptosis and
remarkable HIFl o upregulation in RCC

cells

mTOR signaling is overactivated in RCC, and inhibition of
mTOR leads to multiple kinds of cancer-cell apoptosis.*+
Therefore, the effects of mTOR inhibitors on RCC cell
survival, as well as its downstream signaling, were tested.
Similar to MI-319 treatment, the mTOR inhibitor rapamycin
induced cell apoptosis in a dose-dependent manner, and both
antagonists induced only <10% of apoptotic cells at 5 nM
(Figure 2A and B). Moreover, HIFlo, p21, and Bax were
strongly induced upon increased concentrations of rapamycin
treatment, and MDM2, p-mTOR, and p-S6K levels were
concurrently downregulated (Figure 2C and D). Interestingly,
p53 exhibited minor increased expression upon rapamycin
stimulation, and mTOR signaling activity downregulation
was more obvious than MI-319-elicited effects (Figures 1C
and 2C, D). Therefore, we concluded that mTOR-HIFlo
might be the major target of rapamycin-induced apoptosis.

P53 and HIFl o mediate antagonist-

induced apoptosis

To simply define the induction sensitivity of p53 and HIF 1o
expression by MDM2 and mTOR antagonists, we calculated
the p53- and HIFla-expression response to MI-319 or
rapamycin (Figures 1D and 2D), and found that both p53 and
HIF1a were enhanced by MI-319 or rapamycin, while p53
was more responsive to MI-319, HIF 1 oo was more responsive
to rapamycin treatment. Therefore, we hypothesized that
both p53 and HIFlo account for both antagonist-induced
apoptoses with division of labor. To test this, p53 and HIF Lo
were knocked down by their specific siRNAs (Figure 3B
and E). Then, the apoptosis of siRNA-transfected A498 cells
responding to MI-319 or rapamycin treatment was deter-
mined. p53 depletion antagonized MI-319- or rapamycin-
induced (20 nM for both inhibitors) apoptosis, while p53
siRNA displayed much stronger effect in antagonizing
MI-319-induced effects than rapamycin-elicited apoptosis
(Figure 3C and D). In contrast, HIF 1o depletion inhibited
rapamycin-induced apoptosis to a more apparent extent
than MI-319-elicited effects (Figure 3E and F). Combining
these results with p53- and HIF 1 o-expression changes upon
MI-319 or rapamycin treatment (Figures 1C and 2C), we con-
cluded that both p53 and HIF 1o may play essential roles in
the division of labor in MDM2 or mTOR inhibition-induced
apoptosis, depending on their expression-change response to
different stimulations in RCC cells.
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Figure | Inhibition of MDM2 induces cell apoptosis and p53 upregulation in human RCC cells.

Notes: *P<<0.05; **P<<0.01. (A) Apoptosis assays were performed to examine the A498 cell apoptosis responding to 5, 10, and 20 nM MI-319 for 48 hours; (B) percentage of
apoptosis. (C) Western blot analysis of p53, HIF o, p21, MDM2, Bax, p-mTOR (Ser2448), mTOR, p-S6K (Ser389), and B-actin levels responding to 5, 10, and 20 nM MI-319.
(D) Protein bands in (C) were quantified by densitometric analysis and normalized to B-actin.

Synergistic roles of MDM2 and mTOR

inhibition in RCC cell apoptosis

Inhibition of MDM2 or mTOR by their antagonists resulted
in strong RCC cell apoptosis at 20 nM, while the effect
was minor at lower concentrations. We asked whether the

mTOR inhibitor could cooperate with MDM2 antagonists to
generate stronger apoptosis effects at lower concentrations.
We treated A498 cells with 5 nM MI-319, 5 nM rapamy-
cin, or combinations of both inhibitors. Surprisingly,
synergistic effects of MDM2 and mTOR inhibitors were
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Figure 2 Inhibition of mTOR signaling leads to apoptosis and remarkable HIF I o upregulation in human RCC cells.

Notes: *P<<0.05; **P<<0.01. (A) A498 cell apoptosis responding to 5, 10, and 20 nM rapamycin for 48 hours was determined by cell-apoptosis assays; (B) percentage of
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Abbreviation: Rap, rapamycin.
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Abbreviations: siRNA, small interfering RNA; Rap, rapamycin.
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Notes: *P<<0.05; **P<<0.01. (A) A498 cells were treated with 5 nM MI-319, 5 nM rapamycin, or combinations of both inhibitors (5 nM for both antagonists) for 48 hours,
and apoptosis was determined. The proteins levels of p53, HIFl o, p21, Bax, and B-actin were determined by Western blot analysis (B) and quantified (C).

Abbreviations: Ml, MI-319; Rap, rapamycin.

observed, and the combination-induced apoptosis was
much more than the summation of the percentages of
single agent-elicited apoptosis (Figure 4A). Accordingly,
p53 and HIF l o expression was markedly enhanced by the
combination treatment accompanied by the upregulation
of Bax and p21 expression (Figure 4B and C). Therefore,
MDM2 and mTOR inhibition produces synergistic effects
in RCC cell apoptosis and upregulates both p53 and HIF 1o
expression.

The cooperative roles of p53 and HIFl o

in mediating antagonist-induced apoptosis
In view of the strong response of p53 and HIFla to con-
current inhibition of MDM2 and mTOR, the hypothesis
that p53 and HIF1a may play cooperative roles in MDM?2
or mTOR inhibition-induced apoptosis was tested. p53
siRNA and HIFla siRNA were transfected into A498
cells simultaneously, leading to the downregulation of both

proteins (Figure 5A). Then, the double-transfected cells
were treated with MI-319 or rapamycin (20 nM for both
inhibitors), and cell apoptosis was examined by apoptosis
assays. We found that either MI-319- or rapamycin-induced
apoptosis was substantially decreased by concurrent deple-
tion of p53 and HIFlo (Figure 5B). We also calculated
the percentage of p53- or HIF1ai-mediated apoptosis upon
MI-319 or rapamycin treatment. It was found that p53 and
HIF 1o are responsible for MI-319- or rapamycin-induced
apoptosis with more or less division of labor, whereas p53
and HIF 1o cooperatively account for over 70% of the both
antagonist-induced apoptosis. Collectively, p53 and HIFlo
play independent and cooperative roles in mediating MDMs
and mTOR antagonist-induced apoptosis.

Discussion
The present study demonstrates that combined inhibition
of MDM2 and mTOR provides more effective induced
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Abbreviations: siRNA, small interfering RNA; KD, knockdown; Rap, rapamycin.

apoptosis in RCC cell lines than either agent alone, and
that pS3 and HIF 1o cooperatively mediate the synergistic
effects elicited by MDM2 and mTOR inhibitors. More impor-
tantly, the proportions of p53- or HIF 1 o-mediated apoptosis
depend on their response sensitivity to MDM2-antagonist
or mTOR-inhibitor treatment. These results indicate that
multiple signaling pathways, such as MDM2 and mTOR
signaling, are involved in RCC cell survival and apoptosis
through activating different downstream effectors, including
p53 and HIF1o.

We showed that mTOR inhibition resulted in efficient
RCC cell apoptosis, mainly through upregulation of HIF 1.
Consistently, it has been reported that catalytic mTOR inhibi-
tion decreases cellular proliferation and induces apoptosis in
RCC cell lines.’ It has also been demonstrated that mTOR
inhibition induces a more robust induction of compensatory
MEK/ERK signaling.” Nonetheless, MEK/ERK signaling
is considered a cell survival-signaling pathway and can

be targeted with small-molecule kinase inhibition, result-
ing in enhanced therapeutic efficacy.” However, we found
that mTOR inhibition strongly enhanced HIF1o expres-
sion (Figure 2), and the upregulated HIFlo always acts
as an apoptosis inducer.* Elevated HIF 1o may disrupt the
downstream metabolic pathways and activate the apoptotic
pathway.* Depletion of HIFla significantly antagonized
mTOR inhibitor-induced apoptosis, suggesting that HIF 1o
is a negative regulator of the mTOR pathway in cell survival.
Although it has been reported that inhibition of mTOR
activity suppresses the expression of HIFo,'*!5 this may
result from a difference in cell types, especially for normal
somatic cells responding to hypoxia or cancer cells.'**
The oncogenic or tumor-suppressive effects of HIFa may
also depend on other signaling activities.* Here, at least
in RCC cells, anti-mTOR-induced HIFo showed antitu-
mor activity to induce RCC cell apoptosis. When mTOR
signaling activity is inhibited by rapamycin, inhibition of
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HIF 1o expression is released, resulting in HIF 1o upregula-
tion and consequent apoptosis. Moreover, rapamycin can
also increase p53-dependent apoptosis by inhibition of
MDM2 in cancer cells.* Consistently, rapamycin treatment
results in MDM2 downregulation and p53 upregulation in
RCC cells (Figure 2), and p53 also mediates a minority of
rapamycin-induced apoptosis (Figure 3). This demonstrates
that there is a cross-link between MDM2 and mTOR signal-
ing, emerging at key proapoptotic factors, such as p53 and
HIF1a. Therefore, rapamycin may induce cell apoptosis or
cell-cycle arrest, indicated by p21 increase through induction
of HIF1a, and Bax upregulation is the outcome of HIF 1o
induced apoptosis.

Although MDM2 has been found to be associated with
RCC disease,** the specific role of MDM2 inhibition in
anti-RCC remains unknown. Here, we first showed that an
MDM2 antagonist promotes RCC cell apoptosis in a dose-
dependent manner (Figure 1). As a classical downstream fac-
tor of MDM2, p53 stabilization and degradation is regulated
by MDM?2 in p53-mediated apoptosis.?®*3° To explore the
mechanism underlying MDM2 inhibitor-induced apoptosis,
p53 was preferentially considered. We found that p53 indeed
mediated large proportions of MI-319-induced apoptosis.
MI-319 induced the upregulation of p53, p21, MDM2, as
well as Bax, and a slight increase in HIF1o. Interestingly,
HIF 10 also mediated a minority of MI-319-elicited apoptosis
(Figure 3). It is possible that MI-319 triggers the apoptotic
pathway by upregulation of p53 and HIFlo, and MDM2,
Bax, and p21 upregulation is the molecular consequence of
cell-status alterations undergoing apoptosis. As for down-
regulation of the mTOR pathway, this could be explained
by the possibility that MI-319-induced p53 activation/
accumulation inhibits the activity of the mTOR-HIF 1o sig-
naling cascade.**’ These results further confirm the cross talk
between MDM2 and mTOR signaling pathways at distinct
emerging signaling cascades.

Notably, the synergistic effects of RCC apoptosis
upon combined MDM2-antagonist and mTOR-inhibitor
treatment were observed (Figure 4). It is widely known
that the combination of an mTOR antagonist with other
kinase inhibitors produces much stronger effects in cell-
proliferation suppression and proapoptosis and overcomes
chemical resistance.**>° The synergistic role of MDM2 and
mTOR inhibitors was observed at low concentrations, which
may produce minor toxicity and be convenient for therapy
applications. The combined use of an MDM?2 antagonist
and mTOR inhibitor may prevent RCC cell survival and
cancer progression. Concurrent depletion of p53 and HIF Lo

strikingly antagonized MI-319- or rapamycin-induced apop-
tosis, demonstrating the synergistic roles of p53 and HIF 1o
in mediating the two antagonist-elicited apoptoses. However,
depletion of p53 and HIFla did not fully block the antag-
onist-induced apoptosis (Figure 5A). This might have been
because of the incomplete knockdown efficiency and other
apoptosis-related pathways involved in this process. Although
there have been implications indicating a correlation between
p53 and HIF 1o regulation in apoptosis,’*? here we first
established the synergistic linkage between p53 and HIF 1o
downstream of the MDM2 and mTOR pathways, which has
clinical significance for understanding the mechanism of
potential anticancer agents. Recently, mTOR has emerged
as an attractive cancer-therapy target, while resistance to
mTOR inhibitors in RCC cells severely impairs the efficiency
for cancer therapy. Several potential mechanisms leading to
resistance to mTOR inhibitors have been proposed, including
activation of the HIF pathway.>* According to our current
observations, the combination of MDM2 inhibitors with
mTOR inhibitors may overcome or impair resistance to
mTOR inhibitors in RCC chemotherapy.

Previously, it has been revealed that the effects of mMTOR
inhibition or combination with other kinase inhibitors are
influenced by the mutational states of VHL. Wild-type or
VHL-mutant RCC cells display different apoptotic sensitivity
to these antagonists.> Here we found that combination of an
mTOR inhibitor and MDM2 antagonist efficiently induced
VHL-mutant A498 RCC cell apoptosis at relatively low
concentrations (Figure 4). We also tested this combination
effect in wild-type RCC7 cells, and synergistic effects were
also observed (data not shown). We primarily suggest that
the combination of mTOR and MDM?2 inhibition induces
RCC apoptosis independently of HL-mutation states, which
needs to be fully elucidated in future. Besides, both p53 and
mTOR are involved in the autophagy pathway, favoring the
adaptation and survival of cells,**¢ but here both MI-319
and rapamycin treatment elicited a large percentage of cell
death, accompanied by cell disassembly (data not shown).
Therefore, MI-319 and rapamycin treatment is not likely to
activate the autophagy pathway.

In summary, our study demonstrates that inhibition of
MDM2 or mTOR signaling leads to effective RCC cell
apoptosis, and combination of MDM2 and mTOR antago-
nists’ results in more cell apoptosis at low concentrations.
MDM?2 inhibition acts mainly through upregulation of
p53 to promote apoptosis, and the increased p53 may also
inhibit the mTOR pathway to promote HIF 1o expression
and apoptosis. Alternatively, mTOR inhibition promotes
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apoptosis through enhancing HIF 1o expression, and the
mTOR inhibitor rapamycin may also repress MDM2 signal-
ing to promote apoptosis (Figure 5D). Suppression of the
mTOR and MDM2 signaling pathways promotes RCC cell
apoptosis through concurrent activation of p53 and HIF 1o
through direct or indirect pathways, and the integrated output
signaling activity synergistically results in cancer-cell apop-
tosis. The striking effects of combined MDM2 antagonists
and mTOR inhibitors provide a novel potential therapeutic
strategy for RCC treatment.
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