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Introduction 
Lung cancer is the leading cause of cancer mortality world-
wide, with approximately 15% 5-year patient overall sur-
vival.  Loss-of-function mutations of tumor suppressor genes 
contribute to lung cancer initiation and progression.  LKB1, 
also known as serine/threonine kinase 11 (STK11), belongs to 
the calcium/calmodulin-regulated kinase group.  Germline 
mutations in LKB1 give rise to Peutz-Jeghers syndrome, a 
disorder characterized by benign hamartomas of the gastro-
intestinal tract[1] and a predisposition to certain cancers[2, 3].  
Although LKB1 mutation is rare in most types of sporadic 
cancers, biallelic inactivation of LKB1 is present in 30% of 
non-small cell lung cancer (NSCLC) primary tumors and cell 
lines[4–6] and ranks as the third-highest mutated gene in lung 
adenocarcinoma after p53 and Ras[7].  LKB1 encodes a serine/

Negative regulation of mTOR activity by LKB1-AMPK 
signaling in non-small cell lung cancer cells

Li-xia DONG1, #, Lin-lin SUN2, #, Xia ZHANG1, Li PAN1, Lin-juan LIAN1, Zhe CHEN1, Dian-sheng ZHONG1, 2, *

1Department of Respiratory Medicine, Tianjin Medical University General Hospital, Tianjin 300052, China; 2Tianjin Lung Cancer Insti-
tute, Tianjin Medical University General Hospital, Tianjin 300052, China

Aim: To investigate the role of LKB1 in regulation of mTOR signaling in non-small cell lung cancer (NSCLC) cells. 
Methods: LKB1 protein expression and phosphorylation of AMPK, 4E-BP1 and S6K in the cells were assessed using Western blotting in 
various NSCLC cell lines (A549, H460, H1792, Calu-1, and H1299).  Energy stress was mimicked by treating the cells with 2-deoxyglu-
cose (2-DG).  Compound C was used to inhibit AMPK activity.  Cell growth was measured using the MTS assay.
Results: LKB1 protein was expressed in LKB1 wild-type Calu-1, H1299, and H1792 cells, but it was undetected in LKB1 mutant A549 
and H460 cells.  Treatment of the LKB1 wild-type cells with 2-DG (5, 10, and 25 mmol/L) augmented the phosphorylation of AMPK in 
dose- and time-dependent manners.  In the LKB1 wild-type cells, 2-DG dramatically suppressed the phosphorylation of two mTOR tar-
gets, 4E-BP1 and S6K, whereas the LKB1 mutant A549 and H460 cells were highly resistant to 2-DG-induced inhibition on mTOR activ-
ity.  In addition, stable knockdown of LKB1 in H1299 cells impaired 2-DG-induced inhibition on mTOR activity.  Pretreatment of H1299 
and H1792 cells with the AMPK inhibitor compound C (10 µmol/L) blocked 2-DG-induced inhibition on mTOR activity.  2-DG inhibited 
the growth of H1299 cells more effectively than that of H460 cells; stable knockdown of LKB1 in H1299 cells attenuated the growth 
inhibition caused by 2-DG.
Conclusion: In non-small cell lung cancer cells, LKB1/AMPK signaling negatively regulates mTOR activity and contributes to cell growth 
inhibition in response to energy stress.

Keywords: non-small cell lung cancer; LKB1/AMPK/mTOR; 2-deoxyglucose
 
Acta Pharmacologica Sinica (2013) 34: 314–318; doi: 10.1038/aps.2012.143; published online 26 Nov 2012

Original Article

threonine protein kinase and functions as a master upstream 
kinase of a group of AMP-activated protein kinase (AMPK)-
related kinases and thus is involved in the management of 
cellular energy, inhibition of cell growth and regulation of cell 
polarity[8–10].  Among these substrate kinases, the most studied 
is AMPK, a central metabolic switch.  

2-Deoxyglucose (2-DG) is a well characterized glycolysis 
inhibitor[11].  It is converted by hexokinase to phosphorylated 
2-DG (2-DG-P), which cannot be metabolized in glycolysis[12].  
The inhibition of glycolysis by 2-DG treatment leads to a 
decrease in intracellular ATP concentration and an increase in 
intracellular AMP concentration[13, 14].  AMP can bind to AMPK 
and alter its conformation, resulting in AMPK activation by 
LKB1 via phosphorylation of AMPK at Thr172[15, 16].  Acti-
vated AMPK then phosphorylates tuberin protein (TSC2) and 
activates its GTP activating protein (GAP) activity to inhibit 
the Ras homolog enriched in brain (Rheb)-mediated mam-
malian target of rapamycin (mTOR) signaling.  This results in 
repressed phosphorylation of key translational regulators such 
as eukaryotic translation initiation factor 4e-binding protein 1 
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(4E-BP1) and ribosomal S6 kinase (S6K1)[17].  
The role of LBK1 in AMPK activation and mTOR repression 

has been demonstrated in the in vitro phosphorylation assay[18], 
in LKB1-deficient cancer cells (such as HeLa) and in mouse 
embryonic fibroblasts (MEFs) from LKB1 knockout mice[19].  In 
the present study, we attempted to investigate the relevance of 
LKB1 signaling in lung carcinogenesis with several lung can-
cer cell lines expressing wild-type LKB1 or inactivating muta-
tions in LKB1.  Here, we report that LKB1 mediates activation 
of AMPK, inhibition of mTOR and suppression of cell growth 
in response to energy stress in lung cancer cells.

Materials and methods
Materials
Mouse monoclonal antibody against LKB1 was purchased 
from Abcam(Cambridge, MA, UK).  Antibodies against 
AMPK, phospho-AMPK α-Thr172, phospho-S6K-Thr389, and 
phospho-4E-BP-Ser65 were purchased from Cell Signaling 
Technology(Beverly, MA, USA).  Mouse anti-GAPDH anti-
body was purchased from Santa Cruz Biotechnology (Santa 
Cruz, CA, USA).  2-Deoxyglucose (2-DG) was purchased from 
Sigma (St Louis, MO, USA).  Compound C was purchased 
from Calbiochem (Billerica, MA, USA).  

Cell lines and cell culture
Two lung adenocarcinomas cell lines (A549 and H1792), 
two large cell lung cancer cell lines (H460 and H1299), one 
squamous lung cancer cell line Calu-1 were purchased from 
the American Type Culture Collection (ATCC, Manassas, VA, 
USA).  Cells were cultured in RPMI 1640 medium purchased 
from Invitrogen (Carlsbad, CA, USA) supplemented with 10% 
fetal bovine serum (FBS) and antibiotics (100 U/mL strep-
tomycin and 100 mg/mL penicillin) at 37 °C in a humidified 
atmosphere with 5% CO2.  LKB1 stable knockdown cell line 
H1299-LKB1shRNA and control cell line H1299-pLK0.1 were 
established previously by our lab[20].

Western blot analysis
Cells were seeded in 6-well plates and incubated for 24 h 
prior to treatment with different concentrations of 2-DG for 
different periods of time.  Cells were lysed in a lysis buffer 
containing 20 mmol/L Tris (pH 7.5), 150 mmol/L NaCl, 1% 
Triton X-100, 0.5 mmol/L EDTA, 1 mmol/L PMSF, 1 mmol/L 
NaF, and 1 μg/mL leupeptin at 4 °C.  Protein concentration 
was determined by Bradford assay.  Equal amounts of protein 
from each cell lysate (50 μg/lane) were subjected to 10% SDS-
polyacrylamide gel electrophoresis (SDS/PAGE) and trans-
ferred onto polyvinylidene difluoride membranes (Millipore, 
New Bedford, MA, USA).  The membranes were blocked for 1 
h at room temperature and then probed with primary antibod-
ies against LKB1 (dilution 1:3000), AMPK (dilution 1:1000), 
phospho-AMPK (dilution 1:1000), phospho-S6K (dilution 
1:1000), and phospho-4E-BP (dilution 1:1000) or GAPDH (dilu-
tion 1:3000) in Tris-buffered saline containing 0.2% Tween 20 
and 5% fat-free dry milk overnight at 4 °C.  After washing, the 
membrane was incubated with horseradish peroxidase-con-

jugated secondary antibodies (dilution 1:5000) for 1 h at room 
temperature.  Specific proteins were visualized with enhanced 
chemiluminescence detection reagent according to the manu-
facturer’s instructions (Pierce Biotechnology, Rockford, IL, 
USA). 

Cell growth inhibition assay
Cells were seeded in 96-well cell culture plates at a density of 
5000 cells per well.  After attachment, cells were treated with 
indicated concentrations of 2-DG for 48 or 72 h.  Cell growth 
inhibition assay was determined with the Cell Titer 96 Aque-
ous Non-Radioactive Cell Proliferation Assay (Promega, WI, 
USA) according to the manufacturer’s instructions. 

Statistical analysis
Most of our results are representative of at least three inde-
pendent experiments and are presented as the mean±standard 
deviation (SD) of triplicate samples.  Error bars represent stan-
dard deviations between experiments.

Results
LKB1 expression in various NSCLC cell lines
To investigate the relevance of LKB1 in lung carcinoma, we 
studied several NSCLC cell lines with and without LKB1-
inactivating mutations.  According to our previous work[6], 
LKB1 has a nonsense mutation at codon 37 in H460 and A549 
cell lines.  Consistent with this, LKB1 was undetectable in 
A549 and H460 cells, while it was readily detectable in Calu-1, 
H1299, and H1792 cells, demonstrating that these cells are 
LKB1 wild-type cells (Figure 1).

AMPK activation mediated by LKB1
We next evaluated the phosphorylation of AMPK in these 
cells.  ATP depletion using 2-DG resulted in the augmen-
tation of AMPK phosphorylation in LKB1 wild-type cells 
(Calu-1, H1299, and H1792) in a time- and dose-dependent 
manner.  Specifically, 2-DG-induced AMPK phosphorylation 
was readily detectable at 30 min after the addition of 2-DG 
(Figure 2A) and was sustained for at least 24 h (Figure 2B).  
In addition, 5 mmol/L 2-DG was sufficient to substantially 
increase AMPK phosphorylation (Figure 2C).  In contrast, in 
LKB1-mutant H460 cells and LKB1 stable knockdown cell line 
H1299-LKB1shRNA, AMPK activation by 2-DG was severely 
attenuated[20], confirming the indispensable role of LKB1 in 
AMPK activation in lung cancer cells.  

Figure 1.  LKB1 protein expression in NSCLC cell lines.  Cell lysates were 
collected, and anti-LKB1 antibody was used to detect LKB1 expression.  
GAPDH was used as the loading control. 
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LKB1 negatively regulates mTOR activity
To define the relevance of LKB1 in mTOR regulation, we 
tested the ability of LKB1 mutant and LKB1 wild-type cells to 
inhibit mTOR signaling in response to energy stress.  Phos-
phorylation of 4E-BP1 and S6K, two well-characterized targets 
of mTOR, was dramatically repressed in LKB1 wild-type cells 
(Calu-1, H1299, and H1792) upon 2-DG treatment (Figure 3A).  
In contrast, LKB1 mutant cells (A549 and H460) were highly 
resistant to mTOR inactivation, as evidenced by the levels of 
phospho-S6K (Figure 3B), suggesting that LKB1 is required for 
2-DG-mediated inhibition of mTOR activity.  Moreover, stable 
knockdown of LKB1 in H1299 cell (H1299-LKB1shRNA) impaired 
the inhibitory effect of 2-DG on mTOR activity (Figure 3C), 
further supporting the repressive role of LKB1 in regulating 
mTOR activity.

LKB1 functions through AMPK to inhibit mTOR 
To explore the functional significance of AMPK in the inhibi-
tion of mTOR by LKB1, Compound C (CC), a pharmacological 
inhibitor of AMPK, was tested.  It was observed that the inhib-
itory effect of LKB1 on S6K phosphorylation was blocked after 
pretreating LKB1 wild-type H1792 cells with CC for 30 min 
(Figure 4A).  The repression of 4E-BP1 phosphorylation was 
also reduced (Figure 4B).  Similar results were obtained in the 
LKB1 wild-type H1299 cells (Figure 4C).  These data suggest 
that AMPK functions downstream of LKB1 to inhibit mTOR 
activity.  

LKB1 is required for cell growth inhibition in response to energy 
stress
Given that mTOR is a critical modulator of protein synthesis 
and cell growth, we sought to determine the effect of 2-DG on 
cell growth.  Although both LKB1 wild-type H1299 cells and 
LKB1 mutant H460 cells show decreased cell viability upon 
2-DG treatment, H1299 cells were more sensitive to 2-DG treat-
ment than H460 cells (Figure 5A).  As previously mentioned, 

2-DG sensitive H1299 cells demonstrated enhanced AMPK 
activation and decreased mTOR activity while 2-DG insensi-
tive H460 cells exhibited comprised AMPK-mTOR signaling, 
consistent with their diverse cell viability upon 2-DG treat-
ment.  However, the differing sensitivity of H460 and H1299 

Figure 2.  Time- and dose-dependent of AMPK phosphorylation induced by 2-DG.  (A) Calu-1, H1299, and H1792 cells were treated with 25 mmol/L 
2-DG for the indicated time (0, 0.5, 1, and 2 h).  (B) Calu-1, H1299, and H1792 cells were treated with 25 mmol/L 2-DG for longer time points (4, 8, 
and 24 h).  (C) Calu-1, H1299, and H1792 cells were treated with the indicated concentration of 2-DG (0, 5, 10, and 25 mmol/L) for 2 h.  Anti-p-AMPK 
antibody was used to detect AMPK phosphorylation, and total AMPK was used as the loading control.

Figure 3.  LKB1-mediated inhibition of mTOR activity.  (A) Calu-1, H1299, 
and H1792 cells were treated with 25 mmol/L 2-DG for 2 h.  (B) H460 
and A549 cells were treated with 25 mmol/L 2-DG for 2 h.  (C) H1299-
pLKO.1 and H1299-LKB1shRNA cells were treated with 25 mmol/L 2-DG for 
2 h.  Anti-p-4E-BP1 and anti-p-S6K antibody were used to detect 4E-BP1 
and S6K phosphorylation, with GAPDH as the loading control.  
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cells to 2-DG cannot be attributed simply to LKB1 mutation 
status because the overall genetic backgrounds of H460 and 
H1299 cells are also different.  Therefore, to further validate 
the results, the cell viability of isogenic cell lines H1299-
LKB1shRNA and H1299-PLKO.1 was tested.  As expected, stable 
knockdown of LKB1 attenuated growth inhibition induced by 
2-DG (Figure 5B), further supporting the requirement of LKB1 
in mediating cell growth inhibition in response to energy 
stress in lung cancer.

Discussion
In our study, we confirmed that LKB1 phosphorylates and 
activates AMPK in a time- and dose-dependent manner upon 
2-DG treatment in NSCLC cells.  LKB1 mediates the prolonged 
activation of AMPK following energy stress, thus serving as a 
metabolic checkpoint and enabling cell growth to be coupled 
to the availability of fuel supplies.  

Three lines of evidence from our investigation support 
the role of LKB1/AMPK signaling in 2-DG-mediated mTOR 
inhibition in lung cancer cells.  First, mTOR inactivation was 
observed only in LKB1 wild-type cells but not in LKB1 inacti-
vated mutant cells.  Consistently, stable knockdown of LKB1 

led to deficiency in mTOR inactivation.  Moreover, inhibition 
of AMPK by Compound C alleviated mTOR suppression.  
Therefore, LKB1 deficiency or AMPK inhibition impairs inhi-
bition of mTOR activity under energy stress in lung cancer, 
defining the negative regulation of mTOR by LKB1/AMPK 
signaling.  

Swinnen et al reported that treatment of various cancer cell 
lines with the AMPK activator AICAR prevented prolifera-
tion[21].  Our study demonstrates that potent growth inhibition 
by 2-DG is dependent on LKB1 gene status.  Although there 
are other effectors downstream of LKB1/AMPK signaling, 
such as activation of p53 and upregulation of p21[9, 10], mecha-
nistically, we propose that the major growth regulatory path-
ways controlled by LKB1/AMPK are mediated by inhibition 
of mTOR.  While elevated AMPK activity may be inhibitory 
for tumor cell growth, too little AMPK activity may also be 
detrimental.  It has been reported that LKB1 wild-type cells 
are more resistant to cell death upon glucose withdrawal than 
their mutant counterparts[22] because they may require AMPK 
activation to restore intracellular ATP for cell survival under 

Figure 4.  AMPK inhibitor Compound C blocked 2-DG induced mTOR 
inhibition.  (A) H1792 cells were pretreated with Compound C (10 µmol/L) 
for 30 min prior to addition of 25 mmol/L 2-DG for 2 h.  Anti-p-S6K 
antibody was used to detect S6K phosphorylation.  (B) H1792 cells were 
pretreated with Compound C (10 µmol/L) for 30 min prior to addition of 
25 mmol/L 2-DG for 2 h.  Anti-p-4E-BP1 antibody was used to detect p-4E-
BP1 phosphorylation.  (C) H1299 cells were pretreated with Compound C 
(10 µmol/L) for 30 min prior to addition of 25 mmol/L 2-DG for 2 h.  Anti-
p-S6K antibody was used to detect S6K phosphorylation, with GAPDH as 
the loading control.

Figure 5.  LKB1 is required for 2-DG mediated cell growth inhibition.  (A) 
H460 and H1299 cells were seeded in 96-well plates and treated with the 
indicated concentration of 2-DG (0, 2.5, 5, 10, and 25 mmol/L).  Plates 
were subjected to MTS assay after 48 or 72 h.  Reactions were conducted 
in quadruplicate.  (B) H1299-pLKO.1 and H1299-LKB1shRNA cells were 
seeded in 96-well plates and treated with 5 mmol/L 2-DG.  Plates 
were subjected to MTS assay after 48 h.  Reactions were conducted in 
quadruplicate.
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conditions such as oncogenic mutations driving imbalances in 
energy metabolism.

According to our study, LKB1-expressing NSCLC cells may 
be capable of switching off the mTOR pathway in response to 
metabolic stresses that activate AMPK.  Thus, if it is possible 
to induce the activation of AMPK with a drug, proliferation 
of LKB1-expressing cancer cells might be inhibited.  Cur-
rently, 2-DG is being investigated in Phase I/II clinical trials.  
The finding that the mTOR signaling pathway is elevated in 
LKB1-deficient lung cancer cells under low energy conditions 
suggests that mTOR inhibitors, such as rapamycin and its ana-
logues, would be effective at inhibiting growth of these cancer 
cells.

In conclusion, our study demonstrates that in lung cancer 
cells, LKB1 plays a significant role in energy response by 
activating AMPK, inhibiting mTOR activity and thereby sup-
pressing cell growth, suggesting the potential utility of AMPK 
and mTOR as targets for lung cancer therapy.  
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