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Abstract
The differences in glucose metabolism that distinguish most malignant and normal tissues have called

attention to the importance of understanding the molecular mechanisms by which tumor energy metabolism
is regulated. Receptor tyrosine kinase (RTK) pathways that are implicated in proliferation and transformation
have been linked to several aspects of tumor glucose metabolism. However, the regulation of glycolysis has
invariably been examined under conditions in which proliferation is concomitantly altered. To determine
whether RTKs directly regulate glycolysis without prerequisite growth modulation, we first identified a specific
RTK signaling pathway, platelet-derived growth factor (PDGF)/PDGF receptor (PDGFR) that regulates
glycolysis in glioma-derived tumor stem-like cells from a novel mouse model. We determined that PDGF-
regulated glycolysis occurs independent of PDGF-regulated proliferation but requires the activation of AKT, a
known metabolic regulator in tumor. Our findings identifying a key characteristic of brain tumors, aerobic
glycolysis, mediated by a pathway with multiple therapeutic targets suggests the possibility of inhibiting tumor
energy metabolism while also treating with agents that target other pathways of pathologic significance.
Cancer Res; 73(6); 1831–43. �2013 AACR.

Introduction
Recent studies of glucose metabolism in malignant tissues

have suggested that metabolic changes are key alterations
contributing to tumorigenesis and tumor progression. Ongo-
ing work seeks to link these changes to the genetic alterations
underlying oncogenesis (1–4). Normal tissues use aerobic
respiration to metabolize glucose in the presence of physio-
logic oxygen and glycolysis to metabolize glucose at times of
oxygen deprivation. The Warburg effect refers to the finding
thatmostmalignant tissues, in contrast to normal tissues, used
glycolysis as the main pathway to metabolize glucose even in
the presence of sufficient oxygen (5).
A hallmark of altered metabolism in cancer is increased

glucose uptake. Virtually all high-grade glioma can be shownby
clinical positron emission tomography (PET) to have enhanced
glucose uptake, an aspect of aerobic glycolysis that has been
widely studied in these tumors (6, 7). Growth factor receptor
tyrosine kinases (RTK) implicated in tumorigenesis have been
investigated for their role in tumor glucose metabolism due to

their structural similarities to the insulin receptor, another
RTK that has a well-defined role in regulating glucose homeo-
stasis (8, 9). The use of common effector molecules by the
insulin receptor and other RTKs suggests that RTKs may
regulate tumor metabolism and thereby contribute to onco-
genesis (4, 10). Although the EGF receptor (EGFR) activating a
rarely expressed glucose receptor has been identified in pros-
tate cancer cells and phosphorylation of pyruvate kinaseM2 by
the fibroblast growth factor receptor (FGFR) has been reported
(11, 12), it is not known whether any RTKs directly regulate
aerobic glycolysis in tumors. The typically synchronous
changes in proliferation and metabolism that occur in tumors
raises the possibility that RTK-mediated alterations in prolif-
eration results in changes in glucose metabolism. Understand-
ing whether regulation of proliferation and glycolysis by RTKs
are independently mediated by RTK signaling cascades is
essential for deciphering the mechanisms underlying the
reprogramming of glucose metabolism that occurs so fre-
quently in most tumor types.

Considerable evidence points to an important role for
platelet-derived growth factor (PDGF) signaling through the
PDGF receptor (PDGFR), anRTK in the pathogenesis of glioma,
particularly in mediating tumor cell proliferation (13–15). The
Cancer Genome Atlas Network (TCGA) recently proposed a
molecular classification of glioblastoma multiforme (GBM),
the highest pathologic grade of glioma, and the most common
brain tumor of adults (16, 17). While alterations in the PDGF/
PDGFR-mediated growth pathway were observed in all 4
TCGA-described subtypes of glioma, such alterations were
identified at a much higher rate in the "proneural" subtype.
Amplification of DNA encoding the PDGFRa and high levels
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of PDGFRA gene expression were seen almost exclusively in
this proneural subtype (17). A second signature genetic alter-
ation of the proneural subtype of glioma was mutation of the
IDH1 gene, which encodes isocitrate dehydrogenase 1, a mito-
chondrial enzyme of the Krebs cycle (17). Importantly, while
mutation of IDH1 is found almost exclusively in GBM that can
be classified as proneural, very few such GBMs had alterations
of the PDGF/PDGFR pathway and most proneural glioma that
had evidence of altered PDGF/PDGFR signaling did not bear
mutated IDH1 (17). This dichotomy suggested to us that
studying the role of an RTK, namely PDGFR, in regulating
glioma glucose metabolism might be productively pursued in
proneural glioma with normal IDH1 and activation of the
PDGF/PDGFR growth-stimulatory pathway.

Our laboratory has described a mouse model of human
glioma based on overexpression, human PDGFB (hPDGFB) in
tissues such as neural stem cells (NSC) that express glial
fibrillary acidic protein (GFAP; ref. 18). In this mouse model,
GFAP-mediated expression of hPDGFB is required for glioma-
genesis and tumor progression and can be regulated by the
administration of tetracycline, which inhibits hPDGFB expres-
sion. Using this unique mouse model, we examined the role of
PDGF in regulating glycolysis in cultures enriched for glioma-
derived tumor stem-like cells (TSC; ref. 19), a cellular subpop-
ulation thought to be critical for tumor growth and progres-
sion. We found that in glioma-derived TSCs, PDGF signaling
regulated the Warburg effect, aerobic glycolysis. We also
observed that such regulation was independent of the effect
of PDGF signaling on cellular proliferation. The phosphoinosi-
tide 3-kinase (PI3K)/AKT complex, a PDGFR downstream
effector that has been recognized tomediatemultiple activities
of RTKs was found to be a key mediator of PDGF-regulated
glycolysis in these glioma-derived TSCs.

Materials and Methods
Cell cultures

TSCs were isolated as previously described (18). Plasmid
DNA with LipoD293 (SignaGen) was used for transfection. 0.4
mg/mL puromycin (Sigma) or 250 mg/mL G418 (Invitrogen)
was added for selection after transfection and for a minimum
of 10 days. Infection with lentiviruses and selection in 0.4 mg/
mL puromycin for a minimum of 7 days was used to prepared
polyclonal shPDGFRA-expressing cultures.

TSC-R cultures were established recurrent gliomas after 2
months of continuous subcutaneous doxycycline treatment.
To establish doxycycline-resistant tumors from doxycycline-
sensitive TSC xenografts, we injected 10,000 doxycycline-sen-
sitive TSCs into nu/nu or syngeneic mice. Following tumor
formation, animals were treated with oral doxycycline and
tumors regressed. After 3months of treatment, recurrent flank
tumors were excised and cultured. All animal usage was in
accordance with IACUC-approved protocols.

Materials
PDGFR inhibitor AG1295 (Sigma), MEK1/2 inhibitor UO126

(Qiagen), and PI3K inhibitor LY294002 (Sigma) were diluted in
dimethyl sulfoxide (DMSO) as indicated. Pooled recombinant

lentivirus encoding short hairpin RNAs (shRNAs) complemen-
tary to PDGFRA (Santa Cruz Biotechnology) and Sh-scramble
(ShScram), a lentivirus encoding a random set of 20 nucleo-
tides, were used to generate cultures stably expressing these
transgenes. Recombinant plasmids encoding hemaglutinnin
(HA)-tagged AKT-DN (pCMV-HA-AKT-DN), myristolated
AKT1 (HA-myr-AKT1), and control constructs (pCMV and
PCDNA3; Addgene) were used to establish TSCs expressing
these transgenes (20).

Cell growth and viability
TSCs (100,000 cells/6-well dish) were seeded, harvested, and

counted by trypan blue exclusion. Cell viability was monitored
by fluorescence-activated cell-sorting (FACS) analysis of pro-
pidium iodide (PI).

Lactate production, glucose consumption, and glucose
uptake measurement

To examine lactate production and glucose consumption,
cells were seeded in Dulbecco's' Modified Eagle's Media
(DMEM):F12 without glutamine and 1�B27 without insulin
supplementation (5,000 cells/24-well dish). Total lactate
secreted and glucose remaining in the conditioned media was
assayed (Point Scientific, L7596 and G7521) on a plate reader
(Molecular Devices Emax). Glucose consumption was deter-
mined by subtracting glucose in conditioned media from
glucose in the plating media. Lactate and glucose measure-
ments were normalized to cell numbers. To measure 2-NBDG
uptake, TSCswere treatedwith doxycycline at 100 pg/mL for 18
hours, incubated DMEM containing 1 mmol/L 2-NBDG and
1 mmol/L of glucose for 1 hours, and evaluated by FACS (21)

Glycolytic rate measurement
TSCs (1.5 � 106 cells/10-cm dish) were incubated for 48

hours and the glycolytic rate measured (22).

Mitochondrial potential, intracellular ATP assay, and
ADP/ATP ratio

To determine mitochondrial membrane potential, 500,000
cells were collected, washed with PBS, and incubated in PBS
[1% bovine serum albumin (BSA)/150 nmol/L tetramethylrho-
damine, methyl ester (TMRM)] for 10 minutes before FACS
analysis (23). To examine ATP, TSCs (25,000 cells/24-well dish)
were seeded and incubated for 12 to 18 hours. Bioluminescence
was used to determine ATP (PerkinElmer) and ADP/ATP ratio
(Abcam, Ab65313).

Real-time PCR
RNA was isolated (RNeasy Kit; Qiagen) and reverse tran-

scribed using iScript (Bio-Rad). RNA was examined using iQ
SYBR Green Supermix (Bio-Rad) and the MyIQ Real-Time PCR
system (Bio-Rad). Expression was quantified after normaliza-
tion using cyclophilin and 18S as controls.

Immunoblotting
Cells lysed by radioimmunoprecipitation assay (RIPA)

buffer were fractionated by 8% SDS-PAGE, transferred to
polyvinylidene fluoride (PVDF; Millipore), and evaluated by
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Immunoblots using antibodies: phospho-PATHSCAN at 1:200
and anti-PDGFR, phospho-PDGFRa, AKT, phospho-AKT,
ERK1/2, and phospho-ERK1/2 at 1:2,500 in 5% BSA/TBST (Cell
Signaling); anti-Glut1 antibody at 1:200 in 5% milk/TBST
(Abcam); anti-b-actin at 1:2,000 in 5% milk/TBST (Sigma).
Densitometric measurement of band density was completed
using ImagePro software on scanned blots.

Statistics
Data are representative of 3 or more independent experi-

ments, presented asmean� SEM.Weused the 2-tailed Student
t test to evaluate differences between 2 groups. P < 0.05 was
designated statistically significant. For experiments involving
multiple comparisons, we conducted one-way ANOVA and
Tukey post hoc test to evaluate differences. Statistical analyses
were completed using GraphPad Prism software.

Results
Modulation of PDGF signaling in glioma-derived TSCs
To model human glioma, we described a GFAP-tTA:TRE-

hPDGFB mouse model overexpressing hPDGFB that can be
regulated by doxycycline (18). To extend these studies, we
established cultures of glioma-derived TSCs from central
nervous system (CNS) glioma arising in these mice (14, 18).
To characterize the in vitro regulation of the hPDGFB trans-
gene by doxycycline, we incubated cultures from 3 individual
tumors and found that hPDGFB mRNA levels decreased in a
dose-dependentmanner (Fig. 1A). Because PDGFR is activated
by phosphorylation, we examined whether inhibition of
hPDGFB expression by doxycycline was associated with a
decrease in PDGFR phosphorylation (Fig. 1B). We found
inhibition of PDGFR phosphorylation and examined the effect
of doxycycline on activation of other kinases downstream of
PDGFR. Levels of activated, phosphorylated SHP2, AKT, and
ERK1/2, and total ERK1/2 expression were decreased when
hPDGFB expression was inhibited (Fig. 1C). To alternatively
modulate PDGFR, we treated these TSCs with AG1295, a
pharmacologic inhibitor of PDGFR (24). We found decreased
PDGFR phosphorylation and decreased activation of AKT and
ERK1/2 (Fig. 1D).
As predicted from our previously published work examining

doxycycline treatment of GFAP-tTA:TRE-hPDGFB mice (18),
we observed growth inhibition with doxycycline at concentra-
tions that did not significantly alter cell survival (Fig. 1E,
Supplementary Fig. S1). Also, proliferation of TSCs was inhib-
ited by AG1295 (Fig. 1F and data not shown). We named these
TSCs as doxycycline-sensitive: TSC-S1, TSC-S2, and TSC-S3.

GFAP-tTA:TRE-hPDGFB TSCs exhibit altered glucose
metabolism
Amongst glioma of the proneural subtype, alterations of

PDGF signaling and IDH1 mutations affecting glucose metab-
olism rarely occur in the same tumor (17). Glioma-derived TSCs
did not have alterations in IDH1 function (personal commu-
nications, Dr. Hai Yan, DukeUniversity, Durham,NC), and sowe
investigated PDGF regulation of glucose metabolism. We found
that in addition to slightly enhanced growth compared with

NSCs fromwild-type animals (WTNSC; Fig. 2A), TSCs exhibited
increased lactate production (Fig. 2B) and glucose consumption
(Fig. 2C). These changes are emblematic in tumor cells exhibit-
ing theWarburg effect. We then used 5-[3H]-glucose tomeasure
their glycolytic rate (22). We found that the glycolytic rate was
higher in TSCs than in WT NSCs (Fig. 2D).

To exclude the possibility that enhanced glycolysis was
secondary to defective mitochondria, we examined mitochon-
drial membrane potential in TSCs using TMRM, a cationic
tetramethylrhodamine methyl ether (25). We found that mito-
chondrial membrane potential was not decreased in TSCs (Fig.
2E), indicating that increased glycolysis was not a result of
defective mitochondria. To determine the contributions of
mitochondrial activity and glycolysis to intracellular ATP, we
inhibited mitochondrial phosphorylation in TSCs and WT
NSCs using carbonyl cyanide m-chlorophenyl hydrozone
(CCCP), an uncoupling agent, as well as, antimycin A, an
electron transport inhibitor (12). We found that ATP in TSCs
following inhibition of mitochondrial respiration remained
significantly above the levels observed in treated NSCs (Fig.
2F), indicating that increased glycolysis contributed to the
increased ATP in TSCs. The observation that decreased ATP
levels resulting from treatmentwith these agentswas similar in
WT NSCs and TSCs suggests a similar contribution of mito-
chondrial respiration to ATP levels.

We also surveyed mRNA expression of multiple enzymes in
glucosemetabolism and found thatmRNA levels of hexokinase
(HK) 1 and 2, lactate dehydrogenase A (LDHA), and Glut1 were
elevated in TSCs.

PDGF regulates glucose metabolism in glioma-derived
TSCs

In vascular smooth muscle cells, enhanced glycolytic flux
and increased mitochondrial reserve are associated with
PDGFR activation (26–28). Activation of PDGFR is a key
oncogenic alteration leading to tumorigenesis, and we hypoth-
esized that PDGFR activation contributed to the alterated
glucose metabolism in TSCs (Fig. 2). To examine this, we first
determined whether modulating hPDGFB expression and
PDGFR signaling altered glucose metabolism. Doxycycline
treatment diminished hPDGFB expression and decreased lac-
tate production and glucose consumption (Fig. 3A and B).
AG1295 inhibition of PDGFR caused a decrease in lactate
production and glucose consumption (Fig. 3C andD). Findings
in all 3 TSC cultures examined gave similar results (data not
shown).

We examined the glycolytic rate of TSCs following PDGF/
PDGFR inhibition. We observed approximately a 40% decrease
in glycolytic rate in 2 independent TSC cultures following
inhibition of PDGF/PDGFR by doxycycline (Fig. 3E), indicating
PDGF-induced glucose uptake contributed to enhanced
glycolysis. We then evaluated glucose uptake using the fluo-
rescent glucose analogue, 2-[N-(7-nitrobenz-2-oxa-1,3-diaxol-
4-yl)amino]-2-deoxyglucose (2-NBDG), in TSCs (21). A
decrease in glucose uptake was detectable by FACS following
inhibition of PDGF/PDGFR (Fig. 3F). Also, the expression of
HK1, HK2, and Glut1, molecules contributing glucose uptake
(29), was enhanced by PDGF (Fig. 3G, Supplementary Fig. S2A

PDGFR-Mediated Regulation of Glioma Glycolysis
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Figure 1. Doxycycline and PDGFR inhibitor, AG1295, effectively inhibit PDGF signaling in primary glioma-derived TSCs. TSC cultures, TSC-S1, S2, and
S3, were derived from 3 independent mouse CNS gliomas (18). A, steady-state hPDGFBmRNA levels in TSCs following 36 hours of doxycycline treatments.
B, immunoblot analysis of PDGFR phosphorylation in TSCs following 48 hours of doxycycline treatments. C, immunoblot analysis of PDGFRa, PDGFRb,
SHP2, AKT, and ERK1/2 phosphorylation and AKT and ERK1/2 total expression in TSCs following 48 hours of doxycycline treatments. D, left,
immunoblot analysis of PDGFR, AKT, and ERK1/2 activation in lysates of TSC-S1 following 48 hours of AG1295 treatments. Right, bar graph of immunoblot
band density measured in triplicate normalized to actin. B–D, derived from multiple gels independently blotted and examined with indicated antibodies. E,
growth curves of TSC-S1 following doxycycline treatment. F, growth curves of TSC-S1 following AG1295 treatments. Data in all panels are representative of 3
independent experiments and presented as mean � SEM of triplicates (�, P < 0.05; ��, P < 0.01).
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and S2B). These findings indicate that glucose influx is
enhanced in TSCs by activation of PDGFR. The expression of
LDHA and pyruvate dehydrogenase kinase 1 (PDK1), enzymes
affecting the conversion of pyruvate to lactate, decreased
following hPDGFB inhibition (Fig. 3G, Supplementary Fig.
S2C), suggesting that PDGF signaling is associated with other
changes enhancing glycolysis.
We observed in TSCs intracellular ATP levels above those in

corresponding normal cells (Fig. 2F), suggesting that PDGFB

may regulate ATP in glioma-derived TSCs. We evaluated ATP
following inhibition of PDGFB and found that following doxy-
cycline treatment intracellular ATP was reduced (Fig. 4A,
Supplementary Fig. S3A). This dramatic decrease in ATP was
also observed in TSCs treated with AG1295 (Fig. 4B, Supple-
mentary Fig. S3B). We then examined the ADP/ATP ratio in
TSCs. Diminished PDGF signaling resulted in an increased
ADP/ATP ratio (Fig. 4C). In addition, we examined activation
of AMP-activated protein kinase (AMPK), an energy sensor

Figure 2. Glioma-derived TSCs
exhibit Warburg-like glucose
metabolism. A, growth curves of WT
NSCs and TSC-S1. Lactate
production (B) and glucose
consumption (C) of WT NSCs and
TSC-S1. D, glycolytic rate of WT
NSCs and TSCs. E, FACS analysis to
evaluate mitochondrial membrane
potential of WT NSCs and TSCs by
TMRM. Left, histogram
representation of TMRM intensity in
WT NSC and TSCs (20,000 cells).
Right, average median fluorescence
of WT NSCs and TSCs. F,
intracellular ATP in WT NSCs and
TSC-S1 following treatment with
CCCP (40 minutes) or antimycin A
(40 minutes). G, steady-state mRNA
levels of enzymes involved inglucose
and lactate metabolism in WT NSCs
and TSC-S1. Data in all panels are
representative of 3 or more
independent experiments,
presented as mean � SEM of
triplicates (�, P < 0.05; ��, P < 0.01;
���, P < 0.005).
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activated by increased intracellular AMP:ATP ratio (30). We
detected increasing levels of phosphorylated, activated AMPK
when hPDGFB expression was inhibited (Fig. 4D) consistent
with the decreased ATP following inhibition of PDGF/PDGFR
(Fig. 4A and B, Supplementary Fig. S3).

Decreased ATP following PDGF/PDGFR inhibition (Fig.
4A and B) could be due to decreased glycolysis or decreased

mitochondrial function (27, 31). To characterize the contri-
bution of these mechanisms to decreased ATP, we measured
mitochondrial membrane potential before and after hPDGFB
inhibition. No changes in membrane potential were
observed following doxycycline (Fig. 4E), indicating that
PDGF/PDGFR signaling does not inhibit mitochondrial
function.

Figure 3. PDGF pathway regulation of glucose metabolism in glioma-derived TSCs. Lactate production (A) and glucose consumption (B) of TSCs following
96 hours of doxycycline treatments. Lactate production (C) and glucose consumption (D) of TSC-S1 following 96 hours of AG1295 treatments. E, glycolytic
rate of TSCs in the presence (þ) or absence (�) of doxycycline treatment. F, FACS analysis of glucose uptake in TSC-S1 after 18 hours of doxycycline
treatment (100 pg/mL) using 2-NBDG. Left, histogram representation of 2-NBDG intensity (20,000 cells). Right, quantification of FACS analysis. G,
steady-state mRNA levels of TSC-S1 following 48 hours of doxycycline treatment (100 pg/mL). Data in all panels are representative of 3 or more independent
experiments, presented as mean � SEM of triplicates (�, P < 0.05; ��, P < 0.01; ���, P < 0.005).
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PDGF regulation of glycolysis in TSCs is independent of
its effect on proliferation
To determine whether PDGF-regulated glycolysis was a

consequence of changes in proliferation, we examined prolif-
eration-arrested cells for changes in glucose metabolism. If
hPDGFB regulates glycolysis, its effects on glucose metabolism
would be independent of proliferation. We induced cell-cycle
arrest of glioma TSCs in M phase with mitomycin C (MMC;
ref. 32) and evaluated glycolysis in these cells (Supplementary
Fig. S4A). We found that doxycycline-mediated decreases in
hPDGFB expression resulted in decreased lactate production
and glucose consumption (Supplementary Fig. S4B and S4C),

suggesting that PDGFR signaling modulated glucose metabo-
lism independent of cellular proliferation.

To extend this observation (Supplementary Fig. S4), we
determined whether PDGF-regulated glycolysis in TSCs iso-
lated from GFAP-tTA:TRE-hPDGFB tumors resistant to the
growth-inhibitory effects of decreased PDGF signaling. We
previously observed that a small percentage of GFAP-tTA:
TRE-hPDGFB glioma recurred in vivo despite continuous
doxycycline treatment (Supplementary Fig. S5A and data not
shown). Because in vivo recurrence was rare, we sought to
develop a system in which recurrent tumors occur more
frequently. We therefore established flank xenografts of

Figure 4. Intracellular ATP levels in
doxycycline-sensitive TSCs are
maintained by PDGF signaling.
Intracellular ATP inTSCs following18
hours of doxycycline treatments (A)
or AG1295 treatments (B). C, ADP/
ATP ratio in TSCs following 18 hours
of dox treatment. D, immunoblot
analysis of AMPK a-subunit
phosphorylation in TSCs following
24 hours of doxycycline treatments.
E, FACS analysis of TSC-S1
following 24 hours of doxycycline
treatment to evaluate mitochondrial
membrane potential by TMRM. Left,
histogram representation of TMRM
intensity in TSCs (20,000 cells).
Right, quantification of FACS
analysis. All data are representative
of 3 or more independent
experiments and presented as mean
� SEM of triplicate (�, P < 0.05;
��, P < 0.01; ���, P < 0.005).
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doxycycline-sensitive TSCs in syngeneic or nude mice (Sup-
plementary Fig. S5B). Despite continuous doxycycline treat-
ment, approximately 70%of these animals developed recurrent
tumors. Three in vivo recurrent tumors and 3 xenografts that
recurred after continuous doxycycline treatment, a total of 6
recurrent tumors, which were each resistant to doxycycline
inhibition on tumor growth, were excised and propagated in
sphere culture as TSCs. We found that these TSCs were not
growth inhibited in vitro by doxycycline (Supplementary Fig.
S5C and data not shown). We named these TSCs that are
resistant to the antiproliferative effects of doxycycline TSC-R.
TSC-R1, 2, and 3 were derived from recurrences of primary
tumors and the TSC-R4, 5, and 6 were from the xenograft
model.

We evaluated TSC-R cells from these 6 independent tumors
and found that PDGF expression remained responsive to
doxycycline (data not shown), although the cells were not
growth inhibited by doxycycline. Similarly, AG1295 did not
affect proliferation in any of these cultures (Supplementary Fig.
S5D). As in doxycycline-sensitive TSCs, inactivation of PDGF/
PDGFR signaling in doxycycline-resistant TSCs decreased
lactate production and glucose consumption (Fig. 5A and
B), without detectable changes in proliferation (Supplemen-
tary Fig. S5D). Also, we detected a decrease in intracellular ATP
following PDGFR inhibition in these doxycycline-resistant
TSCs (Fig. 5C) comparable with the decreases in doxycy-
cline-sensitive TSCs (Fig. 4B). Finally, we observed a decrease
in the glycolytic rate of doxycycline-resistant TSCs when
PDGFR was inhibited (Fig. 5D), confirming that glycolysis
was regulated by PDGF/PDGFR. To provide further evidence
that these changes in glycolysis were mediated specifically
by PDGFR, we inhibited the expression of surface receptor
PDGFRA using a short hairpin (Sh) to diminish PDGFR.
Two concentrations of recombinant retrovirus encoding
shPDGFRA, 0.5 and 2multiplicity of infection (moi), were used.
In both instances phosphorylated and total PDGFRA
decreased (Fig. 5E). Also, glioma-derived doxycycline-resistant
TSCs infected with a lentivirus encoding shPDGFRA (0.5 and
2 moi) exhibited reduced lactate production (Fig. 5F),
decreased glucose consumption (Fig. 5G), and decreased
intracellular ATP (Fig. 5H).

AKT is a key mediator of PDGF-regulated tumor
glycolysis

To pursue the mechanism by which PDGF regulates
glycolysis in glioma TSCs, we evaluated downstream path-
ways including the mitogen-activated protein kinase
(MAPK) and PI3K/AKT pathways that are modulated by
PDGF/PDGFR signaling (10, 33). To evaluate the MAPK
pathway, we used UO126 to inhibit MEK1/2 kinase activi-
ty (34). Treatment decreased phosphorylation of the MEK
target, ERK1/2, although other downstream targets of
PDGFR were unaffected (Fig. 6A). While MEK1/2 inhibition
resulted in a decrease in proliferation (Fig. 6B), lactate
production and glucose consumption at multiple time
points after treatment exhibited no appreciable difference
(Fig. 6C and D). We interpreted these data to indicate that

MEK signaling did not mediate PDGF/PDGFR regulation of
glycolysis.

We then examined the possible role of PI3K/AKT signaling
in glycolysis. We observed 2 classes of doxycycline-resistant
TSCs: those in which the AG1295 inhibited AKT phosphory-
lation (Fig. 6E: TSC-R1, TSC-R5, and data not shown) and those
in which AKT phosphorylation was not inhibited (Fig. 6E: TSC-
R4 and TSC-R6). Importantly, when AKT phosphorylation
remained responsive to PDGFR activity as in TSC-R1, TSC-
R2, and TSC-R5, lactate production (Fig. 6F) and glucose
consumption (Fig. 6G) were modulated by PDGFR; however,
when AKT was unaffected by inhibition of PDGFR as it was in
TSC-R4 and TSC-R6, there were no reproducible or significant
changes in lactate production (Fig. 6F) or glucose consumption
(Fig. 6G) following PDGF/PDGFR inhibition.

This apparent association of AKT modulation and gly-
colysis suggests that AKT may mediate PDGF-regulated
glucose metabolism. We therefore inhibited AKT activation
in both doxycycline-sensitive and -resistant TSCs with a
PI3K inhibitor, LY294002 (Fig. 7A). Following treatment,
we observed significant decreases in glycolysis as deter-
mined by lactate production (Fig. 7B), glucose consumption
(Fig. 7C), and the glycolytic rate of (Fig. 7D) This finding was
representative of all other TSC cultures examined (data
not shown).

We then overexpressed in TSC-S1 cells a HA-tagged dom-
inant-negative form of AKT (AKT-DN), which prevents AKT
activation by blocking endogenous AKT from binding to PI3K
(20). Cultures in which approximately 40% of the population
was transfected with AKT-DN as estimated from the cytologic
evaluation of cells transfected with a comparable GFP-expres-
sing control vector exhibited decreased phosphorylation of a
kinase downstream of AKT, S6-kinase (Supplementary Fig.
S6A). In these cells, we observed a 30% to 40% decrease in
lactate production (Supplementary Fig. S6B) and glucose
consumption (Supplementary Fig. S6C). We then expressed
a constitutively activated form of AKT1 in TSC-S3 (Fig. 7E–G)
(35). We transiently expressed HA-taggedmyr-AKT1 (HA-myr-
AKT1) in TSCs. Activated AKT can be evaluated by assaying the
phosphorylation of downstream kinase p70-S6K (Fig. 7E;
ref. 36). In cells transfected with constitutively activated AKT1,
no increase in glycolysis was seen presumably because in the
PDGFB-secreting TSCs, AKT is extensively activated (Fig. 1C).
Adding doxycycline did not inhibit glycolysis, although it
did inhibit glycolysis in cells lacking constitutively activated
AKT1 (Fig. 7F and G). These findings indicate that activated
AKT1 can rescue PDGF inhibition of glycolysis. Consistentwith
this interpretation is our finding that modulation of hPDGFB
by doxycycline alters expression of AKT target genes import-
ant for glucose metabolism (Fig. 3G, Supplementary Fig. S2;
refs. 21, 37).

Discussion
Altered glucose metabolism is a hallmark of cancer under-

lying PET imaging, which depends upon quantification of 2-
deoxy-2(18F)fluoro-D-glucose in tumors (6, 37). Such imaging
distinguishesmost tumors fromcorresponding normal tissues.
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Alterations in glucose metabolism are important for tumor
progression (38). Mutations altering enzymatic activity of
IDH1, succinate dehydrogenase, or fumarate hydratase,
enzymes important for glucose metabolism, occur in a variety
of tumors (39, 40). Also, ectopic expression of alternative
isoforms of glycolytic enzymes that increase glycolysis, such
as PKM2, HK2, and phosphofructose kinase 4, promote tumor

cell proliferation, survival, and invasion affecting patient out-
come (29, 39, 41).

Further evidence suggesting an association between glucose
metabolism and malignancy is the observation that oncogenic
signalingmoleculesmodulate expression of glycolytic enzymes
enhancing glycolysis and proliferation (38). For example, stim-
ulation of the MAPK pathway, a mediator of proliferation,

Figure 5. The PDGF pathway regulates glucose metabolism independent of proliferation. Lactate production (A) and glucose consumption (B) of TSCs
following 96 hours of AG1295 (þ) or DMSO (�) treatment. C, intracellular ATP in TSCs after 24 hours of AG1295 (þ) or DMSO (�) treatment. D, glycolytic rate
following 48 hours of AG1295 (þ) or DMSO (�) treatment. E, immunoblot analysis of PDGFR activation in TSC-R1 infected with sh-scramble (ShScram)
and sh-PDGFRa (ShPDGFRA) lentiviruses. Lactate production (F) and glucose consumption (G) of TSC-S1 expressing ShScram or ShPDGFRA. H,
intracellular ATP in TSC-R1 expressing shScram or ShPDGFRA. Data in all panels are representative of 3 ormore independent experiments and presented as
mean � SEM of triplicates (�, P < 0.05; ��, P < 0.01).
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alters pyruvate dehydrogenase kinase 4 expression increasing
pyruvate metabolism (34). Activated FGFR phosphorylates
PDK1 and PKM2 enhancing glycolysis (12, 34, 40). These
observations document an association between glucose
metabolism and proliferation. Some have proposed that pro-
liferation is hard-wired to changes in glycolysis to fulfill
increased requirements for macromolecular synthesis (1,
2, 38), but modulation of cell-cycle progression alone is not

sufficient to produce changes that resemble theWarburg effect
(42–44), raising the possibility of proliferation and glycolysis
being independently regulated in tumor cells.

The PDGF/PDGFR pathway is known to be deregulated in
multiple tumor types and it is frequently altered in glioma
(13, 16, 17). We found evidence of altered glucose metabo-
lism by PDGF and observed that glioma-derived TSCs
exhibited enhanced glycolysis indistinguishable from the

Figure 6. PI3K/AKT but not the MAPK pathway modulates tumor glycolysis in glioma-derived TSCs. A, immunoblot analysis of ERK1/2, AKT, and
PDGFR phosphorylation in lysates of TSC-S1 following 48 hours of MEK1/2 inhibitor UO126 treatments. B, growth curves of TSC-S2 following UO126
treatments. Lactate production (C) and glucose consumption (D) of TSC-S2 after 96-hour UO126 treatments. E, immunoblot analysis of PDGFR and AKT
phosphorylation in TSCs following 48 hours of AG1295 treatments. Lactate production (F) and glucose consumption (G) of TSC-Rs following 96 hours
of 10mmol/LAG1295 (þ) or DMSO (�) treatment. Results are presentedasa ratio normalized toDMSO-treated cells. Data in all panels are representative of 3or
more independent experiments and presented as mean � SEM of triplicates (�, P < 0.05; ��, P < 0.01).
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Figure 7. AKT is a key downstream mediator of PDGF-modulated glycolysis in glioma-derived TSCs. A, immunoblot analysis of PDGFR and AKT
phosphorylation in lysates of TSCs following 48 hours of LY294002 (þ) or DMSO (�) treatment. Lactate production (B) and glucose consumption (C)
of TSCs following 96 hours of LY294002 (þ) or DMSO (�) treatment. D, glycolytic rate of TSCs following 48 hours of LY294002 (þ) or DMSO (�) treatment.
E, left, immunoblot analysis of HA tag, pAKT, and phosphorylated p70-S6K in lysates of TSC-S3 overexpressing PCDNA3 and PCDNA3-HA-myrAKT1
transfectant. Right, bar graph of immunoblot band density measured in triplicate normalized to actin expression. Lactate production (F) and glucose
consumption (G) of TSC-S3 transfected with PCDNA3 or PCDNA3-HA-myrAKT1 following 72 hours of doxycycline treatments. Data in all panels are
representative of 3 or more independent experiments, presented as mean � SEM of triplicates (�, P < 0.05; ��, P < 0.01; ���, P < 0.005).
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Warburg effect. In these TSCs, glucose uptake and lactate
production are coordinately increased (Figs. 2 and 3) and
were dependent on PDGF/PDGFR (Fig. 3). The PDGF-
induced glucose uptake we observed was consistent with
previous reports showing PDGF signaling associated with
increased glucose uptake and vascular smooth muscle cell
growth (27, 45). We found that elevated levels of glucose
consumption and lactate production as well as an increased
cellular glycolytic rate (Fig. 5) in proliferating TSCs were
responsive to PDGF/PDGFR signaling. Several lines of inves-
tigation, however, indicated this regulation was independent
of proliferation (Figs. 5 and 6).

Seeking to identify the mediators of PDGF regulation
of glioma glycolysis, we investigated 2 pathways downstream
of PDGFR, PI3K/AKT and MAPK. We found that inhibition of
AKT resulted in decreased glycolysis, whereas modulation of
MAPK activation did not (Fig. 6). AKT, a key mediator of
insulin-induced glucose uptake, coordinates changes in glu-
cose uptake and lactate production by altering the phosphor-
ylation state and expression of several different glycolytic
enzymes (9, 26).We found that themRNAor protein expression
of these enzymes correlates with PDGFB signaling (Fig. 2G and
Supplementary Fig. S2), suggesting the possibility of AKT-
mediating glycolysis in these cells. Overexpression of consti-
tutively active AKT rescued decreased glycolysis associated
with inhibited PDGF/PDGFR consistent with AKT acting as a
key mediator of PDGF-regulated glycolysis (Fig. 7F and G).
PDGFR inhibition has not yet been shown clinically to impact
significantly on glioma progression as measured by tumor
growth (46). We observed among the cell cultures growth
resistant to doxycycline that some proliferated in the presence
of AKT inhibition, suggesting that these cells acquired doxy-
cycline resistance by activation of downstream proliferative
pathways. Our finding that a PDGFR/PI3K/AKT axis regulates
glioma glucose metabolism by a pathway distinct from pro-
liferation suggests that PDGFR inhibition altering glucose

metabolism might have therapeutic effects that cannot be
recognized in single-agent trials monitoring tumor cell prolif-
eration. Consistent with this idea is the finding that tumor cells
may have enhanced sensitivities to apoptosis following nutri-
ment restriction (11, 47) and the work of others to treat cancer
by inhibiting glucose metabolism (2). Other evidence shows
that alterations in glucose metabolism alone can influence key
characteristics of malignancy (48, 49) provides a strong ratio-
nale to examine the potential of PDGF/PDGFR inhibition to
contribute to tumor treatment by complementing effective,
targeted growth inhibitors.
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