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Abstract
Renal cell carcinoma (RCC) is the predominant type of kidney cancer. Mammalian target of rapamycin
(mTOR) inhibitor everolimus is currently used as a second-line therapy for sorafenib or
sunitinib-refractory metastatic RCC patients. The clinical limitation confronted during everolimus
therapy is the onset of drug resistance that decreases the efficacy of the drug. Elevated level of
anti-apoptotic Bcl-2 protein is proposed to be an emerging feedback loop for the acquired
drug-resistance in various cancer types. In this study, the Bcl-2 inhibitor ABT-737 was used in
combination with everolimus to enhance its anti-tumor effectiveness in everolimus-resistant RCC cell
lines. Everolimus and ABT-737 combination synergistically led to a decrease in the proliferation of
primary site A-498 and metastatic site Caki-1 RCC cell lines, which was accompanied by a reduction in
protein levels of cell cycle and mTOR pathway proteins. In both RCC cell lines, everolimus-ABT-737
combination not only induced apoptosis, caspase and PARP-1 cleavage but also a decrease in Bcl-2
protein levels in parallel with a concomitant increase in Bim and Noxa levels.
In order to confirm our in vitro findings, we have generated everolimus-resistant RenCa cell line
(RenCares) to establish a RCC mouse xenograft model. Animals co-treated with everolimus and ABT-737
exhibited a complete suppression of tumor growth without any notable toxicity. This study thus
proposes the everolimus-ABT-737 combination as a novel therapeutic strategy for the treatment of RCC
to overcome the current clinical problem of everolimus resistance.
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Introduction
Renal cell carcinoma (RCC) is the prominent
malignancy of kidney and accounts for 2-3% of all
adult tumors (1). Histopathological analysis reveals
that clear cell RCC (ccRCC) comprises the majority
among the other RCC subtypes (2). It is a vascular
neoplasm with a high metastatic potential. Indeed, the
disease is mostly diagnosed at locally advanced stage,
where almost 20-30% of patients suffer from
metastasis (3). The identification of the molecular
aspects underlining the tumor-associated vasculature
of mRCC paved the way for the idea of the targeted

therapy. In this regard, the molecular agents targeting
the main signaling pathways playing a major role in
RCC tumorigenesis are currently used in clinic.
However, the acquired drug resistance is the main
clinical limitation leading to a decrease in disease-free
and cancer-specific survival outcomes (4). Therefore,
novel therapeutic approaches are required to improve
the anti-tumor effects of the molecular targeted agents
used in RCC treatment.
Dysregulation of phosphoinositide-3-kinase
(PI3K)/AKT/mTOR pathway is reported to be
http://www.jcancer.org
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responsible for RCC tumorigenesis (5). The PI3K/
AKT/mTOR pathway is an intracellular signaling
pathway regulating the crucial cellular processes
including growth, proliferation and survival. The
signaling cascade is activated by the binding of
growth factors such as insulin-like growth factor
(IGF), epidermal growth factor (EGF), plateletderived growth factor (PDGF), and vascular
endothelial growth factor (VEGF) to their receptor
tyrosine kinases (RTK) (6). Upon ligand binding,
RTKs are activated by auto-phosphorylation at their
cytoplasmic domain resulting in PI3K activation (5).
Once activated, PI3K catalyzes the formation of
phosphatidylinositol-3,4,5- trisphosphate (PIP3) that
recruits phosphoinositide-dependent kinase 1 (PDK1)
and AKT to cell membrane, where AKT is
phosphorylated and activated by PDK1 (7). Active
AKT indirectly regulates mTOR kinase activity by
phosphorylating and inhibiting TSC1/2 complex, an
inhibitor of mTOR kinase (8). mTOR is the serine/
threonine kinase catalyzing the phosphorylation of
downstream effectors such as the eukaryotic
translation initiation factor 4E binding protein 1
(4E-BP1) and 70kDa ribosomal protein S6 kinase 1
(S6K1) to initiate the synthesis of proteins including
Cyclin D1 and regulates HIF-1α activity (9, 10) and
hence acts as the main molecular switch for the
regulation of cell growth/proliferation and angiogenesis (11). Elevated HIF-1α protein level as well as
constitutive activation of mTOR pathway was
reported in solid tumors including breast and renal
carcinoma (12, 13). Therefore targeting mTOR kinase
activity provides a therapeutic advantage in cancer
treatment, where elevated PI3K/AKT/mTOR signaling is prevalent (14).
mTOR inhibitor everolimus, a derivative of
rapamycin, forms a complex with the cytoplasmic
FKBP12 protein (15) and abrogates the mTORmediated initiation of translation by binding to the
kinase FRB domain, which results in the attenuation
of the tumor cell growth, cell proliferation and
neovascularization (16). Following phase I and phase
II trials (17, 18), the use of everolimus for the
treatment of sorafenib/sunitinib-refractory mRCC
patients as a second-line therapy was approved by
FDA in 2009 (19). Although, consecutive phase III
studies conducted with mRCC patients revealed a
favorable risk-benefit ratio in comparison to tyrosine
kinase inhibitors, complete response was not achieved
within the patient groups (20, 21). High frequency of
patient relapse due to the development of drug
resistance is an important clinical limitation of
everolimus therapy (22, 23).
There are several feedback loops proposed for
the onset of everolimus resistance in RCC tumors,
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which coordinate the interplay between signaling
cascades to circumvent the mTOR inhibition (24). The
elevated level of anti-apoptotic Bcl-2 protein is
suggested to be one of the feedback loops as its
overexpression has been reported in hematological
disorders and solid tumors as well as in RCC in
association with the resistance to chemotherapy
(25-28). Bcl-2 family proteins are the main regulators
of the intrinsic apoptosis and clustered in three
distinct groups according to their functional roles in
the apoptotic process. The control of the apoptotic cell
death was mediated by the tug of war between the
opposing Bcl-2 family members through their
interactions via BH3 domains (29). The induction of
apoptosis is induced when pro-apoptotic members of
the family could overcome the inhibitory effect of
anti-apoptotic Bcl-2 proteins (30). In this regard,
ABT-737, a small BH3 mimicking molecule, was
developed to interrupt the interaction between antiapoptotic Bcl-2 and their pro-apoptotic counterparts
and thereby induce apoptosis (31, 32). The preclinical
use of ABT-737 in solid tumors such as lymphoma,
multiple myeloma, breast cancer, small cell lung
cancer and various hematological cancers have been
reported to be successful (33).
The aim of the present study was to enhance the
anti-tumor effect of everolimus as well as to overcome
the everolimus-resistance observed in RCC tumors by
combining everolimus with ABT-737. Therefore, in
vitro and in vivo experimental models were employed
to investigate the efficacy of the combination therapy
in RCC treatment.

Materials and Methods
Cell lines and inhibitors
The human RCC cell lines A-498, Caki-2, Caki-1,
ACHN, HEK-293 and mouse murine RCC cell line
RenCa were purchased from American Type Culture
Collections (ATCC). All cell lines were cultured in
appropriate media supplemented with 10% FBS
(Gibco), 100 units/ml penicillin (Gibco), and 100
μg/ml streptomycin (Gibco) and maintained in a
humidified incubator at 37ºC and 5% CO2.
Everolimus (S1120) and ABT-737 (S1002) were
purchased from Selleck Chemicals. Stock concentrations were prepared in DMSO and stored according to
the manufacturer’s protocol.

Analysis of cell viability and cell death
A-498, Caki-1, HEK-293 and RenCa cells were
serum starved for 4 hours prior to seeding into
appropriate cell culture plates. After 24 hours, cells
were treated with everolimus and/or ABT-737 for 24,
48 and 72 hours. At the indicated time points, cell
proliferation reagent WST-1 (Roche 11644807001) and
http://www.jcancer.org
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Annexin V-Fluos staining kit (Roche 11988549001)
were used to analyze the cell viability and cell death
according to the manufacturer’s protocol, respectiveely. The number of apoptotic cells was determined by
BD FACSCalibur (Becton Dickinson) flow cytometer.

Western blot analysis
Following the drug treatment, cells were scraped
in RIPA buffer (Santa Cruz Biotechnology) and the
whole cell lysates were sonicated. Samples were run
at 6-15 % SDS-PAGE and transferred to 0.22µm
nitrocellulose (Bio-Rad) or 0.45μm PVDF (Millipore)
membranes. Membranes were probed for the indicated target proteins using primary and secondary
antibodies as described before (34). 4E-BP1 (#9452),
Bax (#5023), Bcl-2 (#2870), Bcl-xL (#2764), Bim
(#2933), caspase 9 (#9502), CDK2 (# 2546), CDK4
(#12790), cleaved caspase 3 (#9664S), Cyclin D3
(#2936), Cyclin E1 (#4129S), Cyclin D1 (#2978S), Mcl-1
(#5453), mTOR (#2972), Noxa (#14766), p53 (#2524),
Puma (#4976), p27Kip1 (#3686), p70S6K (#9202),
pan-actin (#8456), PARP (#9542), p-4E-BP1 (#9455),
p-mTOR (#5536), p-p70S6K (#9205), p-S6 (#4858 and
#2215), and S6 (#2317) were purchased from Cell
Signaling Technology, β-Actin (A5316) from Sigma
Aldrich. The signal was detected by using Chemiluminescent detection kit (Advansta) and visualized by
ChemiDoc XRS+ (Bio-Rad). Adobe Photoshop CC
2014 was used to process the images. One
representative blot of at least three independent
experiments was shown in figures.

Generation of drug resistant RenCa cells
RenCa cells were initially grown in complete
RPMI-1640 (Sigma) medium containing 1 µM everolimus and sub-cultured in RPMI-1640 with increasing
concentration of everolimus (10 µM). After 72 hours of
drug treatment, dead cells were removed by washing
and remaining attached cells were cultured in 1 µM
everolimus containing growth medium until an
exponential proliferation in the presence of
everolimus was observed.

Mice xenograft model and pathological
analysis
6-8 weeks old male BALB/c mice were bred and
maintained in the animal facility of Yeditepe
University (Turkey) in accordance with and approved
by Animal Care and Welfare Committee of Yeditepe
University (Turkey, approval number #355). 15x106
RenCares cells were injected subcutaneously into the
dorsal side of mice. Following the fourth day of
inoculations, mice were treated every other day by
injection with vehicle control, everolimus (2 mg/kg),
ABT-737 (75 mg/kg) or the combination of
everolimus (2 mg/kg) and ABT-737 (75 mg/kg). After
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21 days of treatment, mice were sacrificed and organs
including brain, thymus, heart, lung, stomach, guts,
liver, kidney, spleen, and testis were isolated and they
were immediately stored in 10% formalin. Pathological analysis was performed according to
hematoxylin and eosin (H&E) staining (35).

Statistical analysis
All data were obtained at least from three to six
independent experiments and presented as the mean
± SD (error bars). The significant analysis of the
treatment groups was performed by one-way
ANOVA followed by Tukey post-hoc test using
GraphPad Prism 6 (GraphPad Software) for in vitro
experiments. Tumor weights of mice from different
treatment groups were analyzed by two-tailed
Student t-test. P value less than 0.05 was considered as
statistically significant.

Results
Combination of everolimus and ABT-737
drastically decreased cell proliferation in RCC
cell lines overexpressing Bcl-2.
Western blot analysis to determine the basal
Bcl-2 protein levels was performed in A-498, Caki-2,
Caki-1, and ACHN cells. Elevated level of Bcl-2 was
only found in the primary site A-498 and metastatic
site Caki-1 cells, leading to their use as in vitro cell
models for the study (Figure 1A).
Next, we determined the cytotoxic concentrations of everolimus and ABT-737 for A-498 and Caki-1
cells. Increasing everolimus concentrations led to a
decrease in the proliferation rate of both A-498 and
Caki-1 cells (Figure 1B and 1D), suggesting that
everolimus shows a cytostatic effect on these cell lines.
While treatment with ABT-737 showed a dosedependent cytotoxicity on A-498, an anti-proliferative
activity was seen in Caki-1 cells albeit more potent
than everolimus. A-498 cells exhibited 48% cell
viability after 72 hours of 5µM ABT-737 treatment,
when cell viability recorded for the vehicle-treated
A-498 cells at 24 hours were considered as 100%.
Decrease in the viability of A-498 cells was significantly pronounced upon 72 hours treatment with 10
µM ABT-737 (Figure 1C). When compared to A-498
cells, Caki-1 cells exhibited more resistant profile to
ABT-737 regimen. WST-1 results demonstrated that
Caki-1 cells treated with increasing doses of ABT-737
showed similar absorbance values recorded for the
control cells at 24 hours, suggesting a cytostatic effect.
When control cells reached to a 160% proliferation
rate at 72 hours, Caki-1 cells exposed to 5 µM and 10
µM ABT-737 showed an average of 110% proliferation
at 72 hours (Figure 1E).
http://www.jcancer.org
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Figure 1. Effect of everolimus and ABT-737 co-treatment on the proliferation of RCC cell lines. (A) Western blot analysis was performed to determine the basal levels of
anti-apoptotic Bcl-2 proteins in A-498, Caki-2, Caki-1 and ACHN cells. β-Actin was used as loading control. A-498 and Caki-1 cells in 96-well plates were treated with increasing
concentrations of everolimus (B and D) or ABT-737 (C and E) or DMSO (as control) for 24, 48 and 72 hours. The effect of monotherapies on cell proliferation was analyzed
by WST-1 assay and the proliferation rate for control cells was considered as 100% at 24 hours. (F) A-498 cells were exposed to 1 µM everolimus and/or 5µM ABT-737, and (G)
Caki-1 cells were subjected to 1 µM everolimus and/or 10 µM ABT-737 treatment for 24 to 72 hours. WST-1 assay was performed to analyze the effect of the combination
therapy on A-498 and Caki-1 cells. Absorbance values obtained for control cells treated with DMSO at the end of 24 hours was set to 100%. Graphs show the mean ± S.D. of
three independent experiments, each performed in triplicate. * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001.
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The combination of everolimus and ABT-737 at
fixed concentrations was synergistic for A-498
(combination index (CI), 0.32) and Caki-1 (CI, 0.685)
cells (Figure S1). Co-treatment with everolimus and
ABT-737 synergistically exhibited a cytotoxic effect on
A-498 (Figure 1F) and Caki-1 (Figure 1G) cells at all
time points. After treatment with the dual-drug
combination for 72 hours, cell viability recorded for
A-498 cells was 8% (Figure 1F), while the viability of
Caki-1 cells was decreased to 20% (Figure 1G).
Altogether this data demonstrated that the addition of
ABT-737 to everolimus treatment exerted a more
enhanced anti-cancer effect in Bcl-2 overexpressing
RCC cell lines.

Combination of everolimus and ABT-737
attenuated the cell cycle and mTORC1
signaling
In order to determine whether the anti-proliferative effect of everolimus and ABT-737 co-treatment
was mediated through changes in cell cycle dynamics,
cell cycle proteins were analyzed in A-498 and Caki-1
cells subjected to either monotherapies or combination therapy for 24 hours (Figure 2A). Treatment of
A-498 and Caki-1 cells with everolimus-ABT-737
combination diminished Cyclin D1 and Cyclin D3
protein levels (Figure 2A). Up to 5-fold reduction in
CDK4, Cyclin E1 and CDK2 levels in both cell lines
suggested that the combination of everolimus with
ABT-737 could potentially induce the cell cycle arrest
in the early G1-phase. Interestingly, a 7-fold decrease
in G1/S-phase inhibitor p27Kip1 protein was evident in
A-498 cells treated with DNA polymerase inhibitor
aphidicolin or ABT-737 mono- and combination
therapies. No change in p27Kip1 levels was observed
for Caki-1 cells after the drug treatments.
As the elevated activity of mTOR signal
transduction is reported to be associated with
tumorigenesis of advanced RCC, the effect of
everolimus-ABT-737 combination on mTOR pathway
was evaluated (36). A-498 and Caki-1 cells subjected
either to single or combinatorial regimens for 24 hours
showed no change in the basal mTOR levels, while
only a slight increase was observed in the active
phospho-Ser2448 mTOR levels (Figure 2B). In both
cell lines, the combination therapy successfully
inhibited the mTOR kinase activity as evidenced by
the complete suppression of phosphorylation of
mTOR kinase-downstream target proteins including
phospho-Thr389 p70S6K1 kinase and phosphoSer235/236 and -Ser240/244 S6 protein levels.
Concomitantly, the dual-drug therapy also blocked
phosphorylation of the translational repressors
4E-BP1 protein. Taken together, these findings
suggest that the inhibition of mTOR pathway by the
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combination treatment might contribute to the
decrease in survival rates for primary A-498 and
metastatic Caki-1 RCC cell lines.

Combination of everolimus and ABT-737
induced apoptotic cell death in A-498 and
Caki-1 cells
In order to determine whether everolimus and
ABT-737 combination synergistically induces an
apoptotic response in A-498 and Caki-1 cells, Annexin
V-PI staining was carried out in A-498 and Caki-1
cells treated with everolimus and/or ABT-737 for 48
hours. In Figure 3A and 3C, no induction of apoptosis
was observed in response to everolimus in both RCC
cell lines after 48 hours treatment. However, a significant increase in the number of Annexin V-positive
apoptotic A-498 cells was evident after ABT-737
monotherapy (Figure 3A). The increase in A-498
apoptotic cells was more pronounced when these cells
were subjected to the combination therapy (Figure
3A). Similarly, Caki-1 cells were more prone to cell
death once subjected to the combination therapy than
ABT-737 regimen alone (Figure 3C). At molecular
level, cleaved caspase 9 and caspase 3, the activators
of apoptotic cell death, were analyzed in A-498
(Figure 3B) and Caki-1 cells (Figure 3D) upon
ABT-737 monotherapy as well as everolimus-ABT-737
combination at 24 hours. Increased levels of cleaved
caspase 3 and 9 and PARP protein was evident in
response to ABT-737 suggesting that the Bcl-2
inhibitor alone or in combination with everolimus
triggers the apoptotic process in A-498 and Caki-1
cells.

Effect of everolimus-ABT-737 combination on
the expression levels of Bcl-2 family proteins.
Next, we examined the effect of everolimusABT-737 combination on Bcl-2 family proteins. In
both A-498 and Caki-1 cells, everolimus-ABT-737
treatment led up to a 80% decrease in the levels of
Bcl-2 and Bcl-xL proteins without affecting Mcl-1
protein expression (Figure 4A), which was in
correlation with apoptotic response.
The combination therapy further reduced p53
protein levels about 60% in both cell lines. Albeit to
the low p53 levels, a significant increase in the basal
BimL (~ 10 fold) and Noxa (~ 20 fold) levels was
recorded in A-498 and Caki-1 cells treated with
everolimus-ABT-737 combination (Figure 4B). These
data suggest that ABT-737 either alone or in
combination with everolimus could induce the Bcl-2
family-mediated apoptosis by inducing BimL and
Noxa expression in a p53-independent manner.

http://www.jcancer.org
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RenCares cells were generated to overcome
everolimus sensitivity of RenCa cells
Next, we determined the cytotoxic effect of
everolimus-ABT-737 combination on the mouse
murine RCC cell line, RenCa, which were frequently
used in in vivo xenograft RCC models (37). Increasing
concentrations of everolimus led to a dose-dependent
decrease up to 85% in the viability of RenCa cells
compared to non-treated control cells (Figure 5A),
underlining a possible everolimus sensitivity for this
cell line. RenCa cells also displayed retardation in cell
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growth when treated with the high concentrations of
ABT-737 (Figure 5B). To establish an everolimusresistant RenCa cell line (RenCares), cells were grown
in the presence of low everolimus concentrations. In
comparison to parental RenCa cells, RenCares cells
exhibited no decrease in cell proliferation rate when
subjected to increased everolimus concentrations
(Figure 5C). However, treatment of RenCares cell line
with 20 µM ABT-737 led to a significant 81% decrease
in the cell viability (Figure 5D) as a result of induced
cell death (Figure 5G) at 72 hours.

Figure 2. Inhibitory effect of everolimus and ABT-737 combination on cell cycle and mTORC1 complex. (A) A-498 cells were treated either with 1 µM everolimus and/or 5 µM
ABT-737 and Caki-1 cells were exposed to 1 µM everolimus and/or 10 µM ABT-737. After 24 hours of treatment, protein extracts of A-498 and Caki-1 cells were used to
determine the protein levels of CDK4, Cyclin D1, Cyclin D3, CDK2, Cyclin E1, and p27Kip1 by Western blot analysis. β-Actin was used as loading control. (B) Effect of the
combination treatment on mTOR pathway was investigated by the determination of protein levels of p-mTOR (Ser2448), mTOR, p-p70S6K (Thr389), p70S6K, p-S6
(Ser235/236), p-S6 (Ser240/244), S6, p-4E-BP1 (Ser65), and 4E-BP1 in A-498 cells treated with 1 µM everolimus and/or 5 µM ABT-737, and Caki-1 cells exposed to 1 µM
everolimus and/or 10 µM ABT-737 for 24 hours. β-Actin was used as loading control.
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Figure 3. Induction of apoptosis by the combination regimen of everolimus and ABT-737. Flow cytometry analysis was performed with A-498 cells (A) and Caki-1 (C) exposed
to everolimus and/or ABT-737 at indicated concentrations for 48 hours to analyze the effect of combinatorial drug treatment on cell death. The percentage of early apoptotic
(bottom right quarter) and late apoptotic (top right) cells was presented in the histogram images and the graphical representation of percentages for Annexin V-positive cells
(early and late apoptosis) was shown. Graphs represent percentage analysis of Annexin V-positive cells (n = 3). Each data point in bar graph represents the mean ± S.D. of three
independent experiments, each performed in triplicate. N.S. (not significant); *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001. The effect of drug treatments on apoptotic
proteins including caspase 9 and 3, and PARP were analyzed in protein extracts of (B) A-498 or (D) Caki-1 cells exposed to everolimus and/or ABT-737 for 24 hours.
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Figure 4. Effect of everolimus-ABT-737 combination on the expression levels of Bcl-2 family proteins. Total cell lysates of A-498 cells treated with 1 µM everolimus and/or 5 µM
ABT-737, and of Caki-1 cells exposed to 1 µM everolimus and/or 10 µM ABT-737 for 24 hours were used to determine the expression of (A) anti-apoptotic Bcl-2 family proteins
(Bcl-2, Bcl-xL, and Mcl-1), and (B) p53, Bim, Puma, Noxa, and Bax proteins. As loading control, β-actin was used.

Investigation of mTOR pathway in RenCares cells
revealed a decrease in the protein levels of mTOR
kinase downstream targets when compared to the
parental RenCa cells (Figure 5E). In support of our
hypothesis, an average of 3 fold increase in Bcl-2 and
Bcl-xL protein levels were observed in RenCares cells
(Figure 5F), suggesting that Bcl-2 overexpression
might be a key player in the development of
everolimus resistance.

Combination of everolimus and ABT-737
could enhance the anti-tumor effect of
everolimus
Using RenCares cells, an RCC xenograft BALB/c
mouse model was established to elucidate the
efficiency of combination therapy in vivo. The tumor
formation was observed in the control group and
groups subjected to the monotherapies (Figure 6A).
The animals in the everolimus cohort developed
smaller tumors than animals in the control and
ABT-737 cohorts (Figure 6A). Additionally, the
weight of tumors in the control group was

significantly higher than the weight of tumors in
everolimus cohort (Figure 6B). H&E staining of tumor
tissues revealed nuclear pleomorphism and the
histological architecture of RCC preserved in
xenografts, indicating the successful generation of
RCC xenograft mouse model (Table S1, Figure 6C).
Mice subjected to combination therapy did not
develop
any
tumors
suggesting
that
the
everolimus-ABT-737
combination
markedly
suppressed the tumor formation. In each animal
cohort, no change in the body weight of mice was
observed suggesting that injected doses of everolimus
and ABT-737 were tolerable (Figure 6D). In addition,
histopathological examination of brain, thymus, heart,
lung, stomach, spleen, liver, kidney, intestine, and
testis indicated no signs of toxicity or metastatic
lesions in any of the animal groups.
Collectively, our data suggest that Bcl-2 inhibitor
ABT-737 could potentiate the anti-tumor effect of
everolimus, when used in combination with
everolimus.
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Figure 5. Effect of everolimus and/or ABT-737 on RenCa and RenCares cells. (A) Everolimus response of parental RenCa cells was characterized by investigating the effect of
increasing everolimus concentration on cell viability at 24, 48, and 72 hours. (B) RenCa cells were subjected to increasing concentrations of ABT-737 at indicated time points. (C)
RenCares cells were subjected to increasing doses of everolimus for 24 to 72 hours to test acquired drug resistance by performing cell viability assay. (D) The response of RenCares
cells to ABT-737 monotherapy was investigated by cell viability assay upon the treatment of cells with various ABT-737 concentrations for indicated time points. Cell viability of
untreated parental and resistant control cells was considered as 100% for 24 hours and graphs show the mean ± S.D of three independent experiments, each performed in
triplicate. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001. (E) The effect of the acquired everolimus resistance on mTOR pathway was determined in cell lysates of RenCa
and RenCares cells by investigating the protein levels of p-mTOR (Ser2448), mTOR, p-p70S6K (Thr389), p70S6K, p-S6 (Ser235/236), p-S6 (Ser240/244), S6, p-4E-BP1 (Ser65),
4E-BP1. (F) Western blot analysis of Bcl-2, Bcl-xL, and Mcl-1 was performed with proteins isolated from RenCa and RenCares cells. β-Actin was used as loading control. (G)
RenCares cells exposed to 20 µM ABT-737 were used for Annexin-V/PI staining to determine the effect of ABT-737 monotherapy for 72 hours. The graph shows the percentage
of Annexin V-positive cells. Each data value represents the mean ± S.D. of three independent experiments, each performed in triplicate. *, P ≤ 0.05.
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Figure 6. Anti-tumor effect of everolimus and ABT-737 combination on RenCares xenograft mice model. BALB/c mice were randomized into four groups (n = 8) and
administered every other day with the vehicle control, 2 mg/kg everolimus, 75 mg/kg ABT-737 or the combination of single drug doses. (A) Representative pictures of tumors
isolated from each group after 21 days of treatment were shown. (B) Average weight of tumors from each cohort subjected to everolimus and/or ABT-737 treatment or control
was shown. Scatter blot represents the mean ± S.D. The significant analysis of tumor weights of control groups compared to treatment groups was performed by two-tailed
Student’s t-test. *, P ≤ 0.05; ****, P ≤ 0.0001. (C) Images are the representatives for hematoxylin and eosin staining of tumor tissue sections. (D) The graph shows the change of
mice body weight at the days of injection. Each data point in the graph represents the mean ± S.D. of body weights of eight mice in each group.
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Discussion
During the last decades, comprehensive research
has been performed to find out the molecular
mechanisms playing pivotal roles in RCC tumorigenesis. Everolimus, a molecular therapeutic, targets
specifically one of these molecular mechanisms and
was approved by FDA as a second-line therapy for the
mRCC patients refractory to sorafenib or sunitinib
therapy (19). The low survival rate and the acquired
resistance to everolimus are the clinical limitations
that represent an urgent need for the new therapy
strategies (21, 23). In the current study, we showed
that the combination of everolimus with the Bcl-2
inhibitor ABT-737 as a novel therapy enhanced the
anti-tumor effect of everolimus in vitro ad in vivo
models of RCC.
ABT-737 has been designed to suppress the
anti-apoptotic effect of Bcl-2 protein whose elevated
levels has been implicated in a number of solid
tumors (32). In support of the literature, we chose
primary site A-498 and metastatic site Caki-1 cells as
in vitro RCC models due to their expression of high
Bcl-2 basal protein levels. Our results suggested a
possible everolimus resistance for these RCC cell
lines, as no significant reduction in their cell viability
was observed upon everolimus regimen, which was
in consistence with the previous studies (38, 39).
While ABT-737 monotherapy significantly decreased
the proliferation of A-498 cells, only a cytostatic effect
was evident for Caki-1 cells indicating that the
overexpression of Bcl-2 might lead to ABT-737
resistance, which was also shown by Ni et al. in
hepatocellular carcinoma cell lines (40). In comparison
to monotherapies, everolimus-ABT-737 combination
synergistically diminished the viability of A-498 and
Caki-1 cells suggesting that ABT-737 enhances the
anti-tumor effect of everolimus. Neither monotherapies (Figure S2A and S2B) nor the combination
therapy (Figure S2C) resulted in a cytotoxic response
on human embryonic kidney HEK-293 used as control
healthy cell line.
One of the possibilities to explain the observed
reduction in cell viability as a result of the
combination therapy could be the inhibition of cell
cycle process. Supporting literature showed that the
decreased viability of non-small cell lung cancer
(NSCLC) and esophageal squamous cell carcinoma
cells was due to reduction in the levels of cell cycle
proteins including CDK2, Cyclin D1, CDK4, and
Cyclin E1 (41, 42). In agreement, we observed that the
combination therapy decreased the basal levels of cell
cycle proteins in both RCC cell lines. EverolimusABT-737 co-treatment led to the inactivation of mTOR
pathway through loss of its phosphorylated
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downstream target proteins including S6K, S6, and
4E-BP1. Supporting our data the depletion of p-S6
resulted in G1 cell cycle arrest in RCC cells subjected
to the combination of RAD001 and selumetinib,
MEK1 inhibitor (43).
ABT-737 alone or in combination with
everolimus triggered apoptosis in both A-498 and
Caki-1 cells as evidenced by the increased number of
apoptotic cells and detection of cleaved apoptosis
activators, caspase 9 and 3, which is in agreement
with the studies reporting the cell death-inducing
effect of ABT-737 treatment for small cell lung cancer
(SCLC) and thyroid carcinoma cell lines (44, 45). The
significant decrease we observed in the basal Bcl-2
protein levels was in correlation with the upregulated
BimL suggesting that ABT-737 led to the activation of
intrinsic apoptosis that was regulated by the complex
interplay between anti-apoptotic Bcl-2 and the BimL
and Puma. Additionally, our data showed an indirect
inhibitory effect of everolimus-ABT-737 combination
on Mcl-1 protein, which is triggered through
p53-independent protein expression of Noxa that
neutralizes Mcl-1 (46).
The validation of our in vitro findings using
RenCa xenograft mice model was not possible as
previous literature reported that RenCa cell
proliferation and viability was suppressed in response
to everolimus (37). Therefore, we generated RenCares
cells from the parental drug-sensitive RenCa cell line
for our in vivo studies. Analysis of mTOR in RenCares
cells showed that the phosphorylation of mTOR’s
downstream target proteins was completely
abolished, although no decrease in RenCares cell
viability was observed upon treatment with the
increasing concentrations of everolimus. Supporting
our hypothesis that the overexpression of antiapoptotic Bcl-2 protein might correlate with the
everolimus-resistance in A-498 and Caki-1 cells,
RenCares cells displayed increased levels of Bcl-2
protein when compared to the parental drug sensitive
RenCa cells, possibly giving a survival advantage to
RenCares cells, even when mTOR pathway was
abrogated. Indeed, a decrease in proliferation of
RenCares cells was detected as a result of increased
apoptosis upon treatment with Bcl-2 inhibitor
ABT-737. We could successfully establish an RCC
xenograft mouse model with RenCares cells as
evidenced by the palpable tumor growth in all
animals of the control cohort and monotherapy
cohorts albeit with a lower incidence. In comparison
to individual drug treatments, only everolimus-ABT737 combination could completely suppress the
growth of RenCares xenograft tumors. No evidence of
toxicity was found in any treatment groups as body
weight was not altered and no pathological change
http://www.jcancer.org
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was detected in the samples isolated. In agreement
with our findings, recent literature reported enhanced
therapeutic efficacy for the dual-drug combinations
without any adverse toxicity (47, 48). Several reports
in the literature also demonstrated the anti-tumor
response of rapalogs and ABT-737 combination in
lung cancer to overcome the acquired ABT-737
resistance observed in patients with SCLC (49, 50).
The combination of ABT-737 with rapamycin could
rescue the ABT-induced resistance in patient derived
xenograft (PDX) SCLC model (49). In addition to
SCLC, the therapeutic potential of rapamycin-ABT737 combination has been proposed to circumvent the
clinical limitation of the resistance against radiotherapy observed in NSCLC patients (50).
In summary, we showed for the first time that
targeting Bcl-2 protein by ABT-737 in a therapeutic
combination with everolimus enhanced the antitumor effect of everolimus shown by the regression of
RenCares tumor growth. According to these findings,
our study might open a new avenue for the clinical
evaluation of everolimus-ABT-737 combination to
provide a therapeutic benefit for the treatment of
advanced RCC patients.
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