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Abstract

Purpose: One of the hallmarks of cancer cells is the excessive
conversion of glucose to lactate under normoxic conditions, also
known as theWarburg effect. Here, we tested whether the targeted
inhibition of EGFR may revert this effect and reactivate mito-
chondrial oxidative phosphorylation in non–small cell lung
cancer (NSCLC).

Experimental Design: Sensitive (HCC827) and resistant
(H1975 and H1993) NSCLC cells were treated with a panel of
EGFR or MET inhibitors, and then tested for changes of EGFR
signaling, glycolytic cascade, and mitochondrial function. Silenc-
ing of key glycolytic enzymes was then performed with targeted
siRNAs. Furthermore, tumor-bearing nude mice treated with
EGFR inhibitorswere evaluatedwith 18F-FDGPET/CT and tumors
were analyzed for glycolytic and mitochondrial proteins.

Results: Effective inhibition of EGFR signaling in NSCLC
cells induced a dramatic reduction of hexokinase II (HKII) and

phospho-pyruvate kinase M2 (p-PKM2, Tyr105) levels as
well as an upregulation of mitochondrial complexes subunits
(OXPHOS). Accordingly, a decreased lactate secretion and
increased intracellular ATP levels were also observed in response
to EGFR inhibitors. Downregulation of HKII and PKM2 by
targeted siRNA transfection did not cause upregulation of
OXPHOS but enhanced the effects of EGFR TKIs. Conversely,
selective inhibition of AKT and ERK1/2 caused OXPHOS upre-
gulation and glycolysis inhibition, respectively. Similar findings
were obtained in tumors from animals treated with appropriate
EGFR inhibitors.

Conclusions:Our findings indicate that EGFR inhibitors may
reactivate oxidative phosphorylation of cancer cells and provide a
mechanistic clue for the rational combination of agents targeting
EGFR-dependent proliferation and glucose metabolism in cancer
therapy. Clin Cancer Res; 21(22); 5110–20. �2015 AACR.

Introduction
Oncogene-driven tumorigenesis implies the reprogramming of

key regulatory steps of energy metabolism in cancer cells that
become highly dependent on aerobic glycolysis rather than on
mitochondrial oxidative phosphorylation (1, 2). The preferential
conversion of glucose to lactic acid in cancer cells under normoxic
conditions, also known as Warburg effect (3, 4), is nowadays
considered a hallmark of cancer. Although energetically ineffec-
tive, glycolysis is reported to support the uncontrolled growth and
survival of cancer cells by favoring the generation of macromo-
lecular building blocks such as nucleotides, amino acids, and
lipids through alternative biosynthetic pathways (5, 6).

Many oncogenic signaling pathways were reported to cause the
shift from oxidative phosphorylation to aerobic glycolysis in
cancer cells (7, 8). In particular, aberrant signaling from EGFR

through the PI3K–AKT or RAS–MAPK pathways was reported to
modulate the expression of a pool of genes encoding glucose
transporters and most glycolytic enzymes (1, 9).

EGFR is recognized as an oncogene driver in non–small cell
lung cancer (NSCLC) because activating mutations in the
kinase domain of EGFR cause an enhanced EGFR tyrosine
kinase activity and a persistent activation of downstream sig-
naling pathways that, in turn, drive oncogenesis and tumor
progression (10). Previous studies identified indeed the pres-
ence of activating mutations in the kinase domain of EGFR as
a major determinant of effective tumor response of NSCLC
to gefitinib or erlotinib (11–14). However, despite initial
response to treatment, virtually all NSCLC patients develop
resistance to EGFR TKIs due to the occurrence of T790M
secondary mutations in EGFR (15, 16) or to the amplification
of MET receptor tyrosine kinase (17) and several compounds
have been developed and tested to overcome EGFR TKIs resis-
tance (18–20).

We hypothesized that by inhibiting EGFR signaling, to which
tumor cells are addicted, may cause in addition to growth arrest
and apoptosis, an early metabolic switch from aerobic glycolysis
to mitochondrial oxidative phosphorylation. Therefore, the aim
of the present study was to test whether the efficient inhibition of
EGFR pathways in EGFR-driven NSCLCs may revert the Warburg
effect and reactivate mitochondrial oxidative phosphorylation
both in vitro and in vivo.
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To this end, EGFR-driven H1975 and HCC827 NSCLC cells
bearing or not T790M mutation were treated with WZ4002, a
specific inhibitor of EGFRT790M, and erlotinib so that differen-
tial changes of glycolytic cascade and glucose metabolism could
be tested in the same cellular context after treatment with
efficient or inefficient inhibitors. A similar approach was
adopted in H1993 NSCLC cells bearing wild-type EGFR and
MET amplification using erlotinib and MET inhibitors such as
PHA-665,752 or crizotinib. Finally, our hypothesis was tested
in untreated and treated nude mice bearing H1975 and H1993
xenografts.

Materials and Methods
Cell lines and treatment

Three NSCLC cell lines were obtained from and authenticated
by the ATCC. In particular, H1975 cells bear an activating point
mutation in exon 21 (L858R) and also harbor the T790M muta-
tion in the kinase domain of EGFR (15, 16). Despite the T790M-
mediated resistance, H1975 remain EGFR driven. HCC827 cells
are highly responsive to erlotinib due to the presence of an
activating deletion of exon 19 (delE746_A750) of EGFR (21).
H1993 cells are reported to have a high level of MET gene
amplification (15 copy numbers; refs. 22, 23) and wild-type
EGFR, thus showing resistance to erlotinib (17). HCC827 cells
served as control for both resistant cell lines because they also
express high levels ofMET protein on their plasmamembrane but
do not haveMET gene amplification (17, 22). All cells were grown
in RPMI medium supplemented 10% FBS, 100 IU/mL penicillin
and 50 mg/mL streptomycin in a humidified incubator with 5%
CO2 at 37�C.

Cells were treated with 1 mmol/L erlotinib, 0.1 or 1 mmol/L
WZ4002 (Selleck Chemicals), an irreversible EGFR TKI that binds
T790M-harboring receptor, or 1 mmol/L PHA-665,752 (Selleck
Chemicals), a selective MET inhibitor, in serum-free RPMI for the
indicated time as previously described (18, 19). Parallel experi-
ments were performed by treating cells with increasing concen-

trations of AKT inhibitor, wortmannin (Biaffin GmbH & Co
KG, Germany), and MAP kinase (ERK1/2) inhibitor, U0126
(Calbiochem).

Immunoblotting analysis
Whole-cell lysates and membrane fractions were prepared as

previously described (19, 24). Briefly untreated and treated
cells were lysed, homogenized, and centrifuged at 13,000 � g at
4�C for 20 minutes to obtain whole-cell lysates. Membrane
fractions were prepared by resuspending cells in an isotonic
buffer followed by homogenization and centrifugation at
800 � g at 4�C for 10 minutes (24). The supernatant was
ultracentrifuged at 46,000 � g at 4�C for 45 minutes and the
resulting pellet containing the membrane fraction was resus-
pended in HEPES buffer 50 mmol/L.

Western blot analysis of proteins from different lysates was
performed using a standard procedure. Antibodies used for west-
ern blotting included mouse monoclonal antibodies against
phospho-EGFR (Cell Signaling Technology; 0.1 mg/mL), p42/
44MAP kinase (ERK1/2; Cell Signaling Technology; 0.1 mg/mL),
MET (25H2; Cell Signaling Technology; 0.1 mg/mL), a-tubulin
(Sigma; 1 mg/mL), b-actin (Sigma; 1 mg/mL); the OXPHOS cock-
tail of mouse polyclonal antibodies (Mitoscience, Eugene, OR;
1:1,000) targets the following proteins: 20 kD subunit of Com-
plex I (20 kD), COX II of Complex IV (22 kD), 30 kD Ip subunit of
Complex II (30 kD), core 2 of Complex III (� 50 kD), and F1a
(ATP synthase) of Complex V (� 60 kD); rabbit monoclonal
antibody against PKM2 (Cell Signaling Technology; 0.1 mg/mL);
rabbit polyclonal antibodies against PKM1 (Abgent; 1:1,000),
EGFR (Santa Cruz Biotechnology; 1:1,000), phospho-AKT (Ser
473; Santa Cruz Biotechnology; 1:1,000), Hexokinase I (Cell
Signaling Technology; 1:1,000), Hexokinase II (Cell Signaling
Technology; 1:1,000), phospho-PKM2 (Tyr105; Cell Signaling
Technology; 1:1,000), phospho-p42/44 MAP kinase (ERK1/2;
Cell Signaling Technology; 1:1,000), phospho-MET (Tyr 1234/
1235; Cell Signaling Technology; 1:1,000), AKT (Cell Signaling
Technology; 1:1,000), Cyclin D1 (Cell Signaling Technology;
1:1,000), Naþ,Kþ-ATPase, (Cell Signaling Technology;
1:1,000), GLUT1 (Abcam; 1:1,000), GLUT3 (Abcam; 1:1,000),
and PGC-1a (Abcam; 1:1,000). A commercially available ECL kit
(GE Healthcare) was used to reveal the reaction.

Quantitative real-time PCR analysis
Total RNA was extracted from untreated and treated H1975

cells using the RNeasy Mini Kit (Qiagen) following the man-
ufacturer's instructions. RNA (1 mg) was reverse transcribed to
cDNA using oligonucleotides and Superscript III (Invitrogen).
Samples of cDNA were then subjected to PCR analysis using
the 7900HT Fast Real-Time PCR System (Applied Biosystems)
and SYBR Green dye (Applied Biosystems) for quantitation.
The expression of GLUT1, GLUT3, HKI, HKII, PKM1, PKM2,
LDH-A, and actin, as reference gene, was analyzed and the
specific synthesized primers were purchased from Primm. A
standard RT-PCR protocol was used. Threshold cycle (Ct) values
were automatically calculated for each sample and used to
determine the relative expression of target genes compared
with the reference gene in all samples by the 2�DDCt method.
Data were expressed as relative mRNA level of each treated
sample compared with the corresponding untreated control.
Four independent experiments were performed and each sam-
ple was analyzed in triplicates.

Translational Relevance

Energy metabolism of cancer cells is highly dependent on
aerobic glycolysis rather than on mitochondrial oxidative
phosphorylation and many oncogenes, including EGFR, may
promote the acquisition of the glycolytic phenotype. Here, we
report that targeted inhibition of EGFR pathways may revert
aerobic glycolysis and reactivate mitochondrial oxidative
phosphorylation in non–small cell lung cancer through the
concerted downregulation of hexokinase II (HKII) and phos-
pho-pyruvate kinase M2 (p-PKM2) and upregulation of
OXPHOS. Suppression of HKII and PKM2 levels by RNA
silencing does not affect OXPHOS levels, but enhances the
effects of EGFR inhibitors. Conversely, selective inhibition of
AKT and ERK1/2 leads to OXPHOS upregulation and aerobic
glycolysis inhibition, respectively. The translational relevance
of our study is to show that EGFR inhibitors may reactivate
oxidative phosphorylation of cancer cells and provide amech-
anistic clue for the rational combination of agents targeting
EGFR-dependent proliferation and glucose metabolism in
cancer therapy.

EGFR-Dependent Modulation of OXPHOS in NSCLC
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18F-FDG uptake, glucose consumption, lactate secretion, and
intracellular ATP in cultured tumor cells

Cells were seeded in 12-well flat-bottomed plates at a density of
1.5 � 105 cells per well, and then treated with EGFR TKIs or MET
inhibitor at the indicated concentration in serum-free RPMI for 48
hours. Cells were incubated with 2 mCi/mL of 18F-Fluorodeox-
yglucose (18F-FDG) in 500 mL of glucose-free medium for 60
minutes at 37�C in triplicates. After washing, they were lysed with
1 mol/L NaOH and cell-associated radioactivity was determined
using a gamma counter (Packard). The uptake of 18F-FDG in
untreated and treated cells was determined as a percentage of
added radioactivity and normalized for 106 cells. At least three
independent assays were performed for each cell line and for each
treatment. Finally, data were expressed considering the corre-
sponding untreated cells as 100%.

In parallel experiments untreated and treated cells were ana-
lyzed for glucose and lactate levels in the conditioned media and
for intracellular ATP levels. Briefly after 48 hours treatment with
EGFR TKIs or MET inhibitor, conditioned media were removed,
centrifuged at 13,000� g at 4�C for 10 minutes and then assayed
for glucose and lactate concentrations using the Glucose Assay Kit
(Sigma-Aldrich) and the Lactate Assay Kit (Sigma-Aldrich) fol-
lowing the manufacturer's instructions. Untreated and treated
cells were simultaneously subjected to intracellular ATP determi-
nation using the ATPlite Luminescence Assay (PerkinElmer) fol-
lowing the manufacturer's instructions. Briefly, cells were lysed,
incubated with the ATP reaction mixture for 5 minutes, and then
subjected to luminescence measurements. Absolute glucose, lac-
tate, and ATP levels were calculated from the corresponding
standard curve and normalized to 106 cells. Similarly citrate and
malate levels were determined in untreated and treated cells using
the Citrate and Malate Assay Kit (Sigma-Aldrich).

Oxygen consumption and extracellular acidification rates
The oxygen consumption rate (OCR) and extracellular acidi-

fication rate (ECAR) were determined using the Seahorse Extra-
cellular Flux Analyzer (XF-96; Seahorse Bioscience). Briefly,
H1975 cells were seeded at 10,000 cells per well on XF 96-well
microplates and allowed to attach overnight. Cells were then
treated with 1 mmol/L WZ4002 or vehicle for 48 hours. OCR was
measured inbasal conditions andafter the subsequent additionof
5 mmol/L oligomycin, 1.5 mmol/L carbonylcyanide-4-(trifluoro-
methoxy)-phenylhydrazone (FCCP), and 1 mmol/L rotenone/
antimycin A. ECAR was simultaneously measured in basal con-
ditions and after the subsequent addition of 10mmol/L glucose, 5
mmol/L oligomycin, and 100 mmol/L 2-deoxyglucose. OCR and
ECAR were monitored over time and each cycle consisted of 3
minutes mixing, 3 minutes waiting, and 3 minutes measuring.
Data were normalized for 106 cells and expressed as pmol/min
and mpH/min, respectively.

RNA interference
GLUT3, HKII, and PKM2-targeted siRNA pools (ON-TARGET-

plus SMARTpool) and control non-targeting siRNA pool (scram-
bled) were purchased from Dharmacon, Inc. and used according
to the manufacturer's instructions. Briefly, H1975 cells were
plated (2 � 105) and allowed to attach for 24 hours. Then cells
were transfected with 100 nmol/L siRNAs using Dharmafect
reagent (Dharmacon) and after 24 hours cells were treated with
1 mmol/L WZ4002 or vehicle for 48 hours, and then lysed for
Western blot analysis.

Treatment of animal tumor models and imaging studies
Female BALB/c (nu/nu) mice, 6-week-old, weighing 15 to 20 g

were purchased from Charles River Laboratories. All animal
experimental procedures were approved by the Italian Ministry
of Health-Animal Welfare Direction (protocol no. DGSAF21940-
A-16/11/2013). H1975 and H1993 cells (5–10 � 106) were
resuspended in 200 mL RPMI medium and injected s.c. into the
flank of nude mice (groups of 4 mice, n ¼ 3 experiments). When
tumors reached a mean volume of approximately 100 mm3,
animals were treated daily for 3 days by oral gavage with 50
mg/kg of WZ4002, erlotinib, crizotinib, or vehicle as previously
described (19). In addition animals (n ¼ 3 for each cell line)
treatedwith the efficient inhibitor or vehicle underwent a baseline
andapost-treatment scanusing a small-animal PositronEmission
Tomography/Computerized Tomography (PET/CT) scanner
(eXplore Vista Pre-Clinical PET Scanner GE Healthcare).
After fasting for 8 hours, animals received 200 mCi (7.4 MBq) of
18F-FDG by i.v. injection through the tail vein. Animals were
anesthetized using 2% isoflurane and then subjected to PET/CT
scan at 60 minutes after injection. Body temperature of the
animals was held constant during tracer biodistribution and
imaging studies by heating pad or heat lamp. One bed position,
including the tumor, was scanned and CT images were acquired
with the X-ray source set at 35 kVp and 200 mA for 10 minutes
followed by PET images acquisition for 20 minutes.

Levels of HKII, p-PKM2 Tyr105, total PKM2, and OXPHOS in
excised tumors

After 3 days of treatment tumors were surgically removed,
immediately frozen in liquid nitrogen and stored at �80�C until
used. Tumor samples obtained from animals treated or not with
50mg/kgWZ4002, erlotinib, or crizotinib were homogenized on
ice in RIPA lysis buffer with protease and phosphatase inhibitors
(Sigma-Aldrich) using a dounce homogenizer followed by pas-
sages through a 26-gauge needle. The suspension was clarified by
centrifugation at 13,000 � g for 30 minutes at 4�C and subjected
to Western blot analysis.

Statistical analysis
Statistical analysis was done using the software MedCalc for

Windows, version 10.3.2.0 (MedCalc Software). An unpaired and
paired Student t test was used when appropriate to compare
means. Differences between means were considered statistically
significant for P < 0.05.

Results
HKII and p-PKM2 Tyr105 downregulation by efficient
inhibition of EGFR signaling in sensitive and resistant NSCLC
cells

To investigate the effects of EGFR tyrosine kinase activity on
glucose metabolism of NSCLC cells, three human lung cancer cell
lines were selected, based on their different sensitivity to EGFR
TKIs. The NSCLC H1975 and HCC827 cell lines were exposed to
the EGFR TKIs erlotinib or WZ4002, a specific inhibitor of
EGFRT790M. Conversely, the H1993 cell line, bearing MET gene
amplification, was treated either with erlotinib or with the MET
inhibitor PHA-665,752. In all cases, the levels of p-EGFR, and
relative p-AKT, p-ERK1/2 and cyclin D1 downstream mediators
were analyzed. Cell exposure to increasing concentration of
WZ4002 caused a concomitant decrease of p-EGFR, p-AKT,
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p-ERK1/2, and cyclin D1 levels in H1975 cells at both 48 and 72
hours, whereas no significant changes were observed in the same
cells exposed to erlotinib (Fig. 1A). In contrast, HCC827 cells did
respond to erlotinib and not to PHA-665,752 (Fig. 1B). As
expected H1993 were sensitive to PHA-665,752 and showed a
concomitant decrease of p-MET, p-AKT, p-ERK1/2, and cyclin D1
levels. Despite the strong inhibition of EGFR phosphorylation by
erlotinib, only a slight reduction of p-AKT and cyclin D1 was
observed in erlotinib-treated H1993 cells.

Next, we investigated the effects of cell exposure to the different
inhibitors on the levels of relevant glucose transporters and
glycolytic enzymes. Concomitant changes of GLUT1, GLUT3,
HKI, HKII, PKM1, and PKM2 protein levels were assessed in
H1975, HCC827, and H1993 cells treated with WZ4002, erloti-
nib, or PHA-665,752 for the indicated time. As a result, the protein
levels of GLUT1, HKI, PKM1, and PKM2 remained substantially
unchanged in all cell lines (Fig. 2A and 2B). However, in H1975
cells, WZ4002 caused a strong dose-dependent reduction of HKII
levels. A similar reduction of HKII was observed in HCC827 and
H1993 cells after 48 hours treatment with erlotinib or PHA-
665,752, respectively, indicating that HKII levels are downregu-
lated in all cell lines exposed to efficient inhibitors.

Interestingly, an increase of GLUT3 levels were observed in
whole-cell lysates after 72 hours treatment of H1975 with
WZ4002 or following treatment of H1993 cells with PHA-
665,752. Because other authors reported GLUT3 translocation
from the plasma membrane to the cytosol in response to EGFR
inhibition (25), we tested GLUT3 levels inmembrane fractions of
H1975 cells treatedwith EGFR TKIs. A decrease of GLUT3 levels in
membrane fractions was observed after 72 hours treatment with
WZ4002 (Fig. 2C), indicating the translocation of the glucose
transporter from the plasmamembrane into the cytosol of treated
cells.

In agreement with these findings mRNA levels of GLUT3 were
significantly reduced in a dose-dependentmanner after treatment
of H1975 cells with WZ4002 (P < 001; Fig. 2D). Conversely, no
significant changes of themRNA levels ofGLUT1,HKI, PKM1, and
PKM2 were observed in treated cells. In agreement with the
protein expression data, mRNA levels of HKII were significantly

reduced (P < 0.01) at high-dose treatment with WZ4002, suggest-
ing that downregulation of HKII in response to EGFR inhibition
occurs at transcriptional level.

Because posttranslational modifications of PKM2 such as
phosphorylation at Tyr105 regulate PKM2 activity by modulat-
ing the balance between active tetrameric and inactive dimeric
forms of this enzyme (26, 27), we tested the levels of phos-
phorylated PKM2 at Tyr105 (p-PKM2 Tyr105) in whole-cell
lysates of H1975 cells exposed to WZ4002 for 48 and 72 hours.
A dose-dependent reduction of p-PKM2 Tyr105 levels was
observed in response to WZ4002 treatment as compared with
untreated and erlotinib-treated controls (Fig. 3A). A similar
reduction of p-PKM2 Tyr105 levels was observed in HCC827
cells treated with erlotinib but not with PHA-665,752. In H1993
cells, levels of p-PKM2 Tyr105 were strongly reduced after
treatment with PHA-665,752 and only slightly reduced in
response to erlotinib treatment (Fig. 3B).

OXPHOS upregulation in response to EGFR TKIs
The reduction of p-PKM2 Tyr105 levels is reported to promote

the active tetrameric form of the enzyme (27, 28), thus enhancing
the conversion of phosphoenolpyruvate to pyruvate that, in turn,
can be subjected either to lactate conversion or to oxidative
phosphorylation. Therefore, we tested the expression of specific
mitochondrial complexes subunits (OXPHOS) in untreated and
treated cells. Figure 3C shows that treatment ofH1975 cells with 1
mmol/L WZ4002 increased the expression of all subunits tested
except ATP5A of complex V whose levels remained constantly
high in untreated and treated cells. An enhanced expression of
subunits of complexes II, III, IV, and V was also observed in
HCC827 cells exposed to erlotinib (Fig. 3D). NDUFB8 subunit of
complex I was undetectable in untreated and treated HCC827
cells that are reported to bear mtDNA mutations in complex I
subunits causing an altered assembly of complex I andmitochon-
drial dysfunction (29). InH1993 cells treatedwith 1mmol/L PHA-
665,752, a strong upregulation of all subunits testedwas found as
compared with untreated control cells whereas a slight increase of
subunits of complex I, II, and IVwas observed in the same cell line
exposed to erlotinib. These findings taken together, raise the

Figure 1.
Efficient inhibition of EGFR signaling in
sensitive and resistant NSCLC cells.
Representative Western blot analysis of
whole-cell lysates from NSCLC H1975
cells treated with 1 mmol/L erlotinib, 0.1 or
1 mmol/L WZ4002, a specific inhibitor
of EGFRT790M, for 48 and 72 hours (A) and
NSCLC HCC827 and H1993 cells treated
with 1 mmol/L erlotinib or PHA-665,752, a
specific MET inhibitor, for 48 hours (B).
Actin served to ensure equal loading.

EGFR-Dependent Modulation of OXPHOS in NSCLC
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possibility that mitochondrial respiration is indeed upregulated
by cell exposure to the selected inhibitors.

Reactivation of oxidative phosphorylation by EGFR signaling
inhibition

To test whether the increased levels of mitochondrial com-
plexes subunits were associated with a functional reactivation of
oxidative phosphorylation and reversal of aerobic glycolysis, we
assessed the uptake and consumption of glucose along with the
intracellular ATP and lactate levels. Figure 4A shows that 18F-FDG
uptake was significantly reduced (�61% � 10%) in H1975 cells
after treatment with 1 mmol/L WZ4002 compared with untreated
(P¼0.02) and erlotinib-treated (P¼ 0.02) cells. Similarly, H1993
cells showed a significant reduction of 18F-FDG uptake (�71%�
11%) in response to 1 mmol/L PHA-665,752 as compared with
untreated cells (P ¼ 0.04). When exposed to 1 mmol/L erlotinib,
H1993 cells showed a moderate (�35% � 30%) but not statis-
tically significant (P ¼ 0.41) decrease of 18F-FDG uptake as
compared with untreated cells. In agreement with these findings,
residual glucose levels in H1975 and H1993 conditioned media
were significantly increased as compared with untreated controls

(P < 0.0001) after 48 hours of treatment with WZ4002 (up to 4-
fold) and PHA-665,752 (up to 3-fold), respectively (Fig. 4B).
Interestingly, inH1993 conditionedmedia, a slight but significant
increase (1.3-fold, P ¼ 0.004) of extracellular glucose levels was
observed in response to 48 hours treatment with erlotinib. These
data consistently indicate that both glucose uptake and consump-
tion were reduced in H1975 and H1993 cells in response to
inhibition of EGFR signaling.

Parallel determination of intracellular ATP levels showed that
48 hours treatment with 1 mmol/L WZ4002 caused a statistically
significant 2.3-fold increase of ATP levels in H1975 cells (P <
0.0001; Fig. 4C). Similarly, a 2.7- and 1.7-fold significant increase
of ATP levels was found in H1993 cells exposed to PHA-665,752
(P ¼ 0.001) and erlotinib (P ¼ 0.011), respectively, as compared
with untreated cells. Conversely, a statistically significant 2-fold
decrease of lactate levels was found in conditioned media of
H1975 cells after 48 hours treatment with 1 mmol/L WZ4002 as
compared with untreated controls (P < 0.0001; Fig. 4D). Lactate
levels in H1993 conditionedmedia were reduced by 2.8- and 1.7-
fold after treatment with PHA-665,752 (P < 0.0001) and erlotinib
(P ¼ 0.0005), respectively, as compared with untreated controls.

Figure 2.
Protein and mRNA levels of relevant glucose transporters and glycolytic enzymes in NSCLC cells exposed to efficient EGFR inhibitors. A, protein levels of
GLUT1, GLUT3, HKI, HKII, PKM1, and PKM2 in whole-cell lysates from H1975 cells exposed to 1 mmol/L erlotinib, 0.1 or 1 mmol/LWZ4002 for 48 and 72 hours. B, levels
of the same proteins in whole-cell lysates from HCC827 and H1993 cells treated with 1 mmol/L erlotinib or PHA-665,752 for 48 hours. C, GLUT3 levels in
membrane fractions from H1975 cells exposed to 1 mmol/L erlotinib, 0.1 or 1 mmol/L WZ4002 for 48 and 72 hours. Actin and Naþ/Kþ-ATPase served to ensure
equal loading of samples from whole-cell lysates and membrane fractions, respectively. D, mRNA levels of GLUT1, GLUT3, HKI, HKII, PKM1, PKM2, and LDH-A by
RT-PCR in H1975 cells exposed to erlotinib, WZ4002 or vehicle at the indicated doses for 48 hours. Significant differences with #, P < 0.05 and ##, P < 0.01.
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The reduced glucose uptake and consumption along with the
inverse relationship between lactate secretion and intracellular
ATP production support the evidence that mitochondrial respi-
ration is indeed reactivated following treatment with efficient
inhibitors. To further confirm functional reactivation of oxidative
phosphorylation, OCR and ECAR were measured in untreated
and treated H1975 cells over time and a significant OCR increase
(P < 0.001) and a concomitant ECAR decrease (P < 0.05) were
found after inhibition of ATP synthase with oligomycin (Fig. 4E),
whereas no significant differences were found in the other key
parameters of mitochondrial respiration and glycolysis. Finally,
citrate levels increased by 2.4-fold (P < 0.05) and 1.6-fold (P <
0.05) in treated H1975 and H1993 cells (Fig. 4F), respectively,
whereas no significant changes of malate levels were found in the
same samples.

Targeted mRNA silencing of HKII and PKM2
To test the existence of a cause-effect relationship between the

reduced levels of relevant glycolytic enzymes and upregulation of
mitochondrial complexes, silencing of HKII and PKM2 mRNAs
was accomplished with targeted or scrambled siRNAs. Fig. 5A
shows the resulting levels of HKII, PKM2, and OXPHOS in
transiently transfected cells in the absence or presence of EGFR
inhibitor. Silencing HKII was not associated with any changes of
p-PKM2 Tyr105, total PKM2, and OXPHOS in the absence of

EGFR inhibitor. The downregulation of PKM2 levels resulted in
the suppression of its phosphorylated form andHKII levels in the
absence of EGFR inhibitor, whereas no OXPHOS upregulation
was observed. The addition of WZ4002 to both targeted siRNA-
transfected cells caused a stronger OXPHOS upregulation as
compared with scrambled siRNA-transfected cells exposed to
EGFR inhibitor. Silencing GLUT3 did not cause any significant
changes of HKII, p-PKM2 Tyr105, total PKM2, and OXPHOS
levels as compared with controls (data not shown). Taken togeth-
er, these findings indicate that the upregulation of OXPHOS is
neither dependent on HKII nor on PKM2 suppression and does
not compensate for glycolysis inhibition. More importantly, the
downregulation of these enzymes enhances the effect of EGFR
TKIs on the upregulation of OXPHOS, indicating that the inhi-
bition of EGFR signaling pathways is required for reactivation of
oxidative phosphorylation.

Differential regulation of aerobic glycolysis and OXPHOS by
ERK1/2 and AKT pathways

Then, we tested whether selective inhibition of AKT or ERK1/2
pathways by wortmannin and U0126, respectively, could affect
levels of HKII, p-PKM2 Tyr105, total PKM2, andOXPHOS. When
H1975 cells were exposed to increasing concentration of AKT
inhibitor, a dose-dependent increase ofOXPHOS levels (subunits
I-IV) was observed (Fig. 5B) whereas no changes of HKII and

Figure 3.
Levels of p-PKM2 Tyr105 and OXPHOS in response to EGFR inhibitors. Levels of p-PKM2 Tyr105 in whole-cell lysates from H1975 cells treated with 1 mmol/L
erlotinib, 0.1 and 1 mmol/L WZ4002 for 48 and 72 hour (A) or from HCC827 and H1993 cells treated with 1 mmol/L erlotinib or PHA-665,752 for 48 hours (B).
C, levels of OXPHOS in whole cell lysates from H1975 cells exposed to 1 mmol/L erlotinib, 0.1 or 1 mmol/L WZ4002 and from HCC827 and H1993 cells treated with
1 mmol/L erlotinib or PHA-665,752 for 48 hours (D). Actin served to ensure equal loading.
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p-PKM2 Tyr105 levels were observed. Conversely, treatment with
ERK1/2 inhibitor caused a dose-dependent decrease of HKII and
p-PKM2 Tyr105 levels whereas no changes of OXPHOS levels
were observed in treated cells (Fig. 5C). These findings indicate
that OXPHOS expression is modulated by AKT-mediated signal-
ing whereas HKII and p-PKM2 Tyr105 levels are regulated by
ERK1/2-mediated signaling. Therefore, the fine tuning of both
pathways regulates in a concerted manner the inhibition of
aerobic glycolysis and the reactivation of mitochondrial respira-
tion. Finally, because PGC-1a is a key regulator of mitochondrial
biogenesis, its protein levels were tested in response to treatment

and a dose-dependent upregulation of PGC-1a was found in
H1975 cells upon exposure to WZ4002 (Fig. 5D).

Reversal of Warburg effect and reactivation of oxidative
phosphorylation by EGFR TKIs in tumor-bearing mice

Finally, we investigated the effects of EGFR inhibition in nude
mice bearingH1975 andH1993 xenografts that were treated with
50 mg/kg WZ4002, erlotinib, crizotinib, a more favorable in vivo
MET inhibitor (19), or vehicle for 3 days. In particular, imaging
studies with 18F-FDG PET/CT were performed in tumor-bearing
mice before and after treatment with the efficient inhibitor or

Figure 4.
Inhibition of aerobic glycolysis and reactivation of oxidative phosphorylation in H1975 and H1993 cells exposed to EGFR TKIs. NSCLC cells were treated for 48 hours
with erlotinib, WZ4002 or PHA-665,752 at the indicated doses. A, untreated and treated cells were then incubated with 18F-FDG for 1 hour. After washing, the
uptake of 18F-FDG was determined as a percentage of added radioactivity and normalized for 106 cells. Data are expressed considering the corresponding
untreated cells as 100%. B, residual glucose levels were measured in conditioned media from untreated and treated cells. Data are expressed as mg of glucose
normalized to 106 cells. C, intracellular ATP levels were determined in lysates of untreated and treated cells and expressed as nmol of ATP normalized to 106 cells.
D, lactate levelsweremeasured in conditionedmedia of untreated and treated cells and expressed as nmol of secreted lactate normalized to 106 cells. E, concomitant
OCR and ECAR measurements were obtained after inhibition of ATP synthase with oligomycin (OCRATP and ECARmax) in H1975 cells treated or not with
1 mmol/L WZ4002 for 48 hours and normalized to 106 cells. OCR and ECAR scales are on the left and right y-axis, respectively. F, citrate levels were determined
in untreated and treated cells and expressed as nmol of citrate normalized to 106 cells; data, as mean � SE. Significant differences versus untreated control with
� , P < 0.05; �� , P < 0.01; and ��� , P < 0.001; significant differences versus erlotinib-treated cells with #, P < 0.05; ##, P < 0.01; and ###, P < 0.001.
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vehicle. Representative images of 18F-FDG PET/CT studies are
shown in Fig. 6A and B. A decrease of 18F-FDG uptake in tumors
was found in posttreatment scans of allH1975 andH1993 tumor-
bearing mice treated with WZ4002 and crizotinib, respectively.
Conversely, an increased tracer uptake was observed in control
animals. After treatment and imaging studies, tumors were sur-
gically removed, homogenized and tested for levels of HKII, p-
PKM2Tyr105, total PKM2, andOXPHOSbyWestern blot analysis
(Fig. 6C). In agreement with in vitro findings, a dramatic reduction
of HKII and p-PKM2 levels along with a strong upregulation of
OXPHOS (subunits I-IV) was found inH1975 andH1993 tumors
from animals treated with WZ4002 or crizotinib, respectively, as
compared with vehicle-treated controls. Interestingly, a slight
increase of OXPHOS was also found in animals bearing H1993
xenografts treated with erlotinib. These findings indicate that
reactivation of oxidative phosphorylation can occur in vivo at
drug concentration achievable in the plasma of treated animals
bearing NSCLC with mutated or wild-type EGFR.

Discussion
We report that effective inhibition of EGFR signaling down-

regulates aerobic glycolysis and restores oxidative phosphoryla-
tion in NSCLC cell lines and animal tumor models through the
concerted downregulation of HKII and p-PKM2 Tyr105 and
upregulation ofOXPHOS. Furthermore, we provide evidence that
selective inhibition of AKT-mediated signaling results in a dose-

dependent upregulation of mitochondrial complexes subunits,
whereas inhibition of the ERK1/2 pathway causes a reduction of
p-PKM2 Tyr105 and HKII levels.

Somatic mutations causing activation of oncogenes or loss of
function of tumor-suppressor genes aremajor determinants of the
glycolytic phenotype in cancer cells (8). The maintenance and
regulation of this phenotype is under the complex control of a
signaling network that is highly dependent on cellular context. In
our study, changes of glucose metabolism in response to EGFR
signaling inhibition were investigated in the same cellular context
represented by erlotinib-resistant NSCLC cells that become sen-
sitive when exposed to EGFRT790M or MET-targeted agents. This
approach allowed us to compare the effects of efficient EGFR
inhibition on glucose metabolism in three cell lines with a
different genetic profile and signaling network status. Despite
this diversity,we found that all cell lines share a common response
to efficient EGFR inhibition involving the same key proteins of the
glycolytic cascade, that is, HKII and p-PKM2 Tyr105. In the
absence of genetic alterations of mitochondrial complexes, the
inhibitionof aerobic glycolysis is accompaniedby the reactivation
of mitochondrial phosphorylation and by the increase of intra-
cellular ATP production.

High levels of PKM2 are expressed in a variety of human
tumors, including lung, breast, and colon cancer (28), and are
reported to promote the Warburg effect in cancer cells (5, 6).
PKM2 exists as a low-activity dimeric or high-activity tetrameric
form and cancer cells predominantly express the low-activity

Figure 5.
HKII and PKM2 silencing and selective inhibition of ERK1/2 and AKT pathways. A, H1975 cells were transfected with HKII or PKM2 targeted siRNA pools and
control nontargeting siRNApool (scrambled). After 24 hours, cellswere treatedwith 1mmol/LWZ4002 or vehicle for 48 hours and then lysed. Levels of HKII, p-PKM2
Tyr105, total PKM2, and OXPHOS were determined by Western blot analysis. B, H1975 cells were treated with increasing concentration of the AKT inhibitor
wortmannin or (C) ERK1/2 inhibitor U0126 for 48 hours. Then levels of HKII, p-PKM2 Try105, total PKM2, and OXPHOS were assessed by Western blot analysis.
D, levels of PGC-1a were determined in H1975 cells in response to 48 hours treatment with erlotinib or WZ4002. Actin or tubulin served to ensure equal
loading.
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dimeric form with a reduced ability to convert phosphoenolpyr-
uvate to pyruvate (30). Phosphorylation of PKM2 at Tyr105 is
reported to disrupt the active tetrameric form (26, 27) and to
reduce its catalytic activity. Therefore, the reduction of p-PKM2
Tyr105 levels in response to EGFR inhibitors promotes tetramer
formation and a high enzymatic catalytic activity in NSCLC. This
state is reported to be associatedwith efficient ATP generation and
catabolic metabolism by redirecting pyruvate flux toward mito-
chondrial oxidative phosphorylation (31). In agreement with
these observations, we showed OXPHOS upregulation and an
increase of intracellular ATP following reduction of p-PKM2
Tyr105 levels by EGFR inhibition. The PKM2-dependent down-
regulation of HKII levels observed in our study may contribute to
increase catabolic metabolism by reducing glycolytic intermedi-
ates levels and their flux into subsidiary anabolic pathways. A
metabolomic analysis in lung adenocarcinoma cells showed
indeed that inhibition of EGFR signaling downregulates interme-
diate metabolites in glycolysis and the pentose phosphate path-
way (32).

The abnormally high rate of glucose uptake in cancer cells has
been for years the major rationale for the use of 18F-FDG-PET in
cancer detection, staging, and treatment monitoring (33). Previ-
ous clinical studies with 18F-FDG-PET reported that NSCLC
patientswho respond to treatmentwithEGFRTKIs showaprompt
reduction of 18F-FDGuptake as early as 48 hours after initiation of
treatment (34–36). Such early metabolic response is predictive of

morphovolumetric tumor response, progression-free and overall
survival. Furthermore, the early reduction of 18F-FDG uptake in
EGFR-mutant tumors was reported to be higher (median 55%)
than that found in metabolic responding EGFR wild-type tumors
(median 19.9%; ref. 36). The rapid reduction of 18F-FDG uptake
in response to EGFR TKIs was mainly correlated with the inhibi-
tion of the PI3K–AKT pathway, reduction of hexokinase activity,
anddownregulationof glucose transporters (25).Ourfindings are
in agreement with these observations and provide additional
insight into the molecular mechanisms underlying the concerted
modulation of aerobic glycolysis and mitochondrial respiration.

Advances in cancer metabolism research increased the clinical
interest to target aberrant metabolic pathways for treatment of
malignant tumors (37, 38), and a number of compounds inter-
fering with metabolic regulators, enzymes, and metabolic inter-
mediates have been developed (39). Here, we show that EGFR
TKIs exert an early and profound effect on aerobic glycolysis and
are able to reactivate oxidative phosphorylation. These findings
may have relevant clinical implications because EGFR TKIs, in
addition to cause growth arrest and apoptosis, may reactivate
oxidative phosphorylation and oxygen consumption of cancer
cells, which ultimately will improve sensitivity to chemotherapy
and radiation therapy. Furthermore, the reduction of lactate
secretion may increase extracellular pH, thus improving micro-
environmental conditions of cancer cells and response to therapy
(40). Also, the differential regulation of aerobic glycolysis and

Figure 6.
18F-FDG PET/CT imaging studies and levels of HKII, p-PKM2 Tyr 105, total PKM2, and OXPHOS in tumor xenografts. Nude mice bearing H1975 or H1993 tumors
were treated for 3 days by oral gavage with 50 mg/kg of erlotinib, WZ4002, crizotinib or vehicle. A and B, imaging studies with 18F-FDG PET/CT were
performed before (left) and after treatment with efficient inhibitor or vehicle (right) of H1975 (A) and H1993 (B) tumors. Representative transaxial 18F-FDG PET and
coregistered CT images are shown. C, surgically removed tumors (3 for each cell line and for each treatment) were homogenized and assayed for levels of
HKII, p-PKM2 Tyr105, total PKM2, and OXPHOS by Western blot analysis. Actin served to ensure equal loading.
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oxidative phosphorylation by ERK1/2 and AKT pathways, respec-
tively, provides a mechanistic clue for rational combinations of
anti-cancer agents targeting EGFR pathways and glucose metab-
olismexploiting thepotential synergistic effects suggestedbyHKII
and PKM2 silencing. In conclusion, our study indicates that
innovative therapeutic strategies targeting glucose metabolism
may be highly potentiated by the combination with agents
targeting the oncogene driver of a given tumor.
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