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Background

The serine-threonine kinase AMP-activated kinase (AMPK) 
is a cellular metabolic protein that is activated by elevated 
AMP: ATP levels in the cell under stressful cellular condi-
tions.1 Structurally, AMPK exists as a trimeric protein with a 
catalytic alpha subunit and the two regulatory subunits, beta 
and gamma.1,2 Following elevation of cellular AMP levels 
relative to ATP levels, the AMP binds to the gamma domain 
of AMPK, facilitating a conformational change in the alpha 
subunit, resulting in phosphorylation/activation of AMPK 
at threonine 172.2 This traditional notion on the mechanism 
of AMPK activation has been challenged by recent evidence 
indicating that binding of AMP to AMPK promotes LKB1-
dependent phosphorylation of residue Thr-172 through inhibi-
tion of dephosphorylation, making the AMPK complex a less 
efficient substrate for protein phosphatases.3 Phosphorylation 
of AMPK at this active site results in subsequent induction of 
its kinase activity.1,2 In turn, such activation directly results in 
a variety of cellular metabolic responses aimed at replenishing 
the cellular energy supply, including enhanced fatty acid oxida-
tion and glycolysis and decreased synthesis of glycogen, fatty 
acids and proteins.2

aMpK is a cellular energy sensor that negatively regulates the mTOR signaling pathway. as mTOR plays critical roles in cell 
growth and tumorigenesis of renal cell carcinoma (RCC), we examined whether exogenous induction of aMpK activity 
exhibits inhibitory effects on growth and survival of renal cell carcinoma cells. activation of aMpK by aICaR resulted in 
potent suppressive effects on RCC growth, while combinations of aICaR with statins were potent inducers of apoptosis 
in such cells. The effects of aICaR resulted from inhibition of mTOR and its effectors, resulting from induction of aMpK 
activity. similar results on RCC cell growth were obtained when combinations of metformin with statins were examined. 
Importantly, studies to examine the effects of aICaR or metformin, alone or in combinations with statins, on anchorage-
independent growth demonstrated potent suppressive effects on RCC tumorigenicity in vitro. altogether, our studies 
demonstrate that aMpK plays critical regulatory roles in the regulation of growth of RCC cells and raise the prospect of 
future use of aMpK activators in the treatment of renal cell carcinoma in humans.
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In recent years, research efforts have begun to highlight the 
intrinsic connection between cancer and metabolism. Malignant 
cells acquire the characteristic of enhanced anabolism, result-
ing in energy-consuming processes such as increased protein 
translation and DNA synthesis that can be targeted in cancer-
ous cells due to the detectable changes in ATP levels as com-
pared to AMP levels.4-6 Previous work has demonstrated that 
5-aminoimidazole-4-carboxamide riboside (AICAR), the phar-
macological activator of AMPK,7 suppresses tumor growth of 
established human colon,8 acute lymphoblastic leukemia,9 pros-
tate10 and breast cancer6 cell lines in vitro. It is also known that 
AMPK is critically linked to the phosphatidyl-inositol-3 kinase/
AKT/mTOR signaling pathway, a vital cellular signaling cas-
cade that is essential for cell growth in response to mitogenic 
stimuli or pathways activated by growth factor receptors.11,12 
AMPK activation directly inhibits phosphorylation and subse-
quent activation of the mTORC1 complex and is controlled in 
part by the upstream kinase AKT, whose activation decreases 
the AMP:ATP ratio.13-15 AKT also directly inhibits activation of 
AMPK by phosphorylation of AMPK at Ser 485/491.16,17 Other 
studies have shown that AICAR exerts its effects on cancer cells 
by inducing S-phase arrest and inhibition of the PI3-K/AKT 
pathway.18
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on our previous work, statins exhibit suppressive effects on the 
phosphorylation/activation of AKT and downstream mTOR 
engagement in renal cell carcinoma cells.23 We examined the 
effects of AICAR, or combinations of AICAR with statins on 
the activation of downstream signaling effectors of AKT/mTOR 
in the 786-0 RCC cell line. AICAR had minimal effects on the 
phosphorylation of the S6 kinase (S6K) or S6 ribosomal protein 
(rpS6) (Fig. 2a and b), but partially suppressed phosphoryla-
tion of 4E-BP1 on serine 65 (Fig. 2C). However, when increas-
ing concentrations of both AICAR (500 μmol/L) and fluvastatin  
(10 μmol/L) were added together to the cultures, we observed 
potent dephosphorylation of S6K on its active site, threonine 389 
(Fig. 2a). Similarly, the phosphorylation of rpS6 and 4E-BP1 
were dramatically decreased (Fig. 2b and C).

Previous work has established that AKT and AMPK con-
verge on the tuberous sclerosis complex (TSC) 1-TSC2 com-
plex, which lies upstream of mTORC1.12 Both AKT and AMPK 
phosphorylate TSC2, albeit at different sites that have opposing 
effects on eventual mTORC1 activation.12 AKT phosphoryla-
tion of TSC2 inhibits its inherent GAP activity, while AMPK 
phosphorylation enhances such GAP function of TSC2.12 
Interestingly, despite their antagonistic regulation of TSC2 
phosphorylation, AMPK activation is also directly controlled by 
AKT, suggesting that AKT lies upstream of AMPK in the con-
vergence of these two distinct cellular signaling pathways.15-17 
Treatment of renal cell carcinoma cells with AICAR did not 
induce de-phosphorylation of AKT (Fig. 3a). As expected,23 
fluvastatin inhibited such phosphorylation, while such inhi-
bition was also noticeable in cells treated with the AICAR + 
fluvastatin combination (Fig. 3a). To better understand the 
mechanisms of the enhanced antitumor effects seen in response 
to combinations of AICAR and statins, we tested whether over-
expression of a constitutively active AKT mutant rescues the 
pro-apoptotic effects of the AICAR and fluvastatin combina-
tion. As shown in Figure 3b, Rat1a cells expressing a constitu-
tively active form of AKT were nearly resistant to the apoptotic 
effects of AICAR and fluvastatin (Fig. 3b). Although, one can 
not exclude cell-dependent variations on the role of AKT, these 
findings strongly suggest that inhibition of AKT activity is crit-
ical for the generation of such pro-apoptotic effects by the com-
bination. We also determined the effects of compound C, an 
agent known to inhibit AMPK activation.25 In contrast to what 
we observed in the case of AICAR, concomitant treatment of 
786-0 cells with fluvastatin and compound C resulted in partial 
reversal of the suppressive effects of fluvastatin on 786-0 cell 
proliferation (Fig. 3C). As compound C is a non-specific inhibi-
tor of AMPK and to exclude the possibility that such reversal 
reflects non-specific effects of compound C unrelated to AMPK 
inhibition, additional studies using cells with targeted disrup-
tion of both AMPK1 and AMPK2 were performed. In experi-
ments with AMPK 1-/-2-/- mouse embryonic fibroblasts (MEFs) 
we found that these cells are more resistant to the inhibitory 
effects of statins on cell growth than wild type MEFs, indi-
cating that fluvastatin’s effects are mediated in part through 
AMPK (Fig. 3d). Consistent with this, immunoblotting exper-
iments demonstrated that fluvastatin induces AMPK activation 

Renal cell carcinoma (RCC) is a highly aggressive genitouri-
nary cancer for which the treatment options are limited.19 This 
malignancy is characterized by over-activation of this AKT/
mTOR signaling pathway.20 Extensive work over the last few 
years has demonstrated the effectiveness of targeting the mTOR 
pathway for the treatment of RCC.21 Temsirolimus, a known 
mTOR pathway inhibitor, has significant clinical activity in the 
treatment of RCC and it is now an FDA-approved agent in the 
treatment of patients with RCC.22 There is also evidence that 
3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors 
(statins) inhibit RCC cell growth and induce RCC cell death 
by de-phosphorylation/de-activation of AKT and its downstream 
signaling components.23 In the present study we examined the 
effects of AICAR, a pharmacological activator of AMPK, on 
RCC cells. Our data demonstrate that AICAR exhibits growth 
inhibitory and pro-apoptotic effects on RCC cells and suppresses 
the mTOR pathway, while the combination of AICAR with new 
generation statins results in enhancement of RCC cell death 
and suppression of anchorage-independent growth, suggesting 
that combinations of AICAR with statins may provide a novel 
approach to generate antitumor responses.

Results

We first examined the effects of the AMPK activator AICAR on 
human renal cell carcinoma cell growth and viability. 786-0 cells 
were treated with increasing doses of AICAR and cell prolifera-
tion was assessed by MTT assays. AICAR clearly inhibited the 
growth of 786-0 cells in a dose-dependent manner (Fig. 1a). 
Also, as expected, AICAR induced phosphorylation/activation 
of the AMP-activated kinase (AMPK) in these cells (Fig. 1b), 
suggesting that its growth suppressive effects reflect engagement 
of AMPK and downstream suppression of mTOR. Such AICAR-
inducible phosphorylation in renal cell carcinoma cells was also 
dose-dependent (Fig. 1C).

In subsequent studies, we examined whether AMPK induc-
tion ultimately induces apoptosis of 786-0 cells. Treatment with 
AICAR resulted in apoptotic death of approximately 30–35% of 
cells at 96 hours (Fig. 1d). As previous work from our group has 
established that statins induce apoptosis of RCC cells by target-
ing the mTOR pathway,23 we also determined whether addition 
of fluvastatin or simvastatin to the cultures enhances AICAR-
dependent apoptosis. Combining AICAR with either fluvastatin 
(Fig. 1d, left) or simvastatin (Fig. 1d, middle) resulted in much 
higher apoptosis than each agent alone, suggesting that statins 
enhance the pro-apoptotic effects of AICAR on RCC cells. 
When the effects of AICAR or fluvastatin on the induction of 
apoptosis were examined in the ACHN renal carcinoma cell 
line, we noticed minimal induction of apoptosis in these cells, 
but there was dramatic enhancement of apoptosis when the two 
agents were added together to the cultures (Fig. 1d, right), fur-
ther establishing that AICAR promotes statin-induced cell death.

Extensive work in recent years has highlighted the thera-
peutic potential of targeting the mTOR pathway in renal cell 
carcinoma.21,22,24 In fact, temsirolimus was recently approved 
by the FDA for the treatment of such patients.22 Also, based 
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the growth of the ACHN and CAKI-2 renal cell carcinoma cell 
lines in a dose-dependent manner (Fig. 4a). As expected, treat-
ment of RCC cells with metformin resulted in AMPK activa-
tion in RCC cells (Fig. 4b). In subsequent studies, we sought 
to better understand the mechanisms by which statins enhance 
the antitumor effects of AMPK activators via mTOR inhibition. 
Specifically, we sought to obtain information on the contribu-
tions of mTORC1 and mTORC2 targeting in the process. It 
should be noted that our previous work has strongly suggested 

in RCC cells (Fig. 3e), further suggesting that engagement of 
AMPK accounts in part for the antitumor effects of statins.

Much like AICAR, metformin is also known to act as a 
pharmacological activator of AMPK.25 When the effects of this 
agent on 786-0 cell proliferation were examined, potent dose- 
dependent suppressive effects on cell growth were noticeable 
(Fig. 4a). Furthermore, combinations of metformin and fluv-
astatin significantly inhibited cell growth as compared to met-
formin or fluvastatin alone (Fig. 4a). Metformin also inhibited 

Figure 1. aICaR-dependent growth suppression and apoptosis in renal cell carcinoma cells. (a) 786-0 cells were treated for 4 days with solvent control 
or with the indicated concentrations of aICaR. Cell proliferation was assessed by MTT. Data are expressed as % control-treated cells and represent 
means ± se of three independent experiments. paired t-test analysis for the growth of 786-0 cells treated with 250 μmol/L aICaR, 500 μmol/L aICaR 
and 1,000 μmol/L aICaR versus control treated cells showed a 2-tailed p values of 0.003, 0.0001 and 0.004, respectively. (B) Top, 786-0 cells were 
treated with solvent control or aICaR (2 mmol/L) for 48 hours, as indicated. equal amounts of total cell lysates were resolved by sDs-paGe and immu-
noblotted with an antibody against the phosphorylated/activated form of aMpKα at Thr 172. Middle, equal protein aliquots from the same experi-
ment were resolved on a separate gel and probed with an anti-aMpKα antibody. Bottom, the top blot was subsequently reprobed with an antibody 
to detect anti-glyceradledhyde-3-phosphate dehydrogenase (anti-GapDh). (C) Top, 786-0 cells were treated with solvent control or the indicated 
concentrations of aICaR for 48 hours. equal amounts of total cell lysates were resolved by sDs-paGe and immunoblotted with an antibody against the 
phosphorylated/activated form of aMpKα at Thr 172. Middle, bottom, the blot was subsequently stripped and reprobed with an antibody to detect 
anti-aMpKα, middle, and anti-glyceraldehyde-3-phosphate dehydrogenase (anti-GapDh), bottom. (D) Left, 786-0 cells were treated with solvent 
control (DMsO), aICaR (500 μmol/L), fluvastatin (3 μmol/L), or the indicated combinations for 96 hours. Data are expressed as % apoptotic cells and 
represent means ± se of four independent experiments. paired t-test analysis for the induction of apoptosis of 786-0 cells treated with aICaR versus 
fluvastatin and aICaR showed a 2-tailed p value = 0.013. paired t-test analysis for the induction of apoptosis of 786-0 cells treated with fluvastatin 
versus fluvastatin and aICaR treated cells showed a 2-tailed p value = 0.0005. Middle, 786-0 cells were treated with solvent control (DMsO), aICaR 
(500 μmol/L), simvastatin (3 μmol/L), or the indicated combinations for 96 hours. Data are expressed as % apoptotic cells and represent means ± se 
of 3 independent experiments. paired t-test analysis for the induction of apoptosis of 786-0 cells treated with aICaR versus simvastatin and aICaR 
showed a 2-tailed p value = 0.003. paired t-test analysis for the induction of apoptosis of 786-0 cells treated with simvastatin versus simvastatin and 
aICaR showed a 2-tailed p value = 0.003. Right, aChN cells were treated with solvent control (DMsO), aICaR (500 μmol/L), fluvastatin (3 μmol/L), or 
the indicated combinations for ninety-six hours. Data are expressed as % apoptotic cells and represent means ± se of four independent experiments. 
paired t-test analysis for the induction of apoptosis of aChN cells treated with aICaR versus fluvastatin and aICaR showed a 2-tailed p value = 0.008. 
paired t-test analysis for the induction of apoptosis of aChN cells treated with fluvastatin versus fluvastatin and aICaR treated cells showed a 2-tailed p 
value = 0.003.
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that statin-treatment targets both 
mTORC1 and mTORC2 complexes in 
renal cell carcinoma cells, as evidenced 
by the inhibition of AKT phosphoryla-
tion on Ser473.23 To determine the con-
tribution of mTORC1 in the process, we 
examined the effects of rapamycin that 
selectively targets mTORC1.12 Upon 
analyzing the combined effects of either 
AICAR or metformin and rapamycin 
on 786-0 cell growth, we noticed that 
rapamycin enhanced the growth suppres-
sive effects of both AICAR (Fig. 4C, left) 
and metformin (Fig. 4C, right), although 
such an enhancement was not notice-
able at the high doses of AICAR (Fig. 
4C). We also examined in parallel the 
effects of dual targeting of mTORC1 or 
mTORC1/mTORC2 and AMPK acti-
vation on the generation of apoptosis in 
renal cell carcinoma cells. As expected,23 
fluvastatin induced apoptosis of 786-0 
cells, while rapamycin did not (Fig. 4d). 
Metformin and AICAR also induced 
various degrees of apoptosis (Fig. 4d) 
and such apoptosis was strongly poten-
tiated by concomitant treatment of the 
cells with fluvastatin, but not rapamy-
cin (Fig. 4d). In fact, there was some 
reversal of the pro-apoptotic effects of 
AICAR or metformin by concomitant 
use of rapamycin (Fig. 4d), suggest-
ing that negative feedback of mTORC2 
activation in response to rapamycin par-
tially reverses the pro-apoptotic effects 
of these agents. Thus, combined inhi-
bition of mTORC1 and/or mTORC2 
enhances generation of growth inhibi-
tory responses by AMPK activators in 
RCC cells, but only mTORC2 targeting 
enhances pro-apoptotic responses.

Finally, we examined the effects of 
AICAR and/or fluvastatin on anchor-
age-independent growth of RCC cells, 
by examining colony formation from 
malignant cells in soft agar assays.26,27 
As shown in Figure 5, anchorage-inde-
pendent growth of RCC cells was inhib-
ited at high concentrations of AICAR 
or fluvastatin (Fig. 5). However, when 
both AICAR and fluvastatin were 
added to the cultures, there was dra-
matic enhancement of such inhibition, 
with almost complete suppression of 

Figure 2. suppressive effects of combinations of aICaR and fluvastatin on the activation of the 
mTOR pathway in renal cell carcinoma cells. (a–C) 786-0 cells were treated with solvent control 
(DMsO), aICaR, fluvastatin or the indicated combinations of different concentrations of aICaR and 
fluvastatin for 48 hours, as indicated. equal amounts of total cell lysates were resolved by sDs-paGe 
and immunoblotted with antibodies against the phosphorylated/activated form of (a) Top, s6K 
on Thr 389 (B) Top, rps6 on ser 240/244 and (C) Top, 4e-Bp1 on ser 65. equal protein aliquots from 
the same experiments in (a) top, (B) top or (C) top were resolved on separate gels and probed with 
(a) Middle, anti-s6K, (B) Middle, anti-rps6 or (C) Middle, anti-4e-Bp1 antibodies, respectively. The 
(a and B) top or (C) middle blots were subsequently reprobed with an (a–C) Bottom, anti-GapDh 
antibody.
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Figure 3. Role of aKT regulation in the induction of apoptosis by aICaR and fluvastatin. (a) Top, 786-0 cells were treated with solvent control (DMsO) 
or aICaR and/or fluvastatin at the indicated concentrations for 48 hours. equal amounts of total cell lysates were resolved by sDs-paGe and immunob-
lotted with an antibody against the phosphorylated/activated form of aKT on ser 473. (a) Middle, equal protein aliquots from the same experiment 
were resolved on a separate gel and probed with an anti-aKT antibody. (a) Bottom, the top blot was subsequently reprobed with an anti-GapDh 
antibody. (B) Control Rat1a cells or Rat1a cells stably transfected with myristoylated aKT (Myr-aKT) were treated with solvent control (DMsO), aICaR 
(500 μmol/L), fluvastatin (10 μmol/L) or aICaR and fluvastatin for 72 hours. The induction of apoptosis was evaluated by flow cytometry using annexin 
V/propidium iodide staining. Data are expressed as % apoptotic cells. Means ± se of five independent experiments are shown. paired t-test analysis 
for the induction of apoptosis of control Rat1a cells treated with fluvastatin versus fluvastatin and aICaR showed a 2-tailed p value = 0.0008. (C) 786-0 
cells were treated for 4 days with solvent control (DMsO) or with the indicated concentrations of fluvastatin alone or fluvastatin in combination with 
10 μmol/L compound C and cell proliferation was assessed by MTT assays. Data are expressed as % control-treated cells and represent means ± se of 
three independent experiments. (D) Wild-type (WT) aMpK mouse embryonic fibroblasts (MeFs) or aMpK 1-/-2-/- MeFs were treated with solvent control 
(DMsO) or the indicated concentrations of fluvastatin. Cell proliferation was assessed by MTT. Data are expressed as % control-treated cells and repre-
sent means ± se of three independent experiments. paired t-test analysis comparing values between aMpK 1-/-2-/- cells and aMpK WT cells treated with 
2 μmol/L fluvastatin or 3 μmol/L fluvastatin showed a 2-tailed p values of 0.014 and 0.002, respectively. (e) Top, 786-0 cells were treated with solvent 
control (DMsO) or fluvastatin (10 μmol/L) for 48 hours, as indicated. equal amounts of total cell lysates were resolved by sDs-paGe and immunob-
lotted with an antibody against the phosphorylated/activated form of p-aMpKα (Thr 172). (e) Bottom, the top blot was subsequently stripped and 
reprobed with an anti-aMpKα antibody.
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Figure 4. effects of combined aMpK activation and mTOR inhibition on the growth of renal cell carcinoma cells. (a) Left, 786-0 cells were treated 
for 4 days with solvent control or with the indicated concentrations of metformin alone or metformin in combination with 1 μmol/L fluvastatin. Cell 
proliferation was assessed by MTT assays. Data are expressed as % control-treated cells and represent means ± se of three independent experiments. 
Middle, CaKI-2 cells were treated for 4 days with solvent control or with the indicated concentrations of metformin. Cell proliferation was assessed by 
MTT. Data are expressed as % control-treated cells and represent means ± se of three independent experiments. paired t-test analysis for the growth 
of CaKI-2 cells treated with 5, 10, 20 and 50 mmol/L metformin versus control-treated cells showed a 2-tailed p values of 0.017, 0.003, 0.001 and 0.01 
respectively. Right, aChN cells were treated for 4 days with solvent control or with the indicated concentrations of metformin. Cell proliferation was 
assessed by MTT. Data are expressed as % control-treated cells and represent means ± se of four independent experiments. paired t-test analysis for 
the growth of aChN cells treated with 1, 2, 5, 10, 20 and 50 mmol/L metformin versus control treated cells showed a 2-tailed p values of 0.0007, 0.0003, 
0.0004, 0.002, 0.006 and 0.0004 respectively. (B) Top, 786-0 cells were treated with solvent control or 5 mmol/L metformin for 48 hours, as indicated. 
equal amounts of total cell lysates were resolved by sDs-paGe and immunoblotted with an antibody against the phosphorylated/activated form of 
aMpKα at Thr 172. (B) Bottom, the top blot was subsequently stripped and reprobed with an antibody to detect anti-aMpKα. (C) Left, 786-0 cells were 
treated for 4 days with solvent control or with the indicated concentrations of aICaR alone or aICaR in combination with 1 nmol/L rapamycin. Cell 
proliferation was assessed by MTT assays. Data are expressed as % control-treated cells and represent means ± se of three independent experiments. 
Right, 786-0 cells were treated for 4 days with solvent control or with the indicated concentrations of metformin alone or metformin in combination 
with 1 nmol/L rapamycin. Cell proliferation was assessed by MTT assays. Data are expressed as % control-treated cells and represent means ± se of 
three independent experiments. (D) 786-0 cells were treated with solvent control (DMsO), rapamycin (10 nmol/L), fluvastatin (3 μmol/L), metformin  
(10 mmol/L), aICaR (500 μmol/L), or the indicated combinations for 96 hours. The induction of apoptosis was evaluated by flow cytometry using  
annexin V/propidium iodide staining. Data are expressed as % apoptotic cells. Mean ± se of three independent experiments are shown.
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facilitating a conformational change that reveals its active site.7 
Another AMPK activator is the antidiabetic drug metformin, 
which has been previously shown to exhibit antitumor effects in 
vitro and in animal models in vivo, and for which there is emerg-
ing interest for its potential use in clinical oncology.28

Recent work has shown that AMPK activators sensitize colon 
cancer cell lines to TNFα8 and suppress the growth of prostate 
and/or breast carcinoma lines.6,10 In addition, AICAR slows the 
growth of MDA-MB-231 breast cancer tumor xenografts in 
nude mice.6 Despite the emerging evidence suggesting antitumor 
effects for AMPK activators, very little is known on the poten-
tial clinical-translational relevance of targeting this pathway in 
renal cell carcinoma, a malignancy in which the mTOR cascade 
plays a prominent role in growth and survival because of its 
regulatory effects on the hypoxia inducible factor (HIF) 1α and  
2α proteins.29,30 The importance of targeting this signaling 
cascade in the treatment of renal cancer has been firmly estab-
lished by studies demonstrating that beyond temsirolimus, other 
mTOR inhibitors such everolimus and deferolimus have also sig-
nificant clinical activity in the treatment of this malignancy.30,31 

anchorage-independent growth seen at combinations of AICAR 
at a concentration of 500 μmol/L, with either lower or higher 
concentrations of fluvastatin (Fig. 5a and b). Similarly, 786-0 
colony formation was suppressed by metformin, while combina-
tions of metformin with fluvastatin resulted in much more potent 
suppression than either treatment alone (Fig. 6a and b).

Discussion

There has been accumulating evidence over the last several years 
for an integral link between cancer and metabolism. It is now 
well established that highly anabolic cancer cells need to con-
stantly generate new proteins to support their ongoing growth 
and for their survival,4-6 ultimately resulting in changes to cel-
lular energy levels- detected by AMPK.1,2 Pharmacological 
targeting of AMPK may provide a novel approach for the treat-
ment of malignancies, alone or in combination with other 
therapeutic approaches.4-6 One such AMPK-targeting drug,  
5-aminoimidazole-4-carboxamide riboside (AICAR), activates 
AMPK by acting as a cellular AMP mimic, binding AMPK and 

Figure 5. effects of aICaR and/or fluvastatin on renal cell carcinoma cell anchorage-independent growth. (a) equal numbers of 786-0 cells were plat-
ed in a soft-agar assay system and treated with either aICaR (500 μmol/L or 1,000 μmol/L), fluvastatin (1 or 3 μmol/L), or the indicated combinations 
of aICaR and fluvastatin. Colony formation was analyzed after 14 days of culture. a representative area (x20 magnification) of each treatment point 
is shown (a–i). Cells were treated with solvent control (DMsO) (a) 500 μmol/L aICaR, (b) 1,000 μmol/L aICaR, (c) 1 μmol/L fluvastatin, (d) 3 μmol/L 
fluvastatin (e) the combination of 500 μmol/L aICaR and 1 μmol/L fluvastatin, (f) 500 μmol/L aICaR and 3 μmol/L fluvastatin, (g) 1,000 μmol/L aICaR 
and (h) 1 μmol/L fluvastatin or (i) 1,000 μmol/L aICaR and 3 μmol/L fluvastatin. Colonies were stained with crystal violet. (B) Colonies were counted 
and results were expressed as % control of DMsO-treated colonies. Data shown represent means ± se of three independent experiments. paired t-test 
analysis for the inhibition of colony formation of 786-0 cells treated with 500 μmol/L aICaR versus 1 μmol/L fluvastatin and 500 μmol/L aICaR showed 
a 2-tailed p value = 0.007. paired t-test analysis for the inhibition of colony formation of 786-0 cells treated with 1 μmol/L fluvastatin versus 1 μmol/L 
fluvastatin and 500 μmol/L aICaR showed a 2-tailed p value = 0.009.
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Additionally, our data suggest a possible 
enhancement of antitumor responses when 
AICAR is combined with fluvastatin or 
simvastatin, likely reflecting enhanced 
dephosphorylation of downstream ele-
ments of the AKT signaling cascade. It is 
of particular interest that statins work by 
inhibiting the rate-limiting enzyme of the 
mevalonate pathway, HMG Coenzyme-A 
reductase,32—a pathway that is ultimately 
linked to a number of cellular signaling 
cascades. Interestingly, AMPK, the pro-
tein-target of phosphorylation and activa-
tion by AICAR, has also been shown to 
inhibit this same enzyme.33 Notably, we 
detected statin-dependent phosphoryla-
tion of AMPK in RCC cells and found that 
the effects of fluvastatin on cell growth are 
partially reversible by concomitant treat-
ment of the cells with the AMPK inhibitor 
compound C. Moroever, statin-dependent 
growth inhibition is decreased in MEFs 
with targeted disruption of the Ampk1/
Ampk2 genes, suggesting that the antipro-
liferative effects of statins are also mediated 
in part via modulation of AMPK-regulated 
signals and responses. Consistent with this, 
previous studies have demonstrated ator-
vastatin-34 and simvastatin35-dependent 
phosphorylation and activation of AMPK 
in epithelial cells. The findings of these 
studies, taken together with our data, are 
consistent with a functional role of AMPK 
in the induction of statin-responses in both 
normal and malignant cells. In addition, 
our data have shown that overexpression of 
a constitutively activated AKT mutant res-
cues the apoptotic effects of the AICAR/
fluvastatin combination, suggesting that 
AKT may be the converging point of both 
AMPK-dependent and independent signals 

that generate such responses. Such a role for AKT is further sup-
ported by our previous work demonstrating statin-dependent 
suppression of serine 473 AKT phosphorylation,23 as well as 
by the fact that AKT is known to directly control activation of 
AMPK activity.15-17

The antiproliferative and pro-apoptotic effects we detected 
using AICAR in RCC cells, including enhanced effects when 
combined with statins, were also seen in experiments using 
another AMPK activator, metformin. Moreover, in experiments 
to determine anchorage-independent growth of renal cell carci-
noma cells, we established that combinations of either AICAR 
or metformin dramatically enhanced suppression of clonogenic 
tumor cell growth. Previous studies had demonstrated statin-
dependent suppression of anchorage-independent growth of 
breast carcinoma cells36 and metformin-induced suppression of 

In fact everolimus was the second mTOR inhibitor after temsi-
rolimus recently approved by the FDA for the treatment of RCC 
patients.31 Studies to identify other agents that may synergisti-
cally enhance the activity of mTOR inhibitors and/or overcome 
resistance to such inhibitors may prove to be important in further 
expanding the treatment options of patients with renal cancer. 
Recently, we demonstrated that statins (atorvastatin, fluvastatin) 
inhibit mTOR activation in renal carcinoma cells and gener-
ate growth inhibitory and pro-apoptotic responses,23 suggesting 
that combinations of these agents with other drugs with activ-
ity in RCC may provide a novel approach to enhance antitumor 
responses.

In the present study we provide the first evidence that activat-
ing AMPK using AICAR or metformin results in suppression 
of RCC cell growth and induction of apoptosis of RCC cells. 

Figure 6. effects of metformin and/or fluvastatin on renal cell carcinoma cell anchorage-inde-
pendent growth. (a) equal numbers of 786-0 cells were plated in a soft-agar assay system and 
treated with either metformin (1 mmol/L or 2 mmol/L), fluvastatin (1 μmol/L), or the indicated 
combinations of metformin and fluvastatin. Colony formation was analyzed after 14 days of 
culture. a representative area (x20 magnification) of each treatment point is shown (a–f). Cells 
were treated with solvent control (DMsO), (a) 1 mmol/L metformin, (b) 2 mmol/L metformin, (c) 
1 μmol/L fluvastatin, (d) the combination of 1 mmol/L metformin and 1 μmol/L fluvastatin, (e) 
2 mmol/L metformin and (f) 1 μmol/L fluvastatin. Colonies were stained with crystal violet. (B) 
Colonies were counted and results were expressed as % control of DMsO-treated colonies. Data 
shown represent means ± se of four independent experiments. paired t-test analysis for the 
inhibition of colony formation of 786-0 cells treated with 2 mmol/L metformin versus 1 μmol/L 
fluvastatin and 2 mmol/L metformin showed a 2-tailed p value = 0.014. paired t-test analysis 
for the inhibition of colony formation of 786-0 cells treated with 1 μmol/L fluvastatin versus 1 
μmol/L fluvastatin and 2 mmol/L metformin showed a 2-tailed p value = 0.048.
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5-Aminoimidazole-4-carboxamide ribonucleotide (AICAR) was 
purchased from Sigma-Aldrich. Metformin was purchased from 
Sigma-Aldrich. Fluvastatin was kindly provided from Novartis or 
purchased from Calbiochem. Simvastatin and compound C were 
purchased from Calbiochem. Antibodies against the phosphor-
ylated forms of AKT (Ser 473), S6K (Thr 389), S6 ribosomal 
protein (rpS6; Ser 240/Ser 244), eukaryotic initiation factor 4E 
(eIF4E)-binding protein (4E-BP1; Ser 65) and AMP-activated 
kinase alpha (AMPKα; Thr 172) were obtained from Cell 
Signaling Technology. Antibodies to detect AKT, S6K, rpS6, 
4E-BP1 and AMPKα were also purchased from Cell Signaling 
Technology. An anti-glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) monoclonal antibody was obtained from Millipore.

Cell proliferation assays. Cells were seeded in 96-well plates 
and incubated in the presence of control solvent or the indicated 
concentrations of either AICAR, metformin, fluvastatin, com-
pound C and/or rapamycin at 37°C for 4 days. Cell proliferation 
was assessed using a methyl-thiazolyl-tetrazolium assay system as 
described previously.41

Flow cytometric analysis. Flow cytometric studies to detect 
apoptosis by Annexin V/propidium iodide staining were done as 
in our previous studies.42,43

Cell lysis and immunoblotting. Cells were treated with 
DMSO (control), AICAR, metformin and/or fluvastatin for the 
indicated times and were subsequently lysed in phosphorylation 
lysis buffer as described previously.44,45 Immunoblotting using an 
enhanced chemiluminescence method was done as in previous 
studies.42,44,45

Soft-agar assays. Anchorage-independent growth was assessed 
in a soft-agar assay system using established methodology26 and 
set up as in our previous studies.27
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anchorage-independent growth of prostate cancer cells.37 Our 
data provide the first evidence that AICAR and metformin 
induce suppression of anchorage-independent growth of RCC 
cells and that such properties of these AMPK activators are dra-
matically enhanced when combined with fluvastatin.

Altogether our data provide direct evidence that activators 
of AMPK exhibit potent inhibitory effects on RCC cells and 
provide the rationale for future clinical-translational efforts 
involving AICAR or other AMPK activators for the treatment 
of renal cell carcinoma. It is particularly encouraging that 
pharmacological analysis from a clinical trial involving intra-
venous administration of AICAR in diabetic patients38 demon-
strated that achievable serum concentrations of AICAR in such 
patients are similar to concentrations used in the present study. 
Based on that, it is likely that such concentrations may be also 
achievable in clinical trials in patients with renal cell carcinoma 
or other malignancies, and this should be directly addressed in 
future studies.

Methods

Cell lines and reagents. The 786-0, CAKI-2 and ACHN renal 
carcinoma cell lines were obtained from ATCC (catalog numbers 
CRL-1932, HTB-47, CRL-1611) in 2006 and authenticated in 
February 2010, via the Johns Hopkins Genetic Resources Core 
Facility. The 786-0 cell line was grown in RPMI 1640 supple-
mented with 10% fetal bovine serum, antibiotics, 10 mmol/L 
HEPES buffer and 1 mmol/L sodium pyruvate. The CAKI-2 cell 
line was grown in McCoy’s Media supplemented with 10% fetal 
bovine serum and antibiotics. The ACHN cell line was grown 
in Minimal Essential Medium supplemented with 10% fetal 
bovine serum and antibiotics. Rat1a cells and Rat1a-Myr-AKT 
 cells39 were grown in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% fetal bovine serum and anti-
biotics. Immortalized Ampkα wild type (WT) and Ampkα1-/-2-

/- mouse embryonic fibroblasts (MEFs)40 were grown in DMEM 
supplemented with 10% fetal bovine serum and antibiotics. 
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