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Abstract 

Metformin, a common therapeutics for type 2 diabetics, was recently demonstrated to possess 
antitumor activity in various cancer types. However, its therapy effect in renal cell carcinoma (RCC) 
still remains controversial. In this study, we found that metformin treatment in RCC cells lead to 
activation of AMPK, which suppressed the cell proliferation under normal condition, but enhanced 
cell proliferation under glucose deprivation (GD) condition. Depletion of AMPK by siRNA abolished 
the proliferation effect of MF under GD condition. Mechanistic investigations revealed that the 
effect of AMPK on cell proliferation under GD condition is dependent on its nuclear translocation. 
Moreover, the nuclear AMPK recruits PKM2 and β-Catenin to form a complex, which promotes the 
transcription of cell proliferation related genes, including CCND1 and c-Myc. Furthermore, 
depletion of PKM2 or β-Catenin abrogated the proliferative effects of metformin under GD 
condition. And inhibition of PKM2 also re-sensitized the A498 xenograft in response to metformin 
treatment. Together, our results suggested that combined of AMPK activation and PKM2 depletion 
or inhibition can achieve better therapeutic effect for RCC patients. 
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Introduction 
Renal cell carcinoma (RCC) is the most common 

and lethal cancer of kidney cancer, which accounts for 
85% of all kidney cancers [1]. The increasing incidence 
of kidney cancer is mostly attributed to the wide use 
of diagnostic imaging and the increasing rates of 
hypertension and obesity [2]. In addition, it has been 
demonstrated that renal cancer patients with diabetes 
mellitus have poorer survival compared with those 
without diabetes mellitus [3]. Aerobic glycolysis plays 
an important role in glucose metabolism in various 
cancer cells. Recent insights into the biology of renal 
cancer suggest that renal cancer is fundamentally a 
metabolic disease. The mutations of the renal cancer 
genes related to disorders in oxygen, iron, nutrient 
and/or energy sensing frequently happen in renal 

cancer syndromes [4]. Therefore, a better 
understanding of the metabolic changes in renal 
cancer might lead to innovative therapeutic strategies 
to treat this disease.  

The AMP-activated protein kinase (AMPK) is a 
cellular energy sensor which reflects cellular energy 
status by undergoing phosphorylation and increasing 
activity when AMP levels increase and ATP levels 
decrease, which is an indicative marker of energy 
deficiency [5]. Although RCC tumor cells might be 
expected to show AMPK activation because of their 
dependence on less efficient glycolysis and their rapid 
consumption of ATP during growth, unexpectedly, 
the reverse was observed, with markedly reduced 
phospho-AMPK levels, and reduced levels of AMPK 
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subunits AMPKα and AMPKβ1 at both 
transcriptional and protein levels[6]. Therefore, 
activation of AMPK might be an attractive strategy for 
RCC treatment. Exactly, Metformin (MF), an AMPK 
agonist, has shown antitumor activity in various 
cancers in multiple preclinical studies using cultured 
cancer cells and mouse models [7,8]. For example, in 
differentiated and undifferentiated thyroid cancer 
cells, Chen et al demonstrated that in vitro activation 
of AMPK with MF inhibited cell growth, induced cell 
cycle arrest and apoptosis, inhibited colony sphere 
formation, and chemosensitized cells to doxorubicin 
[9]. The administration of MF was associated with 
favorable overall survival (OS), cancer-specific 
survival (CSS), and disease-free survival (DFS) of 
RCC patients [10], and lower risk of mortality in the 
processes of therapy [11]. Although MF use on RCC 
patients was in favor of better CSS and DFS, it did not 
benefit the patients with metastatic RCC [12]. 
Therefore, it remains controversial about whether use 
of MF will achieve better survival outcomes in 
patients with renal cancer. 

The role of AMPK as a modulator of energy use 
is well established [13,14]. The activated AMPK can 
either maintain intracellular energy homeostasis by 
down-regulating energy consuming (anabolic) 
pathways under metabolic stress, or up-regulated 
energy producing (catabolic) pathways to replenish 
cellular ATP stores when there is nutrient deprivation 
[15]. We therefore hypothesized that the poor 
outcome of MF in RCC patient might related to 
activation of AMPK under conditions of nutrient 
deprivation, since cancer cells usually encounters 
nutrient limitation [16]. In this study, we used a model 
of glucose deprivation to study the effect of nutrient 
limitation in RCC cells under MF treatment. Our 
results indicated that activation of AMPK by MF 
suppressed the RCC cell proliferation under normal 
condition, but enhanced the cell proliferation under 
GD condition. Mechanically, the activation of AMPK 
recruits PKM2 and β-catenin into nuclear and triggers 
the transcription of several proliferstion related genes, 
including cyclin D1 (CCND1), c-Myc. Our results 
suggested inhibition of PKM2 or β-catenin could be 
an alternative strategy to overcome the RCC 
proliferation caused by AMPK activation under GD 
condition.  

Materials and methods 
Cell culture  

RCC cell lines (A498 and GRC-1) were obtained 
from the Shanghai Cell Bank, Chinese Academy of 
Sciences (Shanghai, China). Cells were cultured in 
Dulbecco minimum essential medium (DMEM) 

(Invitrogen Life Technologies, Carlsbad, CA, USA) 
with the supplements of 10% heat-inactivated fetal 
bovine serum (Invitrogen Life Technologies), 100× 
penicillin-streptomycin solution (Invitrogen Life 
Technologies), and incubated in an incubator (Thermo 
Fisher Scientific Inc., Waltham, MA, USA) set to 37°C, 
100% humidity, and 5% CO2.  

Glucose restriction and drug treatment 
For the glucose deprivation (GD) treatment, cells 

were seeded overnight and transferred to DMEM 
with 2.5 mM glucose (treatment group) or with 25 mM 
glucose (control group). The high glucose medium 
was purchased from Thermo Fisher (11965118, 
Waltham, MA, USA) and diluted with glucose-free 
DMEM (11966025) to 2.5 mM GD medium. AMPK 
activator metformin (MF, PHR1084) and AMPK 
inhibitor (Compound C, 171261) were purchased from 
Sigma-Aldrich (St. Louis, MO, USA).  

siRNA transfection 
siRNA of AMPK, PKM2 and β-Catenin was 

synthesized by Shanghai GenePharma, Co., Ltd. The 
target sequences of these genes were as follows, 
AMPK: GTGGCTTATCATCTTATCATT and GAAGG 
TTGTAAACCCATATTA, PKM2: CCATAATCGTCC 
TCACCAA, β-Catenin: CATGTGTTGGTAAGCT 
CTA, and control: ATGCTGATCAGTGTCGATT. The 
transfection of siRNA was conducted by lipofectamin 
2000 reagent (Thermo Fisher Scientific, Shanghai, 
China) according to the manufacturer’s instruction. 

Western blotting and immunoprecipitation 
Cells were lysed for 30 min on ice in IP buffer 

with protease inhibitors cocktail (SRE0055-1BO, 
Sigma-Aldrich). Samples were quantified with BCA 
assays (23225, Thermofisher) and analyzed by 
western blotting. For IP, cell lysates were incubated 
with protein-specific antibodies or normal rabbit IgG 
(sc-2027, Santa Cruz Biotechnology, Dallas, TX, USA) 
overnight at 4 °C, followed by incubation with protein 
A/G agarose beads (Millipore; IP10) for 3 h and 
washed in lysis buffer supplemented with protease 
inhibitors. Antibodies for western blotting were: 
AMPK (SAB4502329), p-AMPK (Thr172, 
SAB4503754), Ki-67 (SAB5500134), Actin (A5441) 
(Sigma-Aldrich), tubulin (SC-8035, Santa Cruz, Dallas, 
TX, USA), PKM2 (4053, Cell Signaling, Danvers, MA, 
USA), H3 (ab1791), β-Catenin (ab32572) (Abcam, 
Cambridge, UK). 

Cell fraction assay 
Cells were lysed using membrane lysis buffer 

(10 mM HEPES, pH 8.0, 1.5 mM MgCl2, 10 mM KCl, 
1 mM DTT and 1% Igepal CA-630), then vortexed and 
centrifuged at 13200 rpm for 5 min. The supernatant 
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was collected as the cytoplasmic fraction. The pellets 
were re-suspended with RIPA buffer (Millipore) and 
then sonicated twice on ice and centrifuged at 
13200 rpm for 15 min. The supernatant was the 
nuclear fraction. The cytoplasmic fraction and the 
nuclear fraction were analyzed by Western blotting. 

RNA extraction and quantitative real-time 
PCR 

Total RNA was isolated from thyroid cancer cells 
using RNeasy Mini Kit (74104, Qiagen, Hilden, 
Gemany) according to the manufacturer's protocol. 
SYBR Green-based qPCR master mixes (330600) were 
obtained from Qiagen. Expression of Cyclin D1 
(CCND1), c-Myc were examined using specific 
primers as following: CCND1, 5′-CCCTCGGTGTCC 
TACTTCAAA-3′ and 5′ CCAGGTTCCACTTGAGCT 
TGT-3′, c-Myc, 5′-CCTCAACGTTAGCTTCACCAA-3′ 
and 5′-TTTGATGAA GGTCTCGTCGTC-3′. 

Cell proliferation assays 
RCC cells were treated with drugs for 48 h, and 

then pulsed with 5-Bromo-2-deoxyuridine (BrdU) for 
an additional 8 h. Cell proliferation was determined 
by BrdU incorporation assay according to the 
manufacturer’s instructions (11647229001, Roche 
Diagnostics GmbH, Roche Applied Science, 
Germany). The absorbance at 450nm was detected. 
Cell viability was assayed by using 
3-(4,5)-dimethylthiahiazo(-z-y1)-3,5-di-phenytetrazoli
umromide (MTT, G4000, Promega, Madison, MI, 
USA). After treatment, 10 µL MTT (5 mg/mL) was 
added into cultured medium in each well for 2–4 h 
until purple precipitate is visible. After the removal of 
culture medium, 75 µL dimethyl sulphoxide was 
added to each well, leaving the cells at room 
temperature in the dark for 2 h. The absorbance at 570 
nm was detected. 

ATP production and glucose uptake assays 
The level of intracellular ATP was determined by 

ATP colorimetric assay kit (K354, Bio vision, Milpitas, 
CA, USA). Glucose uptake was measured by 
fluorimetric cell-based glucose uptake assay kit 
(#EFGU-100, Bioassay systems, Hayward, CA, USA). 
All the measurements were normalized to cell 
numbers and protein concentration. 

Xenograft model 
BALB/C nude mice provided by SLAC 

Laboratory Animal (Shanghai, China), were studied 
after approval from the Medical ethics committee of 
College of Basic Medical Sciences, Jilin University. 6- 
to 8-week-old mice were maintained in 
high-efficiency particulate air-filtered cages in a 
pathogen-free facility. A498 cells were washed once 

and resuspended in serum-free medium. 1×106 cells in 
matrigel (BD Biosciences, San Jose, CA) were injected 
into the neck region; mice were examined the day 
after injection. 7 days after tumor cell injection, mice 
were treated continuously with MF in drinking water 
(200 μg/ml), or injected with SKN (4 mg/kg) by 
(intraperitoneal) I.P. injection for 2 weeks. Control 
mice were injected with the same volume of PBS. 
Tumor size was measured with a caliper each week 
for 5 weeks; the tumor volume was determined by 
measuring the maximal (a) and minimal (b) diameters 
using a caliber and calculated by using the formula 
a×b2. For the food starvation, short-term fasting was 
implemented 32 h prior and 12 h post-injection. 
During the treatment, animals were monitored 
routinely for body weight loss and general behavior. 

Statistical Methods 
For comparison of the data presented statistics 

were done using a two group, unpaired Student’s 
t-test, while for the comparison of three groups, 
one-way ANOVA were performed via GraphPad 
Prism software. 

Results 
Activation of AMPK promotes RCC cell 
proliferation under glucose deprivation 

We first investigated the in vitro effect of AMPK 
agonists, MF (3 mM) on renal cancer cell (RCC) 
proliferation with or without glucose deprivation 
(GD). Our results indicated that supplement of MF in 
A498 and GRC-1 cells substantially suppressed the 
cell grow under normal condition (Fig. 1A). However, 
MF treatment did not have the similar effect on RCC 
cell growth under GD condition, but promoted the 
cell growth, although RCC cells grew slower under 
GD condition (Fig. 1A). The Brdu assay results 
suggested that MF treatment suppressed the RCC cell 
proliferation under normal condition, but enhanced 
the cell proliferation under GD condition (Fig. 1B). In 
contrast, no obvious apoptosis was found in RCC cells 
in response to MF treatment in normal or GD 
conditions (Fig. 1C). Since MF is an AMPK agonist, 
we further investigate the activation of AMPK, and 
found that MF treatment induced AMPK 
phosphorylation in both normal and GD condition 
(Fig. 1D). Interestingly, the GD condition also 
increases the phosphorylation of AMPK, which was 
reinforced by MF treatment (Fig. 1D). We also tested 
the expression of proliferation marker, Ki-67, and 
found that MF treatment suppressed the expression of 
Ki-67 in normal condition, but induced its expression 
under GD condition (Fig. 1D). Therefore, our results 
suggested that MF treatment increased the RCC cell 
proliferation under glucose deprivation. 
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Figure 1. Activation of AMPK by metformin (MF) promotes RCC cell proliferation under glucose deprivation (GD) condition. (A) A498 and 
GRC-1 cells were treated Metformin (MF, 3 mM) for indicated time point under normal cell culture or GD condition. The cell viability was analyzed by MTT assay. 
(B) The cell proliferation of A498 and GRC-1 cells treated with MF under GD condition was analyzed by Brdu assay. (C) The cell apoptosis of A498 and GRC-1 cells 
treated with MF under GD condition was analyzed by hoechst 33342 staining. (D) Western blot of indicated proteins in A498 cells treated with MF under normal or 
GD conditions. Every experiment was repeated for 3 times. *, p<0.05; **, p<0.01. 

 

AMPK modulates the RCC proliferation 
independent of its kinase activity 

Since AMPK activation is correlated to glucose 
consumption, we therefore tested the ATP and lactate 
level in RCC cells after MF treatment. We found that 
MF treatment reduced the ATP and lactate level in 
RCC cells under normal condition, but enhanced ATP 
and lactate level under GD condition (Fig. 2A, B). 
Depletion of AMPK by shRNA in RCC cells under GD 
condition compromised the induction of Ki67 by MF 
treatment (Fig. 2C), and the ATP and lactate secretion 
(Fig. 2D). Furthermore, silence of AMPK also reduced 
the RCC cell proliferation under GD condition (Fig. 
2E), and suppressed the mRNA induction of CCND1 
and c-Myc by MF (Fig. 2F), which were reported to 
modulated the cell proliferation. However, combined 
treatment with AMPK inhibitor did not compromised 
the cell proliferation induced by MF treatment (Fig. 
2G), although it reduced the ATP and lactate secretion 
in RCC cells under GD condition (Fig. 2H). These 

results collectively suggested that AMPK modulated 
the RCC cell proliferation under GD condition, which 
is independent of its kinase activity. 

Nuclear AMPK is important for RCC cell 
proliferation by recruiting β-catenin 

AMPK is a crucial nutrient sensor, and previous 
studies have demonstrated that it is translocated into 
the nucleus under energy restriction stress [17]. 
AMPK was reported to promote β-catenin nuclear 
translocation, which mediates cancer cell migration 
[18,19], we therefore tested whether GD condition 
promotes nuclear translocation of AMPK and 
β-catenin. As predicted, MF treatment in A498 cells 
promotes AMPK and β-catenin nuclear translocation 
under both normal and GD conditions (Fig. 3A). 
However, the nuclear translocation of AMPK and 
β-catenin under GD condition was much higher than 
that in normal condition, which is positively 
proportional with the AMPK activation (Fig. 1D). 
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Depletion of AMPK abolished the nuclear 
translocation of β-catenin (Fig. 3B). However, 
inhibition of AMPK did not change the nuclear 
translocation of β-catenin promoted by MF treatment 
(Fig. 3C), suggesting the nuclear translocation of 
β-catenin is AMPK kinase independent. To further 
confirm the role of β-catenin in AMPK activation 
mediated cell proliferation, we utilized the siRNA to 
knockdown β-catenin upon MF treatment in A498 

cells. Silence of β-catenin in A498 cells treated with 
MF suppressed the induction of Ki-67, which is a 
proliferation marker (Fig. 3D). Accordingly, depletion 
of β-catenin also inhibited cell proliferation caused by 
MF treatment in A498 cells (Fig. 3E), as well as the 
mRNA level of CCND1 and c-myc (Fig. 3F). 
Therefore, our results suggested activation of AMPK 
promotes RCC cell proliferation by recruiting 
β-catenin into nuclear. 

 

 
Figure. 2 AMPK mediates RCC cell proliferation under GD condition. (A) The ATP level of A498 cells treated with MF for 48 h under normal or GD 
conditions. (B) The lactate level of A498 cells treated with MF for 48 h under normal or GD conditions. (C) Western blot of indicated proteins in A498 cells 
transfected with control or AMPK siRNA and treated with MF for 48 h under GD condition. (D) The ATP and lactate level in A498 cells treated as in (C). (E) The 
cell viability and Brdu analysis of cell proliferation in A498 cells treated as in (C). (F) The mRNA level of CCND1 and c-Myc in A498 cells treated as in (C). (G) The 
cell viability and Brdu analysis of cell proliferation in A498 cells treated with MF with or without AMPK inhibitor (AMPKi, 5 µM) under GD condition. (H) The ATP 
and lactate level in A498 cells treated as in (G). Every experiment was repeated for 3 times. *, p<0.05; **, p<0.01. 
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Figure 3. Nuclear AMPK promotes RCC cell proliferation by transcription of β-Catenin under GD condition. (A) The nuclear location of AMPK and 
β-Catenin upon MF treatment under normal or GD conditions was analyzed by cellular fractionation followed by western blot. (B) The nuclear location of β-Catenin 
in A498 cells transfected with control or AMPK siRNA upon MF treatment for 48 h under GD condition. (C) The nuclear location of β-Catenin in A498 cells treated 
with MF in combined with or without AMPKi (5 µM) for 48 h. (D) A498 cells transfected with control or β-Catenin siRNA were treated with MF for 48 h under GD 
condition. The expression of indicated proteins was analyzed by western blot. (E) The cell viability and Brdu analysis of A498 cells treated as in (D). (F) The mRNA 
level of CCND1 and c-Myc in A498 cells treated as in (D). Every experiment was repeated for 3 times. *, p<0.05; **, p<0.01. 

 

AMPK promotes β-catenin nuclear 
translocation by binding with PKM2 

In the next step, we are interested to understand 
the underlying mechanism for β-catenin nuclear 
translocation by AMPK. It was reported that 
activation of AMPK interacts with PKM2 [17], which 
can promote the transcription activity of β-catenin, 
and trigger cell proliferation [20]. In this study, we 
found that MF treatment increased the nuclear 
translocation of PKM2 in A498 cells (Fig. 4A). 

Depletion of AMPK suppressed the nuclear 
translocation of PKM2 (Fig. 4B), suggesting the 
activity of PKM2 might be involved in the 
AMPK-induced RCC cell proliferation. We further 
study the interaction of AMPK, PKM2 and β-catenin, 
and found that MF treatment assembles these three 
proteins together (Fig. 4C). Depletion of AMPK or 
PKM2 by siRNA abolished the complex formation 
with β-catenin (Fig. 4D, E). However, depletion of 
PKM2 attenuated the nuclear translocation of 
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β-catenin, but did not affect the AMPK translocating 
into nulcear (Fig. 4F). Therefore, our results suggested 
that AMPK promotes β-catenin nuclear translocation 
by recruiting PKM2 into nuclear and forming a 
complex with β-catenin. 

PKM2 is necessary for AMPK mediated RCC 
cell proliferation 

To further confirm the role of PKM2 in AMPK 
modulated RCC cell proliferation under GD 

condition, we depleted PKM2 by siRNA transfection. 
Absence of PKM2 in A549 cells abrogated the RCC 
cell proliferation induced by MF treatment in A549 
cells (Fig. 5A, B). Accordingly, PKM2 knockdown also 
suppressed the induction of CCND1 and c-Myc in 
mRNA level (Fig. 5C), suggesting the inhibition of 
β-catenin transcription activity. Inhibition of PKM2 by 
shikonin (SKN) also suppressed the cell proliferation, 
and induced loss of cell survival, suggesting the cell 
death upon SKN treatment (Fig. 5D). Furthermore, 

 

 
Figure 4. AMPK form a complex with PKM2 and β-Catenin in nuclear in response to MF treatment under GD condition. (A) The nuclear location 
of PKM2 in A498 cells upon MF treatment for 48 h under GD condition. (B) The nuclear location of PKM2 in A498 cells transfected with control or AMPK siRNA 
upon MF treatment for 48 h under GD condition. (C) The interaction of AMPK and PKM2 and β-Catenin was analyzed by immunoprecipitation. (D) The interaction 
of PKM2 and β-Catenin in A498 cell transfected with control or AMPK siRNA was analyzed by immunoprecipitation. (E) The interaction of AMPK and β-Catenin in 
A498 cell transfected with control or PKM2 siRNA was analyzed by immunoprecipitation. (F) The nuclear location of AMPK and β-Catenin in A498 cells transfected 
with control or PKM2 siRNA upon MF treatment for 48 h under GD condition. Every experiment was repeated for 3 times. 
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SKN treatment also suppressed the induction of 
CCND1 and c-Myc by MF (Fig. 5E). Therefore, our 
results suggested that PKM2 is necessary for AMPK 
recruits β-catenin into nuclear, and promotes 
transcription of several genes related to cell 
proliferation. 

Inhibition of PKM2 overcome the cell 
proliferation induced by MF under glucose 
deprivation in vivo 

To further confirm the effect of PKM2 inhibition 
on AMPK activation induced proliferation, the in vivo 
xenograft experiment was conducted. Firstly, we 
tested the effect of food starvation on tumor growth in 
the nude mice injected with 1X106 A498 cells, which 
was supposed to mimic the effect of glucose 
deprivation. Our results suggested that food 

starvation actually slow the tumor growth, but did 
not have suppression effects (Fig. 6A). We next tested 
the MF and/or SKN treatment in nude mice under 
glucose starvation. We found that MF treatment did 
not suppressed the tumor growth, but increased the 
tumor volume (Fig. 6B,C). However, SKN treatment 
actually limited the tumor growth, and exerted 
maximal inhibitory effect when combined with MF 
treatment (Fig. 6B, C). Furthermore, the western blot 
for Ki-67 also revealed that MF treatment promoted 
the cell proliferation in vivo, and SKN combination 
can suppressed the induction of Ki-67 (Fig. 6D, E). 
Collectively, our in vivo results suggested that 
inhibition of PKM2 can reverse the proliferation effect 
of MF under food starvation. 

 
 

 
Figure 5. PKM2 mediated the proliferation induced by MF under GD condtion. (A) A498 cells transfected with control or PKM2 siRNA were treated with 
MF for 48 h under GD condition. The expression of indicated proteins was analyzed by western blot. (B-D) The cell viability and proliferation (B) and mRNA level of 
CCND1 and c-Myc (C) of A498 cells treated as in (A) was analyzed. (D) The cell viability and Brdu analysis of A498 cells treated with MF in combined with or without 
PKM2 inhibitor (Shikonin, SKN, 0.2 µM) under GD condition. (E) The mRNA level of CCND1 and c-Myc in A498 cells treated as in (D). Every experiment was 
repeated for 3 times. *, p<0.05; **, p<0.01; ***, p<0.001. 
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Figure 6. SKN sensitized the RCC xenograft to MF treatment under food starvation. (A) The tumor growth in the control mice and food starvation (FS) 
group. (B) The tumor growth in the mice received MF (200 μg/ml) and/or injected with SKN (4 mg/kg) under food starvation. (C) The representative tumors. (D,E) 
The expression of Ki-67 in different groups of tumors was analyzed by western blot (D) and immunochemistry staining (E). N=6 for (A) and (B). *, p<0.05; **, p<0.01. 

 

Discussion 
AMPK was originally reported as a tumor 

suppressor [21], therefore, previous studies primarily 
focused on the role of AMPK in suppression of cell 
growth. The AMPK activators, MF, have been used 
for cancer prevention and therapy. It was recently 
found that the type 2 diabetes patients treated with 
MF had lower cancer risk and lower cancer-related 
mortality rates compared with patients treated with 
other therapeutics [7]. However, a large controversy 
exists in the literature related to the AMPK pathway 
involvement in tumorigenesis and cancer progression, 
since recent studies suggest that AMPK activation 
does not decrease risk of colorectal, lung, breast, and 
prostate cancer [17]. In the present study, we 
demonstrate the ability of a novel function of AMPK 
activator in promoting cell growth in RCC cell lines in 
vitro. Although activation of AMPK suppresses the 
proliferation of RCC cells in normal condition, it also 
promotes RCC cell proliferation under GD condition, 
which might lead to unfavorable clinical outcomes for 

RCC patient. We found that treatment with an AMPK 
activator no only enhances its kinase activity, but also 
lead to its nuclear translocation. The nuclear AMPK 
therefore recruits PKM2 and β-catenin into a complex 
in the nuclear, which activate the β-catenin 
downstream genes’ transcription. 

AMPK has been classically defined as a master 
regulator of cellular metabolism in which the 
activation of AMPK by energetic stress leads to an 
overall increase in catabolic processes [14]. Several 
strategies are currently being employed to modulate 
AMPK activity in cancer. Choi et al. observed that 
AICAR, an AMPK activator, suppressed cell 
proliferation rate and apoptosis in thyroid cancer cell 
line expressing either wild-type BRAF or 
V600E-mutant BRAF [22]. The anti-proliferative 
effects of MF in cancer cells are highly dependent on 
the glucose concentration in the extracellular milieu 
[23]. Consistent with these previous studies about the 
anti-proliferative role of AMPK, we also confirmed 
that activation of AMPK by MF actually inhibited the 
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RCC cell proliferation under normal culture 
condition. However, different studies demonstrated 
that AMPK activation mediated by lower ATP/AMP 
ratio promotes cellular survival under stressful 
metabolic condition, a characteristic tumor 
microenvironment [24,25]. Moreover, antagonists of 
AMPK such as compound C inhibit prostate cancer 
cell proliferation [26,27]. Therefore, it is unclear 
whether agonists or antagonists should be used given 
AMPK’s context-dependent role (oncogenic versus 
tumor suppressive). In our study, we firstly clarified 
the function of AMPK in RCC cell proliferation. 
Although AMPK activation processes the tumor 
suppression function under normal condition, it also 
enhances RCC cell proliferation under GD condition. 
Consistent with the previous discoveries that AMPK 
acts as a nutrient sensor in the cytoplasm [26], our 
study revealed that the activation of AMPK promotes 
RCC cell proliferation under stressful metabolic 
condition. However, the function of AMPK is 
independent of its kinase activity, instead, the nuclear 
translocation of AMPK mediated the RCC cell 
proliferation, which provides a novel function of 
AMPK. Our results reveal a novel role for AMPK in 
significantly enriching cancer proliferation properties 
upon activation that involves a novel nuclear 
translocation mechanism for PKM2. We demonstrated 
the physiological interaction between AMPK, PKM2, 
and β-Catenin, and showed how the protein 
complexes played an instrumental role in regulating 
nuclear accumulation of PKM2 and β-Catenin. We 
also offered evidence suggesting depletion or 
inhibition of PKM2 can suppress the RCC cell 
proliferation induced by AMPK activation. Thus, 
orchestrating the signal pathway of AMPK and PKM2 
is important for the interplay between tumor 
progression and suppression, and will benefit for 
RCC patient therapy. 

PKM2 is the predominant pyruvate kinase 
isoform in the initiation of leukemia. PKM2 has been 
demonstrated an important function in promoting 
cancer cell metabolism and growth, since inhibition of 
PKM2 by peptide aptamer inhibited cell growth [28], 
and PKM2 knockdown by siRNA or replacement of 
PKM2 with PKM1 [29] significantly reduced the 
tumor volume in nude mice. PKM2 is necessary for 
aerobic glycolysis of cancer cells, which is a hallmark 
of cancer metabolism and the major energy source for 
cancer cell growth and survival [29]. Therefore, PKM2 
is a potential therapy target for disrupting glucose 
metabolism in cancer cells. Though the kinase activity 
of PKM2 is associated with modulation of aerobic 
glycolysis in cancer cells, the translocation of PKM2 
into the nucleus also play an important role in the 
expression of the β-catenin target gene, c-Myc [20,30]. 

Nuclear PKM2 also mediates the epithelial– 
mesenchymal transition (EMT) of cancer cells upon 
TGF-β and EGF activation, resulting in the 
suppression of E-Cadherin transcription [30]. These 
findings suggested the pivotal role of nuclear PKM2 
in the cancer Warburg effect and tumorigenesis. In 
our study, we observed that PKM2 translocated into 
the nucleus during AMPK activation in RCC. These 
results suggest that nuclear translocation of PKM2 
was the reason for cancer proliferation upon AMPK 
activation under GD condition. It has been 
demonstrated that nuclear PKM2 expression 
correlates with cancer grading and poor prognosis of 
patients with glioma and esophageal squamous cell 
carcinoma [20]. Thus, targeting nuclear translocation 
of PKM2 in combination with AMPK activation drugs 
may lead to a novel method of RCC cancer treatment. 

Recent evidence indicates that long-term 
exposure to the metabolic stress caused by nutrient 
restriction helps cancer cells to adapt and survive, but 
some of the mechanisms remain elusive [17]. Here, 
our results revealed a dual role of AMPK in mediating 
RCC cell proliferation under normal and GD 
conditions. These important roles of AMPK in 
different physiological processes may ultimately 
preclude AMPK itself from ever being a viable 
therapeutic target. Future RCC cancer treatments 
may, therefore, be able to target the inhibition of 
nuclear PKM2 or related complex formation to reduce 
the side effects caused by AMPK activation. 
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