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Loss of Von Hippel-Lindau in renal carcinoma cells results in upregulation of

the activity of hypoxia-inducible factor (HIF-a), a major transcription factor

involved in kidney cancer. Rapamycin as mammalian target of rapamycin inhi-

bitor and 5-aminoimidazole-4-carboxamide-riboside (AICAR) as AMPK acti-

vator are used separately to treat cancer patients. In the current study, the

possible additive effect of drug combinations in reducing kidney tumorigenesis

was investigated. Treatment with drug combinations significantly decreased cell

proliferation, increased cell apoptosis, and abolished Akt phosphorylation and

HIF-2a expression in renal cell carcinoma cells, including primary cells isolated

from kidney cancer patients. Significant decreases in cell migration and invasion

were detected using drug combinations. Drug combinations effectively abol-

ished binding of HIF-2a to the Akt promoter and effected formation of the

DNA-protein complex in nuclear extracts from 786-O cells, as demonstrated

using electromobility shift assay and examination of Akt promoter activity.

Importantly, we tested the effect of each drug and the combined drugs on kid-

ney tumor size in the nude mouse model. Our data show that treatment with

rapamycin, AICAR, and rapamycin+AICAR decreased tumor size by 38%,

36%, and 80%, respectively, suggesting that drug combinations have an addi-

tive effect in reducing tumor size compared with use of each drug alone. Drug

combinations effectively decreased cell proliferation, increased apoptotic cells,

and significantly decreased p-Akt, HIF-2a, and vascular endothelial growth

factor expression in tumor kidney tissues from mice. These results show for the

first time that drug combinations are more effective than single drugs in reduc-

ing kidney tumor progression. This study provides important evidence that

may lead to the initiation of pre-clinical trials in patients with kidney cancer.

1. Introduction

Renal cell carcinoma (RCC) is one of the most lethal

kidney cancers in the USA (Kabaria et al., 2016). RCC

represents a class of renal epithelial tumors with distinct

histological subtypes, including clear cell, papillary and

chromophobe renal carcinoma, and renal oncocytomas;

histological classification has critical implications for
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prognosis and treatment (Muglia and Prando, 2015).

Approximately 50% of patients with metastatic RCC

have a survival rate of < 1 year (Muglia and Prando,

2015). Although most RCCs occur sporadically, several

genes have been linked to an inherited predisposition to

kidney cancer; these genes may also play a role in spo-

radic renal cancer (Muglia and Prando, 2015; Schmidt

and Linehan, 2016).

Loss or inactivation of the tumor suppressor gene

Von Hippel-Lindau (VHL) in renal cancer cells results

in high levels of hypoxia-inducible factors (HIF) activ-

ity, a major transcription factor involved in kidney

tumorigenesis (Riazalhosseini and Lathrop, 2016).

Increased basal HIF-1a and HIF-2a can stimulate

angiogenesis and promote the development of RCCs

and hemangioblastomas (Cuvillier, 2017). Although

HIF-1a and HIF-2a seem to be regulated similarly,

evidence suggests that the two a subunits exhibit dis-

tinct roles in hypoxic expression and activation of tar-

get genes (Franovic et al., 2009; Majmundar et al.,

2010). HIF protein expression is regulated by various

stimuli, including changes in cellular oxygen concen-

tration, growth factors, and oncogenic activation or

loss of tumor suppressor gene function (Carroll and

Ashcroft, 2006; Samanta et al., 2014). Overexpression

of HIF-1a and HIF-2a leads to the upregulation of

genes involved in proliferation, angiogenesis, and glu-

cose metabolism, and is associated with tumor pro-

gression in several cancers including RCC (Gordan

et al., 2008; Rankin and Giaccia, 2008). Under normal

oxygen tension, the a subunits are hydroxylated at

conserved prolyl and asparaginyl residues and are tar-

geted for degradation by the VHL ubiquitin E3 ligase

complex (Safran and Kaelin, 2003).

Akt, or protein kinase B (PKB), is a major survival

protein kinase involved in several types of cancers

(Ackah et al., 2005; Altomare and Testa, 2005; Bago

et al., 2016; Brunet et al., 1999; Calamito et al., 2010).

Akt phosphorylated by propidium iodide (PI)-3K at

Ser473 phosphorylates/inactivates TSC2, which leads to

the activation of the mammalian target of rapamycin

(mTOR; Sarbassov et al., 2005). mTOR is constitu-

tively activated in many types of human cancers

(Dowling et al., 2010; Inoki et al., 2005; Thoreen

et al., 2009; Wagle et al., 2014a,b). Activation of the

Akt/mTOR signaling pathway positively regulates HIF

(Woo et al., 2015), making mTOR inhibitors attractive

anticancer agents. The use of mTOR inhibitors in the

treatment of various types of cancer has been actively

studied both preclinically and clinically (Jacinto et al.,

2004; Mayer and Grummt, 2006; Pan et al., 2017; Sar-

bassov et al., 2006). On the other hand, AMP kinase

(AMPK) is the primary energy sensor in cells that

activates tumor suppressor genes to block HIF activity

(Tong et al., 2011). The AMPK activator 5-aminoimi-

dazole-4-carboxamide-riboside (AICAR) inhibits the

growth and survival of cancer cells (Guo et al., 2009).

We recently reported that inhibiting mTOR with rapa-

mycin or activating AMPK with AICAR upregulates

the DNA repair pathway in kidney cancer cells and in

the TSC2+/� mouse model. These data suggest one

mechanism whereby rapamycin might inhibit the for-

mation and progression of kidney cancer through acti-

vation of DNA repair pathway (Habib et al., 2010a,b).

Rapamycin and AICAR have been approved for the

treatment of several diseases including cancer, and

each is currently being used in clinical studies. Here,

we investigated the possibility of combining rapamycin

and AICAR to inhibit additively the Akt/HIF-2/

VEGF pathway and reduce kidney tumor progression

in athymic nude mice injected with 786-O cells (under

the kidney capsule) compared with treatment with

each drug alone.

2. Materials and methods

2.1. Cell culture

2.1.1. Renal cancer cells

Human VHL-deficient (786-O) and ACHN cells were

grown in Dulbecco’s modified Eagle’s medium

(DMEM) containing 10% FBS, 5.5 mM glucose, 100

units�mL�1 of penicillin, 100 lg�mL�1 of streptomycin,

and 2 mmol�L�1 of glutamine. Cells confluences at

about 80% were growth-arrested overnight in serum-

free DMEM before experiments.

2.1.2. Cell treatment

HRCC, 786-O, and ACHN cells were grown to 80–
90% confluence in 60-mm Petri dishes. Cells were trea-

ted with serial concentrations of AICAR (0, 2, 4,

10 mM), rapamycin (0, 20, 40, 100 nM) or drug combi-

nations (0/0, 2/20, 4/40, 10/100, mM/nM, AICAR/ra-

pamycin) for 72 h. Cells were treated with drug

combinations (2 mM/20 nM, AICAR/rapamycin) for

24, 48, and 72 h. AICAR was obtained from Cayman

Chemical (Ann Arbor, MI, USA) and rapamycin from

Sigma-Aldrich (St. Louis, MO, USA). The cells were

lysed in lysis buffer and used for Western blot analysis

(Simone et al., 2008).

2.1.3. Thymidine assay

3H-thymidine incorporation assay was performed on

786-O and ACHN cells treated with serial
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concentrations of rapamycin, AICAR or drug combina-

tions as described above for 72 h, or drug combinations

(2 mM/20 nM, AICAR/rapamycin) for 24, 48, and 72 h.

Cells were washed twice with PBS and then fixed with

trichloroacetic acid (TCA) for 30 min at room tempera-

ture. TCA was aspirated and the precipitate was lysed in

1 M NaOH for another 30 min and neutralized with 1 M

HCl. The cell lysates were transferred into vials con-

tained 5 mL liquid scintillation counting solution and
3H-thymidine incorporation was counted using a beta

scintillation counter.

2.1.4. Flow cytometric analysis of apoptosis

The apoptotic cells were measured using annexin V-

FITC conjugated to PI by flow cytometry. Serum-

starved 786-O and ACHN cells were treated with serial

concentrations of rapamycin, AICAR or drug combi-

nations for 72 h. Harvested cells were assayed for

apoptosis using an annexin V-FITC apoptosis detec-

tion kit (Calbiochem, Burlington, MA, USA) as previ-

ously described (Velagapudi et al., 2011). To prepare

samples for flow cytometry, cells were gently washed

two times with annexin-binding buffer. To each plate,

0.5 mL of trypsin (0.05%) was added, and the plates

were incubated until the cells appeared detached by

microscopic evaluation. Cells were released from the

plate by gentle tapping and added to the collected cells

from the medium. Cells were suspended in cold bind-

ing buffer and stained with annexin V-FITC and PI.

Analysis was conducted for 20 000 cells using a flow

cytometer with CELL QUEST software (Becton-Dickin-

son, Rutherford, NJ, USA).

2.2. Western blot analysis

Homogenates of kidney tumor tissues or cell lysates

were prepared as previously described (Abuaboud

et al., 2017). Protein concentrations were determined

with the Bradford assay (Bradford, 1976) using BSA

as a standard. Western blot analysis was performed as

previously described (Habib et al., 2010a,b). Phospho-

Akt at Ser473, Akt, proliferating cell nuclear antigen

(PCNA), cyclin D1, HIF 1/2-a, and caspase 3 antibod-

ies were from Cell Signaling Technology (Danvers,

MA, USA). PARP, VEGF, actin, and GAPDH anti-

bodies were obtained from Santa Cruz Biotechnology

(Santa Cruz, CA, USA). An enhanced chemilumines-

cence kit (Amersham, Piscataway, NJ, USA) was used

to identify protein expression. Expression of each pro-

tein was quantified by densitometry using National

Institutes of Health IMAGE 1.62 software and normal-

ized to a loading control.

2.3. Construction of Akt promoter-luciferase

reporter plasmid containing HIF-2a binding sites

We have cloned a section of the Akt promoter region

(�1 to �1991 relative to translational start site) that

contains a potential binding HIF-2a site into the luci-

ferase reporter vector (pGL3). Forward primers were

used as: 50-GGTGCCCGAAGCTTCCGCGACGCT-30

and reverse primers as: 50-GGCCACAGAGCTCCT

CAGCAGTCCCAG-30. Akt promoter reporter plas-

mid was used to determine the transcriptional activity

of the HIF-2a gene (Dihlmann et al., 2005). A Renilla

reporter plasmid was used as transfection control.

Plasmids were transfected into 786-O or HRCC cells

using the LipofectAMINE and Plus Reagent method

(Life Technologies, NY, USA). LipofectAMINE was

added to the complex of DNA and Plus reagent and

incubated for 15 min at room temperature. DNA and

Plus reagent–LipofectAMINE complexes were added

to each well and incubated at 37 °C with 5% CO2.

After incubation for 3–4 h, 1 mL of fresh media with

20% serum was added to a final concentration of

10%. Cells were pretreated with rapamycin (20 nM),

AICAR (20 mM) or drug combinations for 72 h. At 48

h after transfection, cells were harvested for Firefly

and Renilla luciferase assay using the Dual-Luciferase

Reporter assay kit (Promega, Madison, WI, USA).

Luciferase activity was determined using the Luciferase

Reporter Assay System by a luminometer according to

the manufacturer’s instructions (Promega) and normal-

ized by Renilla activity.

2.4. Electrophoretic mobility shift assays (EMSA)

Nuclear proteins were extracted from 786-O cells using

nuclear and cytoplasmic extraction kits (Thermo Fisher

Scientific, Pierce, IL, USA). The protein concentration

of the nuclear extracts was determined using the Brad-

ford method (Bradford, 1976). EMSA binding reactions

were performed as previously described (Habib et al.,

2008a). As control, 20 fmol of the end-labeled double-

stranded 48-bp oligonucleotide covering the region of binding

of HIF-2a to Akt promoter from �110 to �61 forward pri-

mers (50-CCCCCAGGCACGTGCAGTGGGTCT-30 and

reverse primers (50-AGACCCACTGCACGTGCCTGG

GGG-30) was used. Mutant forward primer (50-CCCCC
AGGCAAAAACAGTGGGTCT-30) and reverse pri-

mers (50-AGACCCACTGTTTTTGCCTGGGGG-30)
were incubated with the nuclear extracts isolated from

786-O cells and 1 lL of poly(dI-dC)�(dI-dC). To test the

specificity of HIF-1/2a binding to the Akt promoter,

5 lL of antibody against HIF-1a and HIF-2a (Cell Sig-

naling Technology) was pre-incubated with nuclear
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extracts. Anti-IgG antibody (Santa Cruz Biotechnology)

was also used as a control antibody. The reactions were

carried out at room temperature for 30 min prior to

addition of the radiolabeled probe. Competition assays

were performed in the presence of a 100-fold excess of

the unlabeled oligonucleotide. The complexes were

resolved using a 5% non-denaturing polyacrylamide gel.

The gels were dried and exposed overnight at �70 °C.

2.5. Migration and invasion assays

To test the effect of each drug or drug combinations on

cell invasion and cell migration, 786-O cells treated for

72 h with rapamycin (20 nM), AICAR (2 mM) or drug

combinations (20 nM rapamycin/2 mM AICAR) were

added into the upper well chamber of a 96-well plate

(Millipore, Burlington, MA, USA) and the lower cham-

ber filled with DMEM. Following 72 h of incubation,

each well was washed with PBS. The migrated and

invaded cells in the lower chamber were fixed with

methanol and stained with 0.1% crystal violet solution

for 10–15 min. Each well was washed with PBS, and

upper well cells were scrapped with wet cotton and lower

well cells stained. The total number of migrated and

invaded cells was counted using COUNTING software and

the images of migrated or invaded cells were taken using

a Nikon (Melville, NY, USA) light inverted microscope.

2.6. Generation of stable RCC cell line expressing

luciferase

786-O cells were stably transfected with the pGL3-con-

trol vector (Promega) and with pSV2Neo vector (from

The American Type Culture Collection, Manassas, VA,

USA), as previously described (Edinger et al., 1999).

Cells were treated with Lipofectamine 2000 and plus

reagent (Invitrogen, Carlsbad, CA, USA) in Opti--

MEM and selected with geneticin (400 lg�mL�1). Sev-

eral stable clones expressing Luc were isolated and

tested for luciferase activity. Luciferase activity was

determined using the Luciferase Reporter Assay System

by luminometer. The clones expressing the highest

levels of luciferase were selected and tested in vivo using

a IVIS, PerkinElmer bioluminescence Imaging Systems

(Waltham, MA, USA). One million 786-O cells stably

expressing high luciferase activity of Akt promoter were

injected into the kidney capsule of 5-week-old nude

mice. Tumor growth in all groups was evaluated by

measuring the emitted luminescence using a biolumines-

cence imager following injection of luciferin. Treatment

with AICAR, rapamycin or drug combinations was

started when the average tumor volume reached

50 lm3. AICAR, rapamycin or both drugs were

injected intraperitoneally (i.p.) (2 mg�kg�1 bodyweight

(BW) of rapamycin, 250 mg�kg�1 BW of AICAR or

drug combinations) for 5 days/week for 4 weeks.

Tumor size was measured every week during the drug

injections using the PerkinElmer bioluminescence ima-

ging systems and compared with tumor size in non-trea-

ted animals. Mice were sacrificed after 4 weeks of drug

treatments, and tumor size measured and then dissected

from the kidneys of non-treated and treated mice.

2.7. Animals

2.7.1. Nude mice

We have established several clones of 786-O cells

expressing luciferase driven by the cytomegalovirus

(CMV) promoter. One million VHL-deficient (786-O)

cells expressing luciferase were injected under the kid-

ney capsule of 5-week-old athymic nude male mice.

Animals were purchased from Harlan Laboratories.

The study has been approved by the Institutional

Review Board of The University of Texas Health

Science Center at San Antonio, TX, USA. The animals

were allowed food and water ad libitum prior to and

during the experiments. Mice were divided into four

groups of five mice. Group 1 mice (control) were

injected with an appropriate amount of vehicle

(DMSO). Group 2 mice were injected i.p. with

2 mg�kg�1 BW rapamycin in DMSO 5 days/week for

4 weeks as previously described (Habib et al., 2010b).

Group 3 mice were injected with 250 mg�kg�1 BW

AICAR in DMSO 5 days/week for 4 weeks as previ-

ously described (Theodoropoulou et al., 2013). Group

4 mice were injected with the same doses of rapamycin

and AICAR in DMSO 5 days/week for 4 weeks. Injec-

tions were carried out under isoflurane inhalation anes-

thesia (Abbott, Abbott Park, IL, USA). Ten minutes

prior to imaging, animals were injected with luciferin

(Xenogen, Perkin Elmer, OH, USA) (120 mg�kg�1,

i.p.). Total photon flux/s in the tumor area measured

by bioluminescent imaging and bioluminescent signals

was recorded weekly using the Xenogen IVIS System.

Animals were euthanized and kidneys were removed

rapidly to measure tumor size by two independent

observers blinded to the experimental conditions. The

xenografted tumors were formalin-fixed, paraffin-

embedded, and tissue blocks were serially sectioned. In

addition, part of the kidney tumor was used for bio-

chemical and immunofluorescence staining analysis.

2.8. Nephrotoxicity assay

Urinary excretion of glutathione-S-transferase (GST),

an indicator of the loss of cell membrane integrity,
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was measured in urine collected in metabolic cages for

all mice groups. GST was measured using dini-

trochlorobenzene and glutathione (GSH) as substrate

and co-substrate, respectively (Walshe et al., 2009).

One unit of GST activity represents the formation of

1 lmol of dinitrochlorobenzene GSH conjugate/mL/

min at pH 6.5 and 25 °C.

2.9. Immunoperoxidase staining of Ki67 and

VEGF

Detection of Ki67 and VEGF was performed on

paraffin kidney tumor sections from mice by

immunoperoxidase staining as previously described

(Liang et al., 2013). Sections were incubated with

rabbit anti-Ki67 or VEGF antibody (Abcam, Cam-

bridge, MA, USA) for 30 min, washed twice with

PBS, and incubated with horseradish peroxidase-

labeled anti-rabbit antibody for 30 min. The horse-

radish peroxidase was developed with diaminoben-

zidine tetrahydrochloride and hydrogen peroxide in

PBS. To demonstrate staining specificity, control

kidney sections were stained without primary anti-

body. Immunostained sections were viewed and

photographed using a Nikon microscope equipped

for epifluorescence with excitation and bandpass fil-

ters.

2.10. TUNEL assay

TUNEL staining using the TUNEL Apoptosis Detection

Kit (Upstate, Burlington, MA, USA) was performed as

previously described (Velagapudi et al., 2011). Sections

were examined using light microscopy. Sections incubated

with PBS, instead of terminal deoxynucleotidyl transfer-

ase (TdT) enzyme solution, served as negative controls.

The number of TUNEL-positive cells was counted in

five randomly selected fields under 409 magnification

in each kidney tumor section from each animal.

2.11. Immunofluorescence staining of HIF-2a

A fluorescent labeling method of HIF-2a immunos-

taining was used on kidney tumor sections from mice

as described previously (Habib et al., 2008a,b). FITC

green signals for HIF-2a were detected using a filter

with an excitation range of 450–490 nm and a filter

emission at 535 nm. Kidney sections were viewed and

photographed using a Nikon Research microscope

equipped for epifluorescence with excitation and band-

pass filters. To demonstrate staining specificity, control

kidney sections were stained without primary anti-

body.

2.12. Statistics

Data are presented as the mean � SEM. Statistical

differences were determined using ANOVA followed

by Student Dunnett’s (Exp. vs. Control) test using

one-trial analysis. P-values less than 0.01 were consid-

ered statistically significant.

3. Results

3.1. Low-dose drug combinations of rapamycin

and additive induce cell apoptosis

To test the effective dose of each drug or the additive

effect of drug combinations on cell apoptosis, cells were

treated with serial concentrations of AICAR (0–10 mM),

rapamycin (0–100 nM) or a combination of both drugs

(2/20, 4/40 or 10/100, mM/nM) for 72 h. 786-O and

ACHN cells treated with rapamycin or AICAR exhibited

a dose-dependent increase in the number of apoptotic

cells with a maximum threefold increase in the number of

apoptotic cells at the highest dose of each drug compared

with non-treated cells (Figs 1A,B and S1). On the other

hand, the most effective low dose of combined drugs (2/

20, mM/nM) showed a sevenfold increase in the number

of apoptotic cells compared with non-treated cells

(Figs 1C and S1). In addition, cells treated with this drug

combination (2 mM/20 nM, AICAR/rapamycin) for

different time periods (24, 48, and 72 h) demonstrated

time-dependent apoptosis (Figs 1D and S1). We also

confirmed the induction of apoptosis proteins (PARP

and caspase 3 cleavage) for cells treated with each drug

and the more pronounced increase for cells treated with

the drug combination (Figs 1E and S3).

3.2. Drug combinations of rapamycin and AICAR

additively decrease cell proliferation

Since cell proliferation is necessary for tumor progres-

sion, we tested the effect of each drug or drug combi-

nations on cell proliferation. 786-O and ACHN cells

were treated with serial concentrations of AICAR (0–
10 mM), rapamycin (0–100 nM) or a combination of

both drugs (2/20, 4/40, 10/100, mM/nM) for 72 h. Pro-

liferation as assessed by [3H]-thymidine incorporation

assay demonstrated a dose-dependent decrease for cells

treated with each drug alone with a maximum of one-

fold decrease at the highest dose of each drug com-

pared with non-treated cells (Figs 2A,B and S2). In

comparison, 2/20, 4/40, and 10/100, mM/nM AICAR/

rapamycin combinations more potently inhibited cell

proliferation, with the lowest dose of combined drugs

suppressing proliferation eight- to ninefold (Figs 2C
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and S2). As expected, exposure to drug combinations

(2 mM/20 nM, AICAR/rapamycin) also exhibited time-

dependence (Figs 2D and S2). Drug combinations also

more effectively decreased cell proliferation proteins

(PCNA and cyclin D1) compared with single-drug

treatments (Figs 2E and S3). These data indicate that

combined rapamycin and AICAR treatments addi-

tively decrease cell proliferation and may be particu-

larly efficacious in slowing tumor progression.

3.3. Drug combinations more effectively inhibit

Akt activity and abolish HIF/VEGF

Hyperactivation of the major Pro-survival signaling

kinases Akt and mTOR is present in several types of

tumors including RCC, and overexpression of HIF-1a
and HIF-2a is linked to tumor progression of RCC.

Therefore, we tested the effect of each drug or drug

combinations on Akt phosphorylation at Ser473, and

protein expression of HIF-2a and VEGF in 786-O and

ACHN cells. Cells were treated with rapamycin

(20 nM) or AICAR (2 mM) or drug combinations

(20 nM rapamycin/2 mM AICAR) for 72 h. Cells trea-

ted with each drug alone showed a significant decrease

in p-Akt, HIF2-a and VEGF protein expression

(Figs 2F and S3). In contrast, combining the drugs

abolished Akt phosphorylation (Figs 2F and S3), HIF-

2a, and VEGF protein expression (Fig. 2G), indicating

that combination of the drugs has an additive effect to

block activation of Akt/HIF-2a/VEGF pathway.
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Fig. 1. Significant increase in number of apoptotic cells is dependent on drug concentration and time exposure in 786-O cells. Serial

concentrations of (A) rapamycin (0–100 nM), (B) AICAR (0–10 mM), and (C) drug combinations (0/0–2/20, 4/40 and 10/100, mM/nM) show that

increase in number of apoptotic cells is dose-dependent using annexin V-FITC conjugated to PI by flow cytometry. In addition, treatment of

the cells with drug combinations for 24, 48, and 72 h (D) shows that increase in number of apoptotic cells is time-dependent. Apoptotic

data were confirmed in cells by measuring apoptotic protein expression. Lysates from cells treated with rapamycin (20 nM), AICAR (2 mM)

or rapamycin+AICAR (20 nM/2 mM) for 72 h were subjected to Western blot analysis to measure PARP and caspase 3 cleavages. (E)

Significant increase was detected in cleavage of PARP at 85 kDa and caspase 3 at 22 and 17 kDa in 786-O cells treated with drug

combinations compared with cells treated with each drug alone for 72 h. GAPDH was used as a loading control. Data represent

mean � SEM (n = 4). Significant difference from control tissues is indicated by *P < 0.01.
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3.4. Drug combinations are more effective in

blocking Akt promoter activity

Akt promoter reporter plasmid was transfected and

Renilla reporter plasmid as transfection control into

HRCC and 786-O cells as described in Materials and

methods (Section 2). Cells were treated with rapamycin

(20 nM), AICAR (2 mM) or drug combinations (20 nM

rapamycin/2 mM AICAR) for 72 h. Figure 2H shows

that although each drug treatment separately signifi-

cantly decreased Akt promoter activity compared with

control cells, drug combinations decreased Akt
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Fig. 2. Decrease in cell proliferation by drug combinations is dependent on the drug concentration and duration of exposure in 786-O cells.

Serial concentrations of (A) rapamycin (0–100 nM), (B) AICAR (0–10 mM), and (C) drug combinations (0/0–2/20, 4/40 and 10/100, mM/nM)

show that the decrease in cell proliferation is dose-dependent using the 3H-thymidine incorporation assay. In addition, treatment of the cells

with drug combinations for 24, 48, and 72 h (D) show that the significant decrease in cell proliferation is time-dependent. Cell proliferation

data were confirmed in cells by measuring proliferative protein expression. Lysates from cells treated with rapamycin (20 nM), AICAR

(2 mM) or rapamycin+AICAR (20 nM/2 mM) for 72 h were subjected to Western blot analysis to measure PCNA and cyclin D1. (E) A

significant decrease in expression of PCNA and cyclin D1 was detected in cells treated with a single drug, whereas drug combinations

abolished the expression of both proteins detected in cells, providing evidence of the additive effect of drug combinations in reducing cell

proliferation. A combination of drugs abolished Akt survival kinase and blocked HIF-2a and VEGF in 786-O cells. Cells were treated with

rapamycin (20 nM), AICAR (2 mM) or drug combination (20 nM rapamycin/2 mM AICAR) for 72 h. Cell lysates were subjected to Western blot

analysis to measure p-Akt, HIF-2a, and VEGF expression. (F, G) A significant decrease in p-Akt, HIF-2a, and VEGF expression was seen in

cells treated with single drug; however, the additive effect of drug combinations showed complete abolishment in HIF-2a and VEGF as well

as in phosphorylation of Akt at Ser473 expression compared with cells treated with single drug and control cells. GAPDH was used as a

loading control. Further evidence of the effect of drug combinations on HIF-2a function was measured by luciferase assay. (H) The additive

effect of drug combinations caused a more than 90% decrease in the promoter activity of HIF-2a compared with control cells using the

Luciferase Reporter Assay System normalized to Renilla activity and measured by a luminometer. Data represent mean � SEM (n = 4).

Significant difference from control tissues is indicated by *P < 0.01.
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promoter activity by 95%, suggesting that the additive

effect of the combined drugs is sufficient to almost

completely block the promoter activity of a major Pro-

survival kinase involved in RCC.

3.5. Drug combinations block binding of HIF-2a
to Akt promoter

To provide further evidence for the effectiveness of

combining drugs on HIF-2a function, we examined

the effect of each drug and drug combinations on

binding of HIF-2a to the putative binding sequence

in the Akt promoter using nuclear extracts from 786-

O cells. Nuclear extracts from control or cells treated

with 2 mM AICAR, 20 nM rapamycin or 2 mM/20 nM

AICAR/rapamycin were used for EMSA. Cells trea-

ted with each drug alone showed no significant

changes, whereas cells treated with both drugs almost

abolished the binding of HIF-2a to the Akt1 pro-

moter (Fig. 3A). The specificity of HIF-2a as a part

of DNA/protein complex was tested by pre-incubating

the DNA/protein reaction with HIF1a or HIF-2a or

IgG antibody. Figure 3B shows that the DNA/protein

complex was abolished when only HIF-2a antibody

was added in the reaction, which supports HIF-2a as

a major transcription factor that binds to the Akt

promoter to activate cell survival (Fig. 3B). Mutation

of the HIF-2 primers was also used to confirm the

binding site of HIF-2a to the Akt promoter (see

Materials and methods, Section 2). Mutations in

HIF-2a prevented the binding of HIF-2 to the DNA/

protein complex, confirming that HIF-2a is essential

to the formation of the complex (Fig. 3C). Taken

together, these data support HIF-2a as a major tran-

scription factor that regulates the Pro-survival kinase

Akt.

3.6. Drug combinations additively decrease cell

migration and invasion

It is known that 786-O cells have migration and

invasion characteristics that promote metastasis. We

next tested the effect of each drug or drug combina-

tion on cell invasion and cell migration. 786-O cells

treated with rapamycin (20 nM), AICAR (2 mM) or a

drug combination (20 nM rapamycin/2 mM AICAR)

for 72 h showed different patterns of cell migration

and invasion. Figure 4A,B shows that cells treated

with drug combinations have a significantly low

number of migrated cells compared with cells treated

with either drug alone. Kidney cancer cells with a

metastatic ability can navigate through the

BA
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Fig. 3. Combination of drugs reduces the binding of HIF-2a to the Akt promoter element. (A) EMSA analysis of DNA probe corresponding

to the putative HIF-2a binding site in the Akt promoter was performed. Labeled probes were incubated with nuclear extracts isolated from

786-O cells treated with rapamycin, AICAR or rapamycin+AICAR showed significant decrease binding of HIF-2a to the Akt promoter. (B)

Specificity of binding of HIF-a to the Akt promoter was confirmed by adding HIF-1a, HIF-2a or IgG antibody to the reaction mixture. (C)

Further confirmation of the binding site of HIF-2 to Akt was obtained by incubation of the nuclear extract with mutated HIF-2a probe. Data

confirmed that HIF-2a but not HIF-1a was a part of the DNA/protein complex, and that the mutations in the binding sequence of HIF-2 to

Akt prevent the binding of HIF-2 to the DNA/protein complex. These data provide new evidence that HIF2a is major transcription factor

regulating cell survival kinase Akt.
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extracellular matrix within a tissue and infiltrate

neighboring tissues. Therefore, we tested the effects

of individual drug treatment or drug combinations

on cell invasion. Figure 4C,D shows that cells treated

with drug combinations have a significantly lower

number of invaded cells, indicating that this additive

effect may prevent cell migration and invasion, and

thus tumor metastasis.

3.7. Administration of single drug or a drug

combination of rapamycin and AICAR to mice

does not affect BW and is not nephrotoxic

To evaluate adverse effects due to drug toxicity,

weights were recorded weekly while mice underwent

drug treatment. Figure 5A displays the BW of mice

before and during the 4 weeks of injection with rapa-

mycin, AICAR, and rapamycin+AICAR. There was a

slight increase in BW of all mice in all four groups,

although no significant changes in BW were noted in

mice just before and just after injection with each of

the drugs individually or with a combination of the

two (Fig. 5A). To evaluate for nephrotoxicity, urine

was collected from all groups a day before sacrificing

the mice to measure GST as an indicator of the loss of

cell membrane integrity. There were no significant

changes in the levels of urinary GST activity between

mice treated with single drug or drug combinations

compared with a control group of mice (Fig. 5B).

These data provide preclinical evidence of the safety of

combining rapamycin and AICAR as a novel treat-

ment for kidney cancer.
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Fig. 4. Drug combinations significantly decreased cell migration and cell invasion of kidney cancer cells. 786-O cells treated with rapamycin

(20 nM), AICAR (2 mM) or a drug combination (20 nM rapamycin/2 mM AICAR) for 72 h were added into the upper well chamber of a 96-well

plate. (A, B) Cells treated with drug combination have a significantly low number of migrated cells and (C, D) invaded cells compared with

cells treated with a single drug or control cells. The total number of migrated and invaded cells was counted using COUNTING software and

the images of migrated or invaded cells were taken using a Nikon light inverted microscope. Data represent mean � SEM (n = 4).

Significant difference from control tissues is indicated by *P < 0.01.
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3.8. Combining rapamycin and AICAR more

effectively reduces kidney tumor size compared

with individual drug treatments

We next sought to evaluate whether the additive effect of

drug combinations observed in our in vitro experiments

would have similar effects on reducing kidney tumor size

in vivo. One million 786-O cells stably expressing high

luciferase activity under the Akt promoter were injected

into one of the kidney capsules of 5-week-old nude mice.

Figure 5C displays images of tumor size as indicated by

the levels of emitted luminescence. Figure 5C demon-

strates a significant decrease in the kidney tumor size of

mice following 4 weeks of injection with drug combina-

tions compared with mice injected with each drug alone

or control mice. Summarized data of emitted lumines-

cence from tumors measured as average radiance (p/s/

cm2/sr) from each group of mice confirmed the increase

in tumor size in control mice group vs. treated mice

group (Fig. 5D). The emitted luminescence of the control

mice group was considered 100% for all time points. We

observed a significant increase in tumor size for the con-

trol mice group that was detected as early as 1 week after

the injection of cancer cells and which continued to

increase over the subsequent 4 weeks. In contrast, a sig-

nificant decrease in emitted luminescence in the kidney

tumors of mice treated with a combination of rapamycin

and AICAR was detected after only 1 week of treatment

compared with no changes in tumor size for mice treated

with only one of the drugs at that same time point

(Fig. 5D). A significant decrease in tumor radiance for

mice treated with one drug (rapamycin, 38.5% and

AICAR, 30%) and a drug combination (ra-

pamycin+AICAR, 65%) was observed after 3 weeks of

treatment compared with control mice (Fig. 5E), and a

major additive effect of the drug combination of decreas-

ing tumor size by 75% was present after 4 weeks of treat-

ment; no significant decrease in tumor radiance was

evident between 3 and 4 weeks for mice treated with only

one of the drugs (Fig. 5E).

To confirm the bioluminescence imaging data, mice

were sacrificed after imaging, tumors were dissected,

and gross and histological examinations were per-

formed. Tumor size was measured along three axes

(length, width, and height) and presented as cm3. Image

and gross measurements of tumor size (Fig. 6A) were

very close to the data obtained by bioluminescence

imaging, with rapamycin decreasing tumor size by 38%,

AICAR by 36%, and a drug combination by 80% com-

pared with tumors from control mice (Fig. 6B). These

findings corroborate our in vitro findings and demon-

strate that combining rapamycin and AICAR has a

potent additive effect on decreasing tumor progression

in a preclinical mouse model of RCC.

3.9. Combining rapamycin and AICAR more

effectively blocks cell proliferation and induces

apoptosis in kidney tumors compared with

individual drug treatments

TUNEL assays were performed on kidney tumor sec-

tions to evaluate the effects on apoptosis of treatment

with rapamycin or AICAR vs. a combination of the

two. The number of apoptotic cells in mice treated with

the drug combination showed a larger number of apop-

totic cells compared with tumors from mice treated

individually with each drug or control mice (Fig. 7A,

B). These data were confirmed in a Western analysis of

kidney tumor homogenates from the four groups of

mice with strong PARP, and caspase 3 cleavage was

observed for tumors from mice treated with the drug

combination compared with tumors from mice treated

with each drug individually or control mice (Fig. 7C).

Hematoxylin and eosin-stained slides of the tumor

demonstrated a clear cell (cc)RCC phenotype; reduc-

tions in tumors were histologically evident in treated

mice compared with control mice (Fig. 7D). Data in

Fig. 7E,F demonstrate a more prominent decrease in

Ki67-positive nuclei in tumors in mice treated with the

drug combination than in mice treated with each drug

Fig. 5. Drug combination and single-drug treatment caused no change in BW and no toxicity in treated mice. (A) No changes in BW were

detected between four groups of mice during 4 weeks of treatment with single or a drug combination. (B) Renal injury was determined by

measuring the urinary excretion of GST in mice following treatment with rapamycin, AICAR or combination of rapamycin+AICAR for

4 weeks. GST activity is represented as lmol/mL/min. There were no significant changes between four groups of mice, indicating the

absence of toxicity of treatment with a single drug or drug combinations. An additive effect of drug combinations resulted in significant

decreases in kidney tumor size. (C) One million 786-O cells expressing luciferase were injected in the kidney capsule of nude mice. Ten

minutes prior to imaging, animals were injected with luciferin and the bioluminescent image signals were recorded using the Xenogen IVIS

System. Representative images show the tumor in each of four groups. (D) Total photon radiance (p/s/cm2/sr) in the tumor area was

measured by bioluminescent imaging and blotted to show the differences in photon flux/s between four groups. Photon data were

calculated and the percentage of changes in tumor sizes between the four groups was summarized. (E) Data show that treatment with

drug combinations resulted in a decreased tumor radiance of 75%, compared with 32.2% and 38% in mice treated with rapamycin and

AICAR, respectively. Values represent the mean � SEM (n = 5). Significant difference from control mice is indicated by *P < 0.01.
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alone; tumors from control exhibited the largest num-

ber of Ki67-positive nuclei. A similar pattern was noted

for the expression of proliferative protein markers (cy-

clin D1 and PCNA) by Western blot analysis. Fig-

ure 7G demonstrates that treatment with a

combination of both drugs strongly decreased cyclin

D1 and abolished PCNA expression compared with

mice treated with each drug alone or control mice.

These data suggest that the strong tumor regression

observed in response to treatment with the drug combi-

nation is due to its additive effect on decreasing cell

proliferation and increase cell apoptosis.

Drug combinations significantly decreased kidney tumor size compared to each drug alone

Control Rapa AICAR Rap+AICAR

Total tumor Volume (cm3) 0.62 0.383 0.398 0.125

% decrease in tumor volume –38* –36* – 80*

Rap

AIC

R+A

Cont

B

A

Fig. 6. Drug combinations are more effective in reducing kidney tumorigenesis. A macroscopic view of all mice kidneys was examined and

tumor size was measured along three axes as cm3 (length, width, and height). (A) Images of kidney from four groups of mice showing the

tumor size in each group. (B) Data calculated from the tumor size from each group show that treatment with drug combination resulted in

an 80% reduction in tumor size, treatment with rapamycin a 38% reduction, and treatment with AICAR a 36% reduction compared with

control mice, further confirming the reduction of tumor size measured by bioluminescent imaging. Values represent the mean � SEM

(n = 5). Significant difference from control mice is indicated by *P < 0.01.

Fig. 7. The additive effect of drug combinations strongly increased cell apoptosis, decreased cell proliferation, and abolished p-Akt. (A)

TUNEL assay was performed in kidney sections of four groups of mice and pictures taken with a light microscope. (A, B) Positive-stained

nucleus for TUNEL shows a significant increase in the number of positive cells in mice treated with drug combinations and less in groups

treated with a single drug, compared with control mice. In addition, tumor kidney homogenates from all four mice groups were subjected to

Western blot analysis. (C) Apoptosis proteins including cleavages of PARP and caspase 3 were measured and confirmed TUNEL data

showing a significant increase of apoptosis in mice treated with drug combinations compared with mice treated with a single drug and

control mice. (D) Hematoxylin and eosin staining in a tumor kidney section shows that ccRCC formed within the tumor tissue in all four

groups. (E, F) Staining of the proliferative protein Ki67 shows a significant decrease in the number of positive-stained nuclei in kidney

tumors from mice treated with drug combinations compared with mice treated with either drug alone. (G) Western blot analysis performed

in tumor homogenates from four groups of mice shows abolishment of PCNA expression, with a significant decrease in cyclin D1 in mice

treated with drug combinations than in mice treated with a single drug and control mice. The scale bar size used for all images is 20 lm.

Values represent the mean � SEM (n = 5). Significant difference from control mice is indicated by *P < 0.01.
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3.10. Combining rapamycin and AICAR potently

inhibits Akt and decreases HIF-2a/VEGF

expression

Because Akt is a major cell survival kinase in RCC, it

is imperative to identify drugs that can target the

kinase in order to inhibit cancer cell survival and con-

trol tumor progression. Hyperactivation of HIF-2a is

positively associated with the upregulation of vascular

endothelial growth factor (VEGF), a key factor in

tumorigenesis. Figure 8A,B demonstrates that tumors

from mice treated with combined rapamycin and

AICAR exhibited decreased staining for VEGF and

HIF-2a compared with tumors from mice treated with

either drug individually or control mice. In addition,

Western blot data in Fig. 8C confirmed that VEGF

and HIF-2a expression were significantly decreased in

mice treated with both rapamycin and AICAR com-

pared with mice treated with either drug alone or con-

trol mice. Taken together, these data indicate that

combined treatment with rapamycin and AICAR in a

mouse preclinical model of RCC additively reduces sig-

naling through the Akt/HIF-2a/VEGF pathway, which

plays a key role in tumor progression and metastasis.

4. Discussion

No current clinical studies have used the combination

of rapamycin and AICAR for the treatment of kidney

cancer patients. Since rapamycin has been used for the

treatment of several types of cancer, and AICAR has

been approved for use in clinical studies, we investi-

gated the combination of rapamycin+AICAR for the

treatment of kidney cancer using established RCC cell

lines (786-O and ACHN) and tumor xenograft mouse

model with the ccRCC cell line 786-O cells. We found

that the drug combination of rapamycin and AICAR

had a strong additive effect in decreasing cell prolifera-

tion, increasing cell apoptosis, and abolishing Akt and

HIF2a expression in RCC cell lines and primary
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Fig. 8. Additive effect of drug combinations strongly decreased HIF-2a and VEGF expression. (A) Immunoperoxidase staining for VEGF and

(B) immunofluorescence staining for HIF-2a both show a significant decrease in protein staining in mice treated with drug combinations and

mice treated with a single drug. (C) Western blot data show that drug combinations nearly abolished p-Akt and significantly decreased

expression of HIF-2a and VEGF protein expression in tumor tissues compared with tumors from mice treated with a single drug and control

mice. The scale bar size used for all images is 20 lm.
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ccRCC cells isolated from kidney cancer patient. We

identified a putative HIF-1/2a binding site in the Akt1

promoter, and found that the drug combination abol-

ished the binding of HIF-2a to the Akt1 promoter,

which provides new evidence for HIF-2a as a major

transcription factor that is involved in activation of

the cell survival kinase Akt. Importantly, the drug

combination additively decreased cancer cell migration

and invasion compared with treatment with either

drug alone, which suggests that the drug combination

may be useful for the prevention of RCC progression

and metastasis.

Nephrotoxicity is a major adverse effect of anti-

cancer drugs. The injection of rapamycin or AICAR

or a combination of the two into mice for 4 weeks did

not cause any significant changes in the levels of GST

activity, a marker for renal dysfunction (Walshe et al.,

2009), and there were also no changes in BW for any

of the treatments, which is initial preclinical evidence

for the safety of combination drug treatment for kid-

ney cancer. We established a new 786-O cell line

expressing luciferase driven by the CMV promoter that

formed large tumors that could be followed by biolu-

minescence imaging following injection into the kidney

capsules of nude mice. Treatment with the drug com-

bination for 4 weeks significantly decreased tumor

sizes in mice as early as 1 week (35.6%) compared

with control mice, and sharply decreased their sizes

after 3 weeks (to �65.1%) and 4 weeks (to �75%).

The gross tumor size of the mice in all four groups

was measured after they were sacrificed and confirmed

the additive effect of the drug combination in decreas-

ing kidney tumor progression compared with single-

drug treatment. Drug combinations of rapamycin and

AICAR increased tumor cell apoptosis, decreased cell

proliferation, and sharply decreased Akt phosphoryla-

tion and HIF-2a in ccRCC as well as VEGF in tumors

compared with single-drug treatment. These preclinical

findings support the potential of drug combination

therapy with rapamycin and AICAR to additively

reduce kidney tumor progression.

mTOR, a serine/threonine kinase belonging to the

phosphatidylinositol kinase-related kinase family, plays

a central role in regulating cell growth, proliferation,

and survival, in part by regulating translation initia-

tion (Dowling et al., 2010; Inoki et al., 2005). mTOR

signaling pathways are constitutively activated in many

types of human cancer (Wagle et al., 2014a,b; Thoreen

et al., 2009), and targeting the kinase has emerged as

an important approach in cancer therapy. Early clini-

cal trials have shown that VHL-related kidney tumors

regress in response to treatment with rapamycin, a

direct target of inhibition of mTORC1 (Lane and

Breuleux, 2009). Our findings showed that blocking

mTORC1 with rapamycin increased cell apoptosis,

decreased cell proliferation, inhibited the Akt/HIF2-a/
VEGF pathway, and impaired the migration and inva-

sion of 786-O cells. Moreover, our in vivo studies

showed that rapamycin treatment reduced the tumor

size of xenografted mice by 32.2% compared with con-

trol mice. On the other hand, mTORC2 promotes the

activation of the cell survival kinase Akt via its phos-

phorylation of Ser473 in response to growth factors

(Inoki et al., 2005). Activation of AMPK by AICAR

also increased apoptosis, decreased cell proliferation,

inhibited the Akt/HIF2-a/VEGF pathway in 786-O

cells, and reduced the tumor size in xenografted mice

by 38% compared with control mice.

As a sensor of nutrients, AMPK is an important

upstream signaling mediator in the regulation of the

mTOR pathway (Agarwal et al., 2015). Activation of

AMPK using metformin or AICAR markedly inhib-

ited the invasion of UOK262 cells, a cell line derived

from a patient with recurrent hereditary leiomyomato-

sis and renal cell cancer kidney cancer, by modulating

HIF-1a, which raises the potential for targeted thera-

peutic approaches for the treatment of renal kidney

cancer-associated kidney cancer (Tong et al., 2011).

We found that AICAR reduced HIF-2a expression in

786-O cells as well as their ability to invade. We previ-

ously demonstrated that activation of AMPK by

AICAR results in decreased p70S6K phosphorylation

and increased expression of the DNA repair protein

OGG1, and that rapamycin induced AMPK activa-

tion, which leads to increased OGG1 expression in

786-O cells (Habib et al., 2010a,b). Our in vivo and

in vitro findings showed that blocking mTOR and acti-

vating AMPK prevented tumor progression in a tumor

xenograft mouse model. In agreement with our find-

ings, it was recently reported that a new mTOR kinase

inhibitor, WYE-687, increased apoptosis and blocked

activation of both mTORC1 and mTORC2 through

the feedback activation of p-Akt in RCC cells, and

oral administration of WYE-687 potently suppressed

tumor growth in nude mice injected with 786-O cells

(Pan et al., 2017). Induction of VEGF expression is

dependent on HIF-mTOR activation, which indicates

a critical function of the HIF-mTOR pathway in regu-

lating angiogenesis (Land and Tee, 2007). We found

that rapamycin or AICAR reduced VEGF protein

expression, but combining both resulted in near abol-

ishment of VEGF expression in VHL-deficient human

cells. Increased expression of VEGF is associated with

malignant progression and a poor treatment outcome

(Caoy et al., 2012). These findings suggest that sup-

pressing the HIF-mediated, hypoxia-induced VEGF
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gene pathway may be an important therapeutic strat-

egy for RCC. Indeed, targeting the VEGF/mTOR

pathway with a combination of mTOR (temsirolimus)

and an antibody directed against VEGF (beva-

cizumab) is being evaluated in a Phase II clinical trial

for patients with RCC (Gordan et al., 2008). A signifi-

cant number of VHL�/� RCC express only HIF-2-a
resistant to mTORC1 inhibitors due to their inability

to suppress HIF-2a expression (Battelli and Cho,

2011). Our finding that a drug combination of rapa-

mycin and AICAR resulted in an 80% decrease in

tumor size compared with 38% with rapamycin or

36% with AICAR, underscores the potential utility of

this drug combination for kidney cancer, including

VHL�/� RCCs.

5. Conclusion

Our data show no significant effect of single and com-

bined drug treatments with rapamycin and AICAR on

BW and no toxicity to the kidneys of nude mice. We

found that combining the two drugs had a strong

additive effect in inhibiting the proliferation of RCC

cells and increasing apoptosis; the drug combination

blocked the activity of the Pro-survival kinase Akt and

inhibited tumor progression. Our results suggest that

tumor progression is decreased by inhibition of the

Akt/HIF-2a/VEGF/mTOR pathway. These results

provide preclinical evidence for the safety of combin-

ing rapamycin and AICAR to repress RCC tumor

progression, and demonstrate for the first time in a

preclinical mouse model of RCC that this drug combi-

nation additively reduces kidney tumor progression.

Finally, since rapamycin and AICAR are already

being used in patients, these findings suggest that eval-

uation of this drug combination in patients with kid-

ney cancer may be warranted.

Acknowledgements

We thank the Molecular and Genomic Imaging and

Flow Cytometry facilities at UTHSCSA. The study

was supported by UTHSCSA grant-150680 (to SLH).

Author contributions

Conception and design: SLH, BL, and SL. Develop-

ment of methodology: SL, BL, and SLH. Acquisition

of data (providing animals, acquiring and managing

patients, providing facilities, etc.): SLH and SL. Anal-

ysis and interpretation of data (e.g. statistical analysis,

biostatistics, computational analysis): SLH, SL, and

EAM. Writing, review, and/or revision of the

manuscript: SLH, SL, and EAM. Administrative, tech-

nical or material support (i.e. reporting or organizing

data, constructing databases): SLH and SL. Study

supervision: SLH and SL.

References

Abuaboud OA, Habib SL, Trott J, Stewart B, Liang S,

Sucliffe J and Weiss R (2017) Glutamine addiction in

kidney cancer suppresses oxidative stress and can be

exploited for real-time imaging. Can Res 77, 6746–
6758.

Ackah E, Yu J, Zoellner S, Iwakiri Y, Skurk C, Shibata R,

Ouchi N, Easton RM, Galasso G, Birnbaum MJ et al.

(2005) Akt1/protein kinase Balpha is critical for

ischemic and VEGF-mediated angiogenesis. J Clin

Invest 115, 2119–2127.
Agarwal S, Bell CM, Rothbart SB and Moran RG (2015)

AMP-activated protein kinase (AMPK) control of

mTORC1 is p53- and TSC2-independent in pemetrexed-

treated carcinoma cells. J Biol Chem 290, 27473–27486.
Altomare DA and Testa JR (2005) Perturbations of the

AKT signaling pathway in human cancer. Oncogene

24, 7455–7464.
Bago R, Sommer E, Castel P, Crafter C, Bailey FP, Shpiro

N, Baselga J, Cross D, Eyers PA and Alessi DR (2016)

The hVps34-SGK3 pathway alleviates sustained PI3K/

Akt inhibition by stimulating mTORC1 and tumour

growth. EMBO J 35, 2263.

Battelli C and Cho DC (2011) mTOR inhibitors in renal

cell carcinoma. Therapy 8, 359–367.
Bradford MM (1976) A rapid and sensitive method for the

quantitation of microgram quantities of protein

utilizing the principle of protein-dye binding. Anal

Biochem 72, 248–254.
Brunet A, Bonni A, Zigmond MJ, Lin MZ, Juo P, Hu LS,

Anderson MJ, Arden KC, Blenis J and Greenberg ME

(1999) Akt promotes cell survival by phosphorylating

and inhibiting a Forkhead transcription factor. Cell 96,

857–868.
Calamito M, Juntilla MM, Thomas M, Northrup DL,

Rathmell J, Birnbaum MJ, Koretzky G and Allman D

(2010) Akt1 and Akt2 promote peripheral B-cell

maturation and survival. Blood 115, 4043–4050.
Caoy Y, Guangqi E, Wang E, Pal K, Dutta SK, Bar-Sagi

D and Mukhopadhyay D (2012) VEGF exerts an

angiogenesis-independent function in cancer cells to

promote their malignant progression. Cancer Res 72,

3912–3918.
Carroll VA and Ashcroft M (2006) Role of hypoxia-

inducible factor (HIF)-1alpha versus HIF-2alpha in the

regulation of HIF target genes in response to hypoxia,

insulin-like growth factor-I, or loss of von Hippel-

Lindau function: implications for targeting the HIF

pathway. Cancer Res 66, 6264–6270.

1932 Molecular Oncology 12 (2018) 1917–1934 ª 2018 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Drug combination reduces kidney cancer S. Liang et al.



Cuvillier O (2017) The therapeutic potential of HIF-2

antagonism in renal cell carcinoma. Transl Androl Urol

6, 131–133.
Dihlmann S, Kloor M, Fallsehr C and von Knebel

Doeberitz M (2005) Regulation of AKT1 expression by

beta-catenin/Tcf/Lef signaling in colorectal cancer cells.

Carcinogenesis 26, 1503–1512.
Dowling RJ, Topisirovic I, Alain T, Bidinosti M, Fonseca

BD, Petroulakis E, Wang X, Larsson O, Selvaraj A,

Liu Y et al. (2010) mTORC1-mediated cell

proliferation, but not cell growth, controlled by the 4E-

BPs. Science 328, 1172–1176.
Edinger M, Sweeney TJ, Tucker AA, Olomu AB, Negrin

RS and Contag CH (1999) Noninvasive assessment of

tumor cell proliferation in animal models. Neoplasia 1,

303–310.
Franovic A, Holterman CE, Payette J and Lee S (2009)

Human cancers converge at the HIF-2 oncogenic axis.

Proc Natl Acad Sci USA 106, 21306–21311.
Gordan JD, Lal P, Dondeti VR, Letrero R, Parekh KN,

Oquendo CE, Greenberg RA, Flaherty KT, Rathmell

WK, Keith B et al. (2008) HIF-a effects on c-Myc

distinguish two subtypes of sporadic VHL-deficient

clear cell renal carcinoma. Cancer Cell 14, 435–446.
Guo D1, Hildebrandt IJ, Prins RM, Soto H, Mazzotta MM,

Dang J, Czernin J, Shyy JY, Watson AD, Phelps M et al.

(2009) The AMPK agonist AICAR inhibits the growth of

EGFRvIII-expressing glioblastomas by inhibiting

lipogenesis. Proc Natl Acad Sci USA 106, 12932–12937.
Habib SL, Bhandari BK, Sadek N, Abboud-Werner SL

and Abboud HE (2010a) Novel mechanism of

regulation of the DNA repair enzyme OGG1 in

tuberin-deficient cells. Carcinogenesis 31, 2022–2030.
Habib SL, Kasinath BS, Arya RR, Vexler S and Velagapudi

C (2010b) Novel mechanism of reducing tumourigenesis:

upregulation of the DNA repair enzyme OGG1 by

rapamycin-mediated AMPK activation and mTOR

inhibition. Eur J Cancer 46, 2806–2820.
Habib SL, Riley DJ, Mahimainathan L, Bhandari B,

Choudhury GG and Abboud HE (2008a) Tuberin

regulates the DNA repair enzyme OGG1. Am J

Physiol Renal Physiol 294, F281–F290.
Habib SL, Simone S, Barnes JJ and Abboud HE (2008b)

Tuberin haploinsufficiency is associated with the loss of

OGG1 in rat kidney tumors. Mol Cancer 7, 10–14.
Inoki K, Ouyang H, Li Y and Guan KL (2005) Signaling

by target of rapamycin proteins in cell growth control.

Microbiol Mol Biol Rev 69, 79–100.
Jacinto E, Loewith R, Schmidt A, Lin S, R€uegg MA, Hall

A and Hall MN (2004) Mammalian TOR complex 2

controls the actin cytoskeleton and is rapamycin

insensitive. Nat Cell Biol 6, 1122–1128.
Kabaria R, Klaassen Z and Terris MK (2016) Renal cell

carcinoma: links and risks. Int J Nephrol Renovasc Dis

9, 45–52.

Land SC and Tee AR (2007) Hypoxia-inducible factor

1alpha is regulated by the mammalian target of

rapamycin (mTOR) via an mTOR signaling motif. J

Biol Chem 282, 20534–20543.
Lane HA and Breuleux M (2009) Optimal targeting of the

mTORC1 kinase in human cancer. Curr Opin Cell Biol

21, 219–229.
Liang S, Cuevas G, Tizani S, Salas T, Liu H, Li B and

Habib SL (2013) Novel mechanism of regulation of

fibrosis in kidney tumor of tuberous sclerosis. Mol

Cancer 12, 1–11.
Majmundar AJ, Wong WJ and Simon MC (2010) Hypoxia

inducible factors and the response to hypoxic stress.

Mol Cell 40, 294–309.
Mayer C and Grummt I (2006) Ribosome biogenesis and

cell growth: mTOR coordinates transcription by all

three classes of nuclear RNA polymerases. Oncogene

25, 6384–6391.
Muglia VF and Prando A (2015) Renal cell carcinoma:

histological classification and correlation with imaging

findings. Radiol Bras 48, 166–174.
Pan XD, Gu DH, Mao JH, Zhu H, Chen X, Zheng B and

Shan Y (2017) Concurrent inhibition of mTORC1 and

mTORC2 by WYE-687 inhibits renal cell carcinoma

cell growth in vitro and in vivo. PLoS One 12, 1–13.
Rankin EB and Giaccia AJ (2008) The role of hypoxia-

inducible factors in tumorigenesis. Cell Death Differ 15,

678–685.
Riazalhosseini Y and Lathrop M (2016) Precision medicine

from the renal cancer genome. Nat Rev Nephrol 12,

655–666.
Safran M and Kaelin WG (2003) HIF hydroxylation and

the mammalian oxygen-sensing pathway. J Clin Invest

111, 779–783.
Samanta D, Gilkes DM, Chaturvedi P, Xiang L and

Semenza GL (2014) Hypoxia-inducible factors are

required for chemotherapy resistance of breast cancer

stem cells. Proc Natl Acad Sci USA 16, E5429–E5438.
Sarbassov DD, Ali SM, Sengupta S, Sheen J-H, Hsu PP,

Bagley AF, Markhard AL and Sabatini DM (2006)

Prolonged rapamycin treatment inhibits mTORC2

assembly and Akt/PKB. Mol Cell 22, 159–168.
Sarbassov DD, Guertin DA, Ali SM and Sabatini DM

(2005) Phosphorylation and regulation of Akt/PKB by

the rictor-mTOR complex. Science 307, 1098–1101.
Schmidt LC and Linehan WM (2016) Genetic predisposition

to kidney cancer. Semin Oncol 43, 566–574.
Simone S, Gorin Y, Velagapudi C, Abboud HE and Habib

SL (2008) Mechanism of oxidative DNA damage in

diabetes: tuberin inactivation and downregulation of

DNA repair enzyme 8-oxo-7,8-dihydro-2’-

deoxyguanosine-DNA glycosylase. Diabetes 57, 2626–
2636.

Theodoropoulou S, Brodowska K, Kayama M, Morizane

Y, Miller JW, Gragoudas ES and Vavvas DG (2013)

1933Molecular Oncology 12 (2018) 1917–1934 ª 2018 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

S. Liang et al. Drug combination reduces kidney cancer



Aminoimidazole carboxamide ribonucleotide (AICAR)

inhibits the growth of retinoblastoma in vivo by

decreasing angiogenesis and inducing apoptosis. PLoS

One 8, e52852.

Thoreen CC, Kang SA, Chang JW, Liu Q, Zhang J, Gao

Y, Reichling LJ, Sim T, Sabatini DM and Gray NS

(2009) An ATP-competitive mammalian target of

rapamycin inhibitor reveals rapamycin-resistant

functions of mTORC1. J Biol Chem 284, 8023–8032.
Tong WH, Sourbier C, Kovtunovych G, Jeong SY, Vira

M, Ghosh M, Romero VV, Sougrat R, Vaulont S,

Viollet B et al. (2011) The glycolytic shift in fumarate-

hydratase-deficient kidney cancer lowers AMPK levels,

increases anabolic propensities and lowers cellular iron

levels. Cancer Cell 20, 315–327.
Velagapudi C, Bhandari BS, Abboud-Werner S, Simone S,

Abboud HE and Habib SL (2011) The tuberin/mTOR

pathway promotes apoptosis of tubular epithelial cells

in diabetes. J Am Soc Nephrol 22, 262–273.
Wagle N, Grabiner BC, Van Allen EM, Amin-Mansour A,

Taylor-Weiner A, Rosenberg M, Gray N, Barletta JA,

Guo Y, Swanson SJ et al. (2014a) Response and

acquired resistance to everolimus in anaplastic thyroid

cancer. N Engl J Med 371, 1426–1433.
Wagle N, Grabiner BC, Van AE, Hodis E, Jacobus S,

Supko JG, Stewart M, Choueiri TK, Gandhi L, Cleary

JM et al. (2014b) Activating mTOR mutations in a

patient with an extraordinary response on a phase I

trial of everolimus and pazopanib. Cancer Discov 4,

546–553.
Walshe CM1, Odejayi F, Ng S and Marsh B (2009)

Urinary glutathione S-transferase as an early marker

for renal dysfunction in patients admitted to intensive

care with sepsis. Crit Care Resusc 11, 204–209.
Woo YM1, Shin Y1, Lee EJ1, Lee S1, Jeong SH2, Kong

HK1, Park EY1, Kim HK2, Han J2, Chang M3 et al.

(2015) Inhibition of aerobic glycolysis represses Akt/

mTOR/HIF-1a axis and restores tamoxifen sensitivity

in antiestrogen-resistant breast cancer cells. PLoS One

10, 1–18.

Supporting information

Additional supporting information may be found

online in the Supporting Information section at the end

of the article.
Fig. S1. Significant increase in number of apoptotic

cells is drug concentration and time exposure depen-

dent in ACHN cells.

Fig. S2. Drug combinations significantly decreased cell

proliferation is depending on the drug concentration

and time of exposure in ACHN cells.

Fig. S3. A combination of drugs significantly increased

PARP cleavage, decreased proliferative proteins and

abolished Akt phosphorylation.
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