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The EGFR/PI3K/Akt/mTOR signaling pathway is activated in many
cancers including glioblastoma, yet mTOR inhibitors have largely
failed to show efficacy in the clinic. Rapamycin promotes feedback
activation of Akt in some patients, potentially underlying clinical
resistance and raising the need for alternative approaches to block
mTOR signaling. AMPK is a metabolic checkpoint that integrates
growth factor signaling with cellular metabolism, in part by neg-
atively regulating mTOR. We used pharmacological and genetic
approaches to determine whether AMPK activation could block
glioblastoma growth and cellular metabolism, and we examined
the contribution of EGFR signaling in determining response in vitro
and in vivo. The AMPK-agonist AICAR, and activated AMPK ade-
novirus, inhibited mTOR signaling and blocked the growth of
glioblastoma cells expressing the activated EGFR mutant, EGFRvIII.
Across a spectrum of EGFR-activated cancer cell lines, AICAR was
more effective than rapamycin at blocking tumor cell proliferation,
despite less efficient inhibition of mTORC1 signaling. Unexpect-
edly, addition of the metabolic products of cholesterol and fatty
acid synthesis rescued the growth inhibitory effect of AICAR,
whereas inhibition of these lipogenic enzymes mimicked AMPK
activation, thus demonstrating that AMPK blocked tumor cell
proliferation primarily through inhibition of cholesterol and fatty
acid synthesis. Most importantly, AICAR treatment in mice signif-
icantly inhibited the growth and glycolysis (as measured by
18fluoro-2-deoxyglucose microPET) of glioblastoma xenografts en-
gineered to express EGFRvIII, but not their parental counterparts.
These results suggest a mechanism by which AICAR inhibits the
proliferation of EGFRvIII expressing glioblastomas and point to-
ward a potential therapeutic strategy for targeting EGFR-activated
cancers.

To mediate cell growth and proliferation, mTOR acts through
the canonical PI3K pathway via 2 distinct complexes,

mTORC1 and mTORC2. mTORC1 uniquely integrates growth
factor signaling through S6K1 with cellular metabolism under-
scoring its value as a cancer target (1–3). mTOR signaling
through S6K1 has recently been identified as a critical step in
glial transformation (4), and it has been demonstrated to be
greatly elevated in patients with mutant EGFR (5). Further,
recent work suggests that persistent mTOR/S6K1 signaling may
underlie clinical resistance to EGFR inhibitors (6). Thus, strat-
egies for effectively inhibiting mTORC1 are needed.

In glioblastoma, attempts to target mTOR with rapamycin and
its analogues have largely failed to show efficacy (7–9), mediated
by difficulty in fully inhibiting mTORC1 signaling and by emer-
gence of a feedback loop, that activates pro-growth, pro-survival
Akt signaling (10). Rapamycin analogues also activate MAPK
through a PI3K-dependent mechanism in other cancer types,
suggesting additional potential mechanisms of clinical resistance

and raising the need for alternative strategies to target mTOR
signaling in patients (11).

AMPK is a metabolic checkpoint downstream of the LKB1
tumor suppressor that integrates growth factor receptor signal-
ing with cellular energy status. AMPK inhibits mTORC1 by
activating the tuberous sclerosis complex 2 and by direct inhib-
itory phosphorylation of the mTOR binding partner raptor to
limit cellular proliferation (12–14). Therefore, activation of
AMPK could potentially be a strategic target, particularly in
EGFR-driven cancers that have high levels of mTOR/S6K1
activity. We set out to determine whether AMPK activation
could inhibit the growth of glioblastoma and other EGFR-
activated cancers.

Results
The AMPK Agonist AICAR Is More Effective than Rapamycin in Blocking
the Growth of EGFR-activated Glioblastoma Cells. We have previously
shown that feedback activation of Akt signaling significantly inhibits
the clinical efficacy of rapamycin (10). This appears to be mediated
through S6K1 inhibition and up-regulation of receptor tyrosine
kinases or their substrates (11, 15), although the factors that
mediate feedback activation in patients have yet to be fully eluci-
dated. Here we asked whether expression of the most common
EGFR mutant, constitutively active, ligand-independent mutant
EGFRvIII (16, 17) could accentuate the feedback activation of Akt
in response to rapamycin. In U87 glioblastoma cells transfected
to express the EGFRvIII mutant, 1 nM rapamycin fully inhib-
ited S6K phosphorylation and induced significant Akt phosphory-
lation. In contrast, no feedback activation of Akt was detected in
parental U87 cells, despite complete inhibition of S6K Thr-389
phosphorylation (Fig. 1A).

To determine whether AMPK activation acted in a similar
manner to rapamycin, U87, U87-EGFRvIII, and U87 cells trans-
fected with wild-type EGFR were treated with the AMPK agonist
AICAR. Unexpectedly, AICAR treatment up to 24 h did not
induce Akt Ser-473 or Thr-308 phosphorylation in any of the cell
lines despite inhibition of S6K1 and S6 phosphorylation (Fig. 1B
and Fig. S1). Moreover, AICAR inhibited tumor growth with
significantly enhanced efficacy in glioblastoma cells expressing
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was cytostatic, as no increase in TUNEL immunostaining was
detected (Fig. S7).

Cancer cells undergo a marked shift toward aerobic glycolysis
(‘‘the Warburg effect’’) (24, 25) with coordinate redirecting of
glycolytic intermediates from energy production toward anabolic
processes, including fatty acid synthesis for generation of new
membranes (26, 27). To determine whether AICAR treatment
inhibited glucose metabolism, after 3 days of treatment, before the
significant differences in tumor volumes, mice were imaged by
microPET/CT to assess 18F-2-deoxyglucose (18F-FDG) uptake.
EGFRvIII expression led to a highly significant increase in 18F-
FDG uptake at baseline, and AICAR treatment significantly
inhibited 18F-FDG uptake of U87-EGFRvIII expressing tumors in
vivo (57% inhibition; P � 0.01) (Fig. 5C and D). In contrast, no such
inhibition of glucose uptake was detected in the non-EGFRvIII

expressing parental tumors with AICAR treatment (Fig. 5 C and
D). These results raise the possibility that the efficacy of the AMPK
agonist could potentially be non-invasively measured in patients
using 18F-FDG microPET to help determine dosing and therapeu-
tic efficacy.

Discussion
In summary, we demonstrate that the AMPK agonist AICAR can
preferentially inhibit the growth and lipogenesis of EGFR-activated
glioblastoma cells. AICAR has been postulated to mediate its
anti-growth effects primarily through mTOR inhibition (14, 28).
Thus, the demonstration that its effects were mediated primarily
through inhibition of lipogenesis was quite unexpected. We show
that EGFRvIII, in addition to activating mTOR/S6K/S6 signaling,
enhances lipogenesis, potentially conferring enhanced sensitivity to
AICAR. Cancer cells undergo a marked shift toward aerobic
glycolysis (‘‘the Warburg effect’’) with coordinate redirecting of
glycolytic intermediates from energy production toward anabolic
processes (27). EGFRvIII enhanced 18F-FDG uptake in glioblas-
toma in vivo, and AICAR treatment coordinately blocked glucose
uptake and lipogenesis (Fig. 5C and D), suggesting that these
processes were co-regulated. These results suggest that AICAR
may disrupt a critical link by which persistent EGFR signaling
promotes tumor growth through coordinate regulation of protein
synthesis and lipogenesis (Fig. 5E). These results suggest a potential
therapeutic strategy for EGFR-activated cancers.

In this paper, we demonstrate a link between EGFR signaling
and sensitivity to the AMPK agonist AICAR. However, these
studies do not address whether this is mediated by direct interac-
tions between EGFR signaling and AMPK. Recent work demon-
strates a molecular link by which RAF-MEK-ERK signaling in
B-RAF mutant melanomas promotes tumor cell growth through
phosphorylation of LKB1 and subsequent suppression of AMPK
phosphorylation (29). This study raises the possibility that other
common cancer mutants that strongly activate ERK and p90Rsk
could also potentially inhibit AMPK phosphorylation to promote
tumor cell growth. Future studies will be needed to determine
whether persistently mutant EGFR signaling, or other activated
receptor tyrosine kinases, can inhibit AMPK phoshorylation, and
whether it is mediated through RAF-MEK-ERK dependent phos-
phorylation of LKB1. In addition, other receptor tyrosine kinase
(RTK) commonly expressed in glioblastoma may also activate
mTORC1. It will be important to determine whether those other
RTK’s could potentially regulate LKB1-AMPK signaling and de-
termine response to AICAR.

Our finding that AICAR was more effective than rapamycin,
despite only partial inhibition of mTORC1 signaling, does not limit
the importance of mTORC1 as a therapeutic target. mTORC1
integrates input from multiple signaling pathways, such as growth
factor signaling through class I PI3K and potentially through PKC
alpha (6), and amino acid sensing through a class 3 PI3K (VPS34)
(30–32). Elevated mTORC1 signaling is common in glioblastoma,
particularly in patients with EGFR-activated tumors (5, 6), and it
is associated with shorter patient survival (33). mTORC1 signaling
also appears to play a key role in gliomagenesis and in response to
targeted therapies. S6K1 activation, downstream of mTORC1, has
recently been shown to be a critical step for glial transformation (4),
and a critical regulator of response to EGFR kinase inhibitors (6).
Thus, successful inhibition of mTORC1 may be important for
treating glioblastoma patients. Consistent with the recent finding of
Fan and colleagues, our study demonstrates a link between EGFR
and mTORC1 that may be independent of Akt (6). We have
previously shown that the failure of rapamycin in patients may be
mediated both by insufficient target inhibition and by feedback
activation of Akt (10). To our surprise, the enhanced efficacy of
AICAR relative to rapamycin was not mediated by mTORC1
inhibition. AICAR only partially inhibited mTORC1 (Fig. 3A),
which may explain the lack of feedback Akt activation. Further, we

Fig. 5. AICAR blocks the growth of EGFRvIII expressing glioblastoma in vivo.
(A) Western blot analysis of tumor xenograft lysates treated with AICAR (400
mg/kg) I.P. treatment for 3 days, or control (PBS only I.P. treatment), demon-
strated AMPK Thr-172 phosphorylation in AICAR treated xenografts, but not
control treated tumors. (B) AICAR significantly inhibited the growth of U87-
EGFRvIII, but not U87 xenograft tumors, up to 21 days after initiation of
treatment. Control mice were treated by PBS. (C and D) 18F-FDG microPET/CT
imaging demonstrated that EGFRvIII expressing tumors have higher baseline
(day 3) uptake of 18F-FDG relative to U87 cells; AICAR treatment (400 mg/kg for
3 days) greatly inhibited the 18F-FDG uptake by EGFRvIII expressing tumors
(P � 0.001); no such inhibition was detected in non-EGFRvIII expressing U87
tumors. *, P � 0.001 compared with U87 tumor vehicle (PBS) treatment; # P �
0.01 compared with U87/EGFRvIII tumor vehicle (PBS) treatment. (E) Schema
showing the EGFR/PI3K/Akt/mTOR signaling pathway and the potential mech-
anism of AICAR-mediated growth inhibition.
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observed additive benefit against EGFR-activated cell lines when
AICAR and rapamycin were combined (Fig. S3). Our study clearly
implicates AMPK as a potentially important molecular target in
glioblastoma, particularly in EGFR-activated tumors. The pene-
tration of AICAR, and other AMPK agonists across the blood
brain barrier into gliomas, in which the blood brain barrier is
partially abrogated, is not well understood. Future studies will be
needed to identify AMPK activators that can readily access intra-
cranial tumors. In addition, it will be important to determine
whether there is benefit in combining mTORC1 inhibitors with
AMPK agonists, particularly now with the development of ATP-
competitive mTOR inhibitors that block both mTORC1 and
mTORC2 and that inhibit rapamycin-resistant signaling through
mTORC1 (34).

Materials and Methods
Cell Lines. Glioma cell lines T98, LN229, U373, U138, and U87, were pur-
chased from American Tissue Culture Collection (ATCC). EGFRvIII express-
ing U87 cells were obtained as a kind gift from Dr. Webster Cavenee.
U87/EGFR cells were constructed as previously described (16, 17), A431 skin
cancer cells were obtained from ATCC. All of these cell lines were cultured
in DMEM (Cellgro) supplemented with 10% FBS (Omega Scientific) in a
humidified atmosphere of 5% CO2, 95% air at 37 °C. H1975 Non-small cell
lung carcinoma cell line (NSCLC) were obtained from ATCC and cultured in
RPM 1640 with 10% FBS.

Antibodies and Reagents. The following antibodies: p-AMPK Thr-172, AMPK,
p-ACC Ser-79, ACC, FAS, p-Akt Thr-308, p-Akt Ser-473, Akt, p-S6k Thr-389, S6k,
p-S6 Ser-235/236, p-S6 Ser-240/244, S6, PTEN, p-GSK3�, and GSK3� (Cell Sig-
naling); �-actin (Sigma); EGFR (Upstate) were used. Ad-AMPK-CA was used to
overexpress a constitutively active AMPK mutant (35), and the parental ad-
enoviral vector (Ad-null) was referred to as null, when used as a control.
AMPK�1/�2 siRNA, a mixture of AMPK �1 and �2 isoforms siRNA was pur-
chased from Santa Cruz. Compound C was purchased from Calbiochem.

Cell Proliferation Assay. Tumor cells were seeded in 96-well plates for 24 h and
treated with inhibitors for 3 days. Relative proliferation was assessed using the
WST Cell Proliferation Assay Kit (Chemicon). In addition, trypan blue exclusion
method was used to count viable cells.

Western Blotting. Immunoblot analyses were performed as previously de-
scribed (12).

Colony Formation Assay. Cells were seeded at a density of 500 cells per 60-mm
dish. 24 h later, medium was changed and drugs were added, as indicated.
Medium replenished with drugs was changed every 3 days. Three weeks after
initial treatment, cultures were fixed with 4% formaldehyde (Sigma) in PBS
and stained with a 0.5% crystal violet solution (Sigma) in 25% methanol.
Colonies of more than 50 cells were counted (36).

Thin Layer Chromatography for Lipids. Cellular total lipid extract was obtained
by scraping cells from the 10-cm culture dish into 2 mL PBS containing protease
inhibitor and 1 mM PMSF and adding 4 mL chloroform/methanol (2:1, vol/vol)
with 0.01% butylated hydroxytoluene (Sigma). The solution was vortexed and
centrifuged at 1,500 � g for 5 min. The organic phase was collected and 2.5 mL

chloroform was added to the residual aqueous phase which was vortexed and
centrifuged at 1,500 � g for 5 min. The organic phase was pooled with the
previous extraction. Thin layer chromatography (TLC) was performed by
spotting of the cellular total lipid extract to a 5 � 10 cm silica gel aluminum
sheet (EMD Chemicals) and developed with hexane/diethyl ether/acetic acid
(80:20:2, vol/vol/v). Lipids were visualized with iodine vapor and imaged using
a desktop scanner (37).

Xenograft Model. Isogenic human U87 malignant glioma cells (U87, U87/
EGFRvIII) were implanted into immunodeficient SCID/Beige mice for s.c.
(s.c.) xenograft studies. SCID/Beige mice were bred and kept under defined-
flora pathogen-free conditions at the AALAC-approved Animal Facility of
the Division of Experimental Radiation Oncology, UCLA. For s.c. implanta-
tion, exponentially growing tumor cells in culture were trypsinized, enu-
merated via Trypan Blue exclusion, and resuspended at 1 � 106 cells/mL in
a solution of dPBS and Matrigel (BD Biosciences). Tumor growth was
monitored with calipers by measuring the perpendicular diameters of each
s.c. tumor. For imaging and AICAR treatment studies tumors were im-
planted s.c. on the left shoulder (n � 20). Mice bearing xenografts of U87
or U87/EGFRvIII cells underwent 18F-2-deoxyglucose (FDG) positron emis-
sion tomography (microPET)/computed tomography (CT) scans when the
tumor size had reached 100 cm2. Following the microPET/CT study, groups
of 5 mice were treated with AICAR (400 mg/kg, Toronto Research Chemi-
cals) daily (36), 3 days later, a follow-up microPET/CT study was done using
the same image acquisition variables (38). Mice were euthanized if tumors
reached 14 mm in maximum diameter, or animals showed signs of illness.
All experiments were conducted after approval by the Chancellor’s Animal
Research Committee of UCLA.

MicroPET/CT Imaging. Mice were kept warm, under gas anesthesia (2% isof-
lourane) and injected with 18F-FDG (i.p). A 1-h interval for uptake was allowed
between probe administration and microPET/CT scanning. For 18F-FDG scans,
animals were fasted before imaging (6 h) and blood glucose levels were
measured to ensure similar experimental conditions. Data were acquired
using a Siemens Preclinical Solutions microPET Focus 220 and a MicroCAT II CT
instrument. MicroPET data were acquired for 10 min and was reconstructed
using statistical maximum a posteriori probability algorithms (MAP) into
multiple frames (39). The spatial resolution of microPET is approximately
1.5-mm, 0.4-mm voxel size. CT images are at low dose 400-�m resolution
acquisition, with 200-�m voxel size. MicroPET and microCT images were
co-registered using a previously described method (40). Three-dimensional
regions of interest (ROI) were drawn using AMIDE software (Andreas Loening)
(41). Color scale is proportional to tissue concentration with red being the
highest and lower values in yellow, green, and blue.

Statistical Analysis. Results are shown as mean � SEM, which were performed
using 2-tailed t test as well as by ANOVA as appropriate. P � 0.05 was
considered as statistically significant.
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