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(Background: EGFR signaling maintains aerobic glycolysis, but the molecular mechanism is still undefined.
Results: Drug inhibition studies reveal that downstream signaling via the PI3K pathway is critical for glucose transport and

Conclusion: The PI3K signaling regulates key metabolic activities in EGFR-mutant lung adenocarcinoma.
Significance: These data may guide the development of chemotherapeutic options, including targeting of the PI3K pathway and
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Oncogenic epidermal growth factor receptor (EGFR) signal-
ing plays an important role in regulating global metabolic path-
ways, including aerobic glycolysis, the pentose phosphate path-
way (PPP), and pyrimidine biosynthesis. However, the
molecular mechanism by which EGFR signaling regulates can-
cer cell metabolism is still unclear. To elucidate how EGFR sig-
naling is linked to metabolic activity, we investigated the
involvement of the RAS/MEK/ERK and PI3K/AKT/mammalian
target of rapamycin (mTOR) pathways on metabolic alteration
in lung adenocarcinoma (LAD) cell lines with activating EGFR
mutations. Although MEK inhibition did not alter lactate pro-
duction and the extracellular acidification rate, PI3K/mTOR
inhibitors significantly suppressed glycolysis in EGFR-mutant
LAD cells. Moreover, a comprehensive metabolomics analysis
revealed that the levels of glucose 6-phosphate and 6-phospho-
gluconate as early metabolites in glycolysis and PPP were
decreased after inhibition of the PI3BK/AKT/mTOR pathway,
suggesting a link between PI3K signaling and the proper func-
tion of glucose transporters or hexokinases in glycolysis. Indeed,
PI3K/mTOR inhibition effectively suppressed membrane local-
ization of facilitative glucose transporter 1 (GLUT1), which,
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instead, accumulated in the cytoplasm. Finally, aerobic glycoly-
sis and cell proliferation were down-regulated when GLUT1
gene expression was suppressed by RNAi. Taken together, these
results suggest that PI3K/AKT/mTOR signaling is indispens-
able for the regulation of aerobic glycolysis in EGFR-mutated
LAD cells.

Cancer genomics using next generation sequencing technol-
ogy have successfully characterized a number of therapeutic
targets of lung cancer (1-6). EGFR mutations have been iden-
tified in more than 50% of lung adenocarcinomas (LADs)? from
East Asian non-smokers, and these tumors have been termed
oncogene-addicted to reflect their dependence on EGFR-medi-
ated, prosurvival signaling (7). Activated EGFR stimulates
downstream oncogenic signaling pathways, including the
PISK/AKT/mTOR and RAS/RAF/MEK/ERK pathways, to pro-
mote cell survival and proliferation (8, 9), and disruption of
these signaling pathways by EGFR tyrosine kinase inhibitors
(TKIs) such as gefitinib and erlotinib results in susceptibility of
EGFR-mutated tumors to apoptosis (10).

Somatic mutations in cancer driver genes, tumor suppres-
sors, and amplified oncogenes such as EGFR, RAS, BRAF, MYC,
isocitrate dehydrogenase (IDH), and fumarate hydratase (FH)

2The abbreviations used are: LAD, lung adenocarcinoma; EGFR, epidermal
growth factor receptor; mTOR, mammalian target of rapamycin; TKI, tyro-
sine kinase inhibitor; PPP, pentose phosphate pathway; ERLO, erlotinib;
DMSO, dimethyl sulfoxide; ECAR, extracellular acidification rate; OCR, oxy-
gen consumption rate; GLUT, glucose transporter; CE, capillary electropho-
resis; WB, Western blot; Lac, lactate; F1,6P, fructose 1,6-bisphosphate.
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have been shown to be linked to specific alterations in meta-
bolic activity in cancer cells (11-14). Such alterations have been
considered to result in the Warburg effect, which describes the
phenomenon whereby cancer cells choose high-rate aerobic
glycolysis to metabolize glucose to lactate despite the presence
of adequate oxygen (11-14). In contrast, normal cells mainly
utilize glucose via mitochondrial oxidative phosphorylation to
generate ATP (15-18). The mechanism by which such meta-
bolic alterations are induced by cancer gene mutations, how-
ever, is not fully understood.

GLUT]1, or solute carrier 2A 1 (SLC2A1), has been shown to
play a role in cancer cell metabolic reprogramming (19, 20). At
present, two classes of glucose transporters, GLUTs and sodi-
um-glucose symporters, exist in cancer cells (21, 22). The
GLUT (SLC2A) family is a wide group of membrane proteins
including 14 hexose transporters that facilitate the transport of
glucose over the plasma membrane (21, 22). In some cancers,
GLUT1 overexpression has been found to be associated with
tumor progression (19, 20, 23). The sodium-glucose symporter
family is predominantly expressed in the small intestine and
kidney. One report has suggested that EGFR physically associ-
ates with and stabilizes SGLT1 to promote glucose uptake into
cancer cells (24).

We have shown previously that mutant EGFR signaling
maintains up-regulated aerobic glycolysis, PPP, and de novo
pyrimidine biosynthesis (11). In this scenario, the tyrosine
kinase activity of EGER is dysregulated by gene mutations that
lead to aberrant EGFR signaling via the RAS/MEK/ERK and
PISK/AKT/mTOR pathways (8, 9). Here we show that, of these
two pathways, the PI3K/AKT/mTOR signaling axis plays a
more critical role in regulating glycolysis in EGFR-mutated
LAD and appears to facilitate the proper localization of the
glucose transporter GLUT1. Suppression of GLUTI after
blocking with siRNA resulted in decreased lactate production
and cell proliferation in EGFR-mutated LAD. These findings
indicate that the PI3K/AKT/mTOR pathway is responsible for
aerobic glycolysis by regulating GLUT1 localization in EGFR-
mutated LAD.

Experimental Procedures

Purchased Materials—Cell lines were purchased from
Immunobiological Laboratories (Fujioka, Japan) and the
ATCC. RPMI 1640 medium (R8758 and R1383), PBS, and 2-de-
oxy-D-glucose (2DG) were purchased from Sigma-Aldrich (St.
Louis, MO). FBS was purchased from Biowest (Nuaille, France).
Erlotinib (ERLO), AZD6244, BEZ235, AZD9291, and PKI-587
were purchased from Selleck (Houston, TX). EnVision TM+,
peroxidase-conjugated anti-rabbit and antibody diluent were
purchased from Dako (Glostrup, Denmark). Dimethyl sulfox-
ide (DMSO), glucose, and 3,3’-diaminobenzidine were pur-
chased from Wako Pure Chemicals Industries (Osaka, Japan).
Cell counting kit 8 was purchased from Dojindo Laboratories
(Kumamoto, Japan). Lactate assay kit I was purchased from
BioVision (Milpitas, CA). The FluxPak XF24 assay pack and XF
glycolysis stress test kit were purchased from Seahorse Biosci-
ence (North Billerica, MA). The Countess automated cell coun-
ter, including trypan blue and chamber slides, was purchased
from Invitrogen. The Mini-Protean TGX precast gel, Trans-
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Blot turbo transfer system, and Trans-Blot turbo transfer pack
were purchased from Bio-Rad. Primary antibodies specific for
EGEFR, phospho-EGER (pEGFR), AKT, phospho-AKT (pAKT),
ERK1/2, phospho-ERK1/2 (pERK), and 3-actin were purchased
from Cell Signaling Technologies (Danvers, MA). Anti-GLUT1
and anti-Na/K were purchased from Abcam (Cambridge, UK).
GLUT1-targeting siRNA and the BCA protein assay were pur-
chased from Thermo Fisher Scientific (Waltham, MA). The
peroxidase-linked secondary antibodies for Western blot anal-
ysis, HRP-linked sheep anti-mouse IgG, and donkey anti-rabbit
IgG were purchased from GE Healthcare. Alexa Fluor 488-con-
jugated anti-rabbit IgG and Alexa Fluor 594-conjugated anti-
mouse IgG were purchased from Invitrogen. Oligomycin was
purchased from Merck Millipore (Darmstadt, Germany).
Vectashield mounting medium was purchased from Vector
Laboratories (Burlingame, CA). FITC-conjugated anti-rabbit
IgG antibody was purchased from Jackson ImmunoResearch
Laboratories (West Grove, PA).

Cell Survival Assay and Proliferation Assay—EGFR mutant
LAD cells were seeded in RPMI 1640 medium containing vari-
ous concentrations of inhibitors in 96-well cell culture plates.
After 72 h of incubation at 37 °C and 5% CO.,, cell viability was
analyzed by WST-8 assay using cell counting kit 8. The optical
density of the cell culture medium in each well was read at 450
nm on a microplate reader (Molecular Devices, Sunnyvale, CA).
Viable cells were enumerated by trypan blue exclusion using a
Countess automated cell counter (Life Technologies).

Western Blotting—Cells were lysed in radioimmune precipi-
tation assay buffer on ice for 10 min and centrifuged at 15,000 X
g for 10 min. The protein content of supernatants was quanti-
fied by BCA assay (Pierce). Proteins were separated on a com-
mercially available 4-20% gradient SDS-polyacrylamide gel
(Mini-Protean TGX, Bio-Rad) and transferred to a polyvi-
nylidene difluoride membrane (Trans-Blot turbo transfer pack,
Bio-Rad). They were then incubated overnight with primary
antibodies (1:1000). The primary antibodies used in this study
are described above. ECL anti-rabbit IgG HRP-linked whole
antibody (GE Healthcare, 1:10,000) was used as secondary anti-
body, and signals were detected using ECL Western blotting
detection reagent (GE Healthcare) and x-ray films (GE Health-
care). B-actin was used as a loading control.

Lactate Assay—Lactate in culture medium was quantified
with a lactate assay kit II according to the instructions of the
manufacturer (Biovision, Mountain View, CA). After centrifu-
gation (3500 rpm, 15 min, 4 °C), cell culture medium was stored
at —20 °C. Samples were diluted in assay buffer and mixed with
lactate reaction mixture for 30 min. The optical density of the
mixture in each well was measured at 450 nm on a microplate
reader (Molecular Devices). The lactate concentration was cal-
culated from a standard curve and normalized against cell num-
bers and time.

Measurement of ECAR and Oxygen Consumption Rate
(OCR)—ECAR and OCR were measured with an XF glycolysis
stress test kit according to the instructions of the manufacturer
(Seahorse Bioscience). In brief, 4.5 X 10* cells were plated onto
XF24 plates in RPMI 1640 medium (10% FBS and 2 mm gluta-
mine) and incubated at 37 °C, 5% CO, overnight. Medium
including DMSO or inhibitors was placed into each well, and
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cells were incubated for 6 h. Cells were washed with assay
medium (minus glucose and unbuffered RPMI 1640 medium
(Sigma, R1383)), replaced with assay medium, and then placed
at 37 °C in a CO,-free incubator for 30 min. ECAR and OCR
were monitored using a Seahorse Bioscience XF24 extracellular
flux analyzer over time. Each cycle consisted of 3 min of mixing,
3 min of waiting, and 3 min of measuring. Glucose, oligomycin,
and 2-deoxy-p-glucose were diluted into XF24 medium and
loaded into the accompanying cartridge to achieve final con-
centrations of 10 mm, 5 uM, and 100 mwm, respectively.

Metabolite Measurements—H1975 cells were grown in RPMI
1640 medium containing 11.1 mm [U-'3C]glucose ([**C]Glcy)
in the presence of DMSO, AZD9291, or PKI-587. Metabolic
extracts were prepared after 6 h of incubation and analyzed
using a capillary electrophoresis (CE)-connected electrospray
ionization (ESI)-TOFMS and CE-MS/MS system (Human
Metabolome Technologies; HMT, Inc., Tsuruoka, Japan,
F-SCOPE) (25, 26). For quantitative static metabolomic analy-
sis, samples were prepared from 2—5 X 10° cells with methanol
containing internal standard solution (HMT) and analyzed
using a CE-connected ESI-TOF/MS and CE-MS/MS system
(HMT, C-SCOPE). Detailed procedures have been published in
our previous paper (11).

Immunohistochemistry—All immunohistochemistry analy-
ses were performed on paraffin-embedded tissues obtained
from the primary tumor in the surgical specimen. This study
was approved by the Institutional Review Board of the National
Cancer Center, Japan (no. 2014-325). All EGFR mutation status
information used in this study was obtained from a database at
the Division of Thoracic Oncology, National Cancer Center
Hospital East, Kashiwa, Japan. We prepared and used 4-um-
thick paraffin sections cut from a paraffin block containing his-
tological findings that were representative of the tumor. Anti-
gen retrieval was performed in citrate buffer solution (pH 6.0).
Endogenous peroxidase was blocked with 0.3% H,O, in meth-
anol for 15 min, and all slides were heated to 95 °C by exposure
to microwave radiation for 20 min. Slides were washed in PBS,
and, after 1-h incubation at room temperature with the primary
antibodies, the slides were incubated for 30 min with a labeled
polymer EnVision TM+ peroxidase-conjugated anti-rabbit
antibody (Dako, Tokyo, Japan). The chromogen used was 2%
3,3'-diaminobenzidine in 50 mm Tris buffer (pH 7.6) containing
0.3% hydrogen.

Immunofluorescence—Cells were seeded in a Ibidi 35-mm
microdish (Martinsried, Germany) and cultured overnight.
They were then incubated with inhibitors for 6 h. Cells were
washed three times and fixed with 4% paraformaldehyde for 15
min. After washing, the fixed cells were treated with blocking
buffer (1% BSA, 3% TritonX-100, and PBS) and incubated with
primary antibody at 4 °C overnight. After washing, cells were
incubated in secondary antibody (Alexa Fluor 488-conjugated
anti-rabbit IgG and Alexa Fluor 594-conjugated anti-mouse
IgG) for 1 h, stained with DAPI, mounted with Vectashield
mounting medium, and analyzed using a confocal microscopy
laser-scanning microscope 710 (Carl Zeiss, Oberkochen,
Germany).

Flow Cytometric Analysis—To quantitatively detect the
expression of membrane-bound GLUT1, cells were fixed with
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FIGURE 1. EGFR-mutant LAD cells are more sensitive to dual PI3K/mTOR
inhibitors than MEK inhibitor. Cells were treated with inhibitors at the indi-
cated concentrations for 72 h, and viability was assessed using the WST-8
assay.A-D,HCC827 (A), PC-9 (B) and H1975 cells (Cand D). The data are shown
as the mean = S.D. (n = 6). A—C, blue line, erlotinib; red line, AZD6244; green
line, BEZ235.D, magenta line, PKI-587; yellow line, AZD9291.The in vitro IC5, for
the growth of HCC827 was determined to be 0.010 um for erlotinib, >10 um
for AZD6244, and 0.011 um for BEZ235. PC-9 had an ICs, of 0.019 um for
erlotinib, >10 umfor AZD6244,and 0.005 umfor BEZ235.H1975 had an IC,, of
>10 um for erlotinib, >10 um for AZD6244, 0.042 um for BEZ235, 0.050 um for
AZD9291, and 0.042 um for PKI-587.

80% ethanol, incubated with anti-GLUT1 antibody (Abcam),
and then stained with the appropriate FITC-conjugated anti-
rabbit IgG antibody (Jackson ImmunoResearch Laboratories).
Quantification of FITC fluorescence intensity was performed
using a FACSCanto II (BD Biosciences).

siRNA Transfection—LAD cells (1.0 X 10°) were transfected
with 5 nm siGLUT1#1 (catalog no. s12925, Thermo Fisher Sci-
entific), siGLUT1#2 (catalog no. s12926, Thermo Fisher Scien-
tific), or siNC (catalog no. 4390843, Thermo Fisher Scientific)
using Lipofectamine RNAIMAX reagent (Thermo Fisher
Scientific).

Statistical Analyses—Unless indicated otherwise, results are
reported as mean = S.D. Statistical analyses were done by two-
tailed Student’s ¢ test.

Results

EGFR-mutant LAD Cells Were More Sensitive to Dual PI3K/
mTOR Inhibitors than MEK Inhibitor—We studied three lung
adenocarcinoma cell lines that possessed the EGFR mutation in
either exon 19 or exon 21. The cell lines HCC827 and PC-9 both
carried the delE746-A750 mutation, whereas NCI-H1975 cells
carried EGFR L858R plus T790M, a mutation that confers resis-
tance to erlotinib. First, we confirmed that the HCC827 and
PC-9 cell lines were highly sensitive to the EGFR TKI erlotinib
(Fig. 1, A and B), with IC,, values in the nanomolar range com-
pared with the erlotinib-resistant H1975 (Fig. 1C). We also
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FIGURE 2. Altered phosphorylation of EGFR signaling proteins in EGFR-
mutant LAD cells after treatment with inhibitors. Western blot analysis
showing pEGFR, total EGFR, pERK, total ERK, pAKT), total AKT, and B-actinas a
loading control in HCC827, PC-9, and H1975 cells treated with the indicated
inhibitors. Equivalent amounts of proteins from whole cell lysates were sub-
jected to WB analysis to detect the indicated proteins.

treated H1975 cells with AZD9291, a selective third-generation
irreversible EGFR inhibitor of T790M resistance mutants (27).
Here we confirmed that AZD9291 reduced viability in H1975
cells to a greater extent compared with erlotinib after 3 days of
treatment (Fig. 1D).

Several signaling pathways related to cellular proliferation
and survival are activated downstream of EGFR, including the
RAS/MEK/ERK and PI3K/AKT/mTOR pathways. AZD6244
(selumetinib) is a non-ATP competitive inhibitor and highly
specific for MEK, a key enzyme in the RAS/RAF/MEK/ERK
pathway, whereas NVP-BEZ235 (dactolisib) and PKI-587
(gedatolisib) are dual pan PI3K and mTOR inhibitors. Com-
pared with the MEK inhibitor AZD6244 (IC;, = >10 um),
treatment with the PI3K/mTOR inhibitor BEZ235 inhibited
growth of all three cell lines more effectively, with similar dose-
dependent decreases in viability (mean IC;, = 11, 5, and 42 nm
for the HCC827, PC-9, and H1975 cell lines, respectively) (Fig.
1, A-C). In addition, PKI-587 also effectively kills H1975 cells
harboring the T790M resistance mutation (Fig. 1D).

Altered Phosphorylation of EGER Signaling Proteins in EGFR-
mutant LAD Cells after Treatment with Inhibitors—To verify
that the compounds used inhibited the corresponding signaling
pathways, phosphorylation of EGFR signaling molecules was
investigated by Western blot (WB) analysis in HCC827, PC-9,
and H1975 cells (Fig. 2). We examined the effect of the inhibi-
tors on molecular markers of the EGFR signaling cascade
(EGFR, AKT, and ERK) in LAD cells incubated in the presence
of erlotinib, AZD6244, BEZ235, AZD9291, and PKI-587,
respectively. WB analysis showed that phosphorylation of
EGEFR (pEGFR), AKT (pAKT), and ERK (pERK) was inhibited at
6 h after erlotinib treatment in HCC827 and PC9 cells (Fig. 2).
Alterations in any of the major EGFR signaling cascades were
not observed in EGFR TKI-resistant H1975 cells treated with
erlotinib, whereas treatment with AZD9291 down-regulated
phosphorylation of EGFR and downstream signaling (Fig. 2).
AZD6244 treatment inhibited the RAS/MEK/ERK pathway
and slightly increased AKT phosphorylation in all three cell
lines (Fig. 2). Signaling through the PI3K/AKT/mTOR pathway
was down-regulated in all three cell lines in the presence of
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BEZ235 and PKI-587 (Fig. 2), as shown by decreased pAKT and
consistent with previous reports (28, 29).

Glycolytic Activities Decreased after Inhibition of the PI3K/
AKT/mTOR but not the RAS/MEK/MAPK Pathway in EGFR-
mutant LAD Cells—Treatment with EGFR TKIs decreases lac-
tate production, glucose consumption, and the ECAR in LAD
cells, indicating that EGFR signaling maintains aerobic glycol-
ysis (11). By using specific inhibitors to block either the RAS/
MEK/ERK or PI3BK/AKT/mTOR pathway, we observed that a
72-h incubation with dual PI3K/mTOR inhibitors led to a dra-
matic reduction in cell viability in BEZ235-sensitive EGFR-mu-
tant cell lines, suggesting that the PI3K/AKT/mTOR pathway is
critical for aerobic glycolysis downstream of EFGR (Fig. 1). To
examine this further, we set up experimental conditions where
inhibitor treatment was given at a relatively higher concentra-
tion (1 wm) and shorter time frame (6 h), a method we have used
previously for EGFR TKI treatment (11). Under these experi-
mental conditions, all cells grew equally and, thereby, stan-
dardized the number of viable cells analyzed (Fig. 34). Our
results showed that lactate production was decreased in
HCC827 and PC-9 cells after treatment with erlotinib but not
changed in H1975 cells (Fig. 3B). Moreover, we discovered that
exposure of the cells to PI3K/mTOR inhibitors for up to 6 h
significantly lowered the rate of lactate accumulation in the
medium of LAD cell lines, whereas cells treated with MEK
inhibitor did not show this effect (Fig. 3B). To better define
lactate production derived from glucose, we measured ECAR,
an indicator of lactate production, and the OCR, an indicator of
oxidative phosphorylation, using a flux analyzer. The ECAR
was statistically higher in DMSO controls and after AZD6244
MEK inhibitor treatment compared with PI3K/mTOR inhibi-
tor-treated HCC827, PC-9, and H1975 cells (Fig. 3B). In con-
trast to the ECAR, the OCR was not changed significantly
changed in HCC827, PC-9, and H1975 cells under these exper-
imental conditions (data not shown). Treatment with the third-
generation EGFR TKI AZD9291 caused a reduction in both
lactate production and ECAR in H1975 cells (Fig. 3, B and C).
These data suggest that PI3K/AKT/mTOR signaling plays a
crucial role in the maintenance of aerobic glycolysis in EGFR-
mutant LAD cells.

PI3K/AKT/mTOR Signaling Up-regulates Glycolysis and the
Pentose Phosphate Pathway—QOur flux analysis indicated that
glucose-derived lactate production could be reduced by inhibi-
tion of the PI3K/AKT/mTOR but not the RAS/MEK/MAPK
pathway. We next used a metabolomics approach to quantify
intracellular metabolites in LAD cells in the presence or
absence of inhibitors. First, we tested the metabolic conse-
quences of EGFR or PI3K/mTOR inhibition in H1975 cells
given uniformly labeled [U-'*C]glucose under our experimen-
tal conditions (Fig. 44). Although the levels of metabolites at a
steady state are the result of the balance between production
and consumption, the use of the *>C label allows us to deter-
mine not only steady levels of metabolites but also the isoto-
pomer and isotopologue distributions of metabolites derived
from '*C-labeled glucose for the reconstruction of metabolic
pathways (30, 31). We measured the metabolites derived from
['*Clglucose in glycolysis and PPP such as glucose 6-phosphate
(Glc-6-P), 6-phosphogluconate, and lactate (Lac) in the pres-
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FIGURE 3. Glycolytic activities decreased after inhibition of the PI3K/
AKT/mTOR but not the RAS/MEK/MAPK pathway in EGFR-mutant LAD
cells. A, cell growth responses at 6 h to 1 um of indicated inhibitors were
measured by trypan blue staining. The cell numbers for HCC827, PC-9, and
H1975 cells treated with of DMSO (black), ERLO (red), AZD6244 (blue),
BEZ235 (green), AZD9291 (yellow), and PKI-587 (magenta) are shown. The
data are shown as the mean = S.D. (n = 4). B, extracellular lactate produc-
tionin HCC827,PC-9,and H1975 cell lines treated with DMSO (black), ERLO
(red), AZD6244 (blue), BEZ235 (green), AZD9291 (yellow), and PKI-587
(magenta) 6 h after inhibitor treatment. Error bars indicate mean = S.D.
(n=4-12).% p <0.05; **, p < 0.01 versus control by two-tailed Student’s
t test. C, ECAR values of the HCC827, PC-9, and H1975 cell lines treated
with DMSO (black), ERLO (red), AZD6244 (blue), BEZ235 (green), AZD9291
(yellow), and PKI-587 (magenta) after 36 min of flux assay. All cells were
treated with the indicated inhibitors (1 um) for 6 h before each assay.
Results are reported as the mean * S.D. (n = 7-12). **, p < 0.01 versus
control by two-tailed Student’s ¢ test.

H1975

ence of DMSO, AZD9291, and PKI-587 (Fig. 44). Repression of
EGER signaling in H1975 cells with AZD9291 resulted in a
reduction of total and [13C]glucose-derived Glc-6-P, 6-phos-
phogluconate, and fructose 1,6-bisphosphate (F1,6P), which
are early metabolites in glycolysis and PPP. The impact of PKI-
587 on metabolites in H1975 cells was similar as that for TKIs,
except for several metabolites such as amino acids (Fig. 44). We
also confirmed that the final product of glycolysis, total and
[*3C]lactate (m+3), were decreased after treatment with
AZD9291 and PKI-587 (Fig. 4A).

To quantify the reduction of metabolite amount at a steady
state, we extracted intracellular metabolites with methanol and
analyzed them using CE-TOF/MS. Metabolome analysis
revealed that the upstream metabolites in glycolysis and PPP
were reduced after PKI-587 treatment for 6 h in both PC-9 and
H1975 cells (Fig. 4B and supplemental Table 1). The carbam-
SASBMB
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oyl-phosphate synthetase 2, aspartate transcarbamoylase, and
dihydroorotase protein is required for the first step in the de
novo synthesis of pyrimidines, and this protein is activated by
mTOR via ribosomal protein S6 kinase 1 (S6K) (32). As
expected, carbamoyl aspartic acid (carbamoyl-Asp) levels were
decreased after PI3BK/mTOR inhibitor treatment, as deter-
mined by metabolome analysis (Fig. 4B). In contrast, several
amino acids were increased after inhibition of PI3K/AKT/
mTOR signaling (supplemental Table 1). Moreover, the reduc-
tion of intermediate metabolites in glycolysis and PPP,
decreased carbamoyl-Asp amount, and accumulating amino
acids were reproduced in both H1975 cells treated with
AZD9291 and HCC827 cells treated with PKI-587 (supplemen-
tal Table 1). Taken together, the metabolomics analysis indi-
cates thatthe PI3K/AKT/mTOR signaling pathwayisindispens-
able for aerobic glycolysis and de novo pyrimidine biosynthesis
in EGFR-mutated LAD cells.

PI3K/AKT/mTOR Signaling Maintains the Membrane
Localization of GLUTI—A comprehensive metabolomics
analysis suggested that glucose transporter and hexokinase
activities could be regulated by PI3K/AKT/mTOR signaling.
Our previous genomics analysis of mRNA expression in LAD
cell lines indicated a predominant up-regulation of the glu-
cose transporter family member GLUT1 (SLC2A1I) (33). To
assess whether GLUT1 was expressed on the plasma mem-
brane in EGFR-mutant LAD tissues, we performed a immu-
nohistochemical analysis of 33 EGFR-mutant LAD cases.
Representative immunohistochemistry evaluations of cyto-
solic or membrane GLUT1 positivity with anti-GLUT1 anti-
body are shown (Fig. 54). We found that GLUT1 was pre-
dominantly localized in the cytosol (46%), with some at the
cell membrane (18%) (Fig. 5B). Interestingly, 36% of cases
were GLUT1-negative despite their EGFR-mutant status,
suggesting that glucose transporters other than GLUT1
might be operating in such tumor tissues (Fig. 5B). We next
examined the effects of PI3K/mTOR inhibition on mem-
brane-bound GLUT1 in HCC827 cells by immunofluores-
cence (Fig. 5C). We observed a significant fraction of GLUT1
localized at the plasma membrane in HCC827 cells under
normal culture conditions (Fig. 5C). Upon 6-h exposure to
EGFR and PI3K/mTOR inhibitors, however, GLUT1
appeared as punctate structures distributed throughout the
cell as well as in structures concentrated in the perinuclear
region (Fig. 5C). On the other hand, localization of GLUT1
was unchanged after 6 h of treatment with the MEK inhibitor
AZD6244 (data not shown). Western blot analysis showed
that total GLUT1 was not decreased in HCC827, PC-9, and
H1975 cells after 6-h treatment with any inhibitors (Fig. 6A4).
To determine the effects of erlotinib and BEZ235 on the
membrane expression of glucose transporters in HCC827,
PC-9, and H1975 cells, we quantitatively measured cell sur-
face GLUTT1 levels by flow cytometry (Fig. 6, B—-G). Repre-
sentative flow cytometry plots of GLUT1 expression in
HCC827 (Fig. 6B), PC-9 (Fig. 6C) and H1975 (Fig. 6D) cells
treated with DMSO or BEZ235 are shown. We observed a
reduction of membrane-bound GLUT1 in the erlotinib-sen-
sitive cell lines HCC827 (Fig. 6E) and PC-9 (Fig. 6F) after 6-h
erlotinib treatment, whereas the expression of GLUT1 was
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FIGURE 4. Metabolomic profiling after inhibition of the PI3K/AKT/mTOR pathway. Intracellular concentration (picomoles per million cells) of key
metabolites involved in glycolysis and the PPP after the inhibition of EGFR signaling is shown. Error bars indicate mean = S.D. (n = 3). Total metabolites
were extracted with methanol from HCC827, PC9, or H1975 cells treated with DMSO (red) or inhibitors (blue or green) for 6 h. Representative metabolites
such as Glc-6-P, 6-phosphogluconate (6-PG), fructose 1,6-bisphosphate (F1,6P), Lac, carbamoyl aspartic acid (carbamoyl-Asp), several amino acids, and
ATP are shown. Others are listed in supplemental Table 1. A, flux profiling of '3*C-labeled glycolytic and PPP metabolites. H1975 cells were grown in RPMI
1640 medium containing 11.1 mm [U-"3Clglucose (['*C]Glcy) for 6 h in the presence of DMSO (red bar) or inhibitors (blue or green bars). Total Glc-6-P,
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intracellular metabolites were quantitatively analyzed in PC-9 and H1975 cells treated with PI3K/mTOR inhibitor using capillary electrophoresis time-
of-flight mass spectrometry (CE-TOFMS).

unchanged in erlotinib-resistant H1975 cells (Fig. 6G). On
the other hand, treatment with BEZ235 down-regulated
membrane GLUT1 levels in all three cell lines (Fig. 6, B—G).
These results suggest that the PI3K/AKT/mTOR signaling
pathway is required to maintain GLUT1 at the plasma mem-
brane in EGFR-mutant LAD cells.

Loss of GLUTI1 Decreases Lactate Production and Cell
Growth—To further characterize the function of GLUT1 in
LAD cells, we employed a genetic approach to repress
GLUTI expression by RNAi. Western blot analyses revealed
significant decreases in GLUT1 protein expression upon the
introduction of two targeting RNAi constructs, siGLUT1#1

17500 JOURNAL OF BIOLOGICAL CHEMISTRY

and siGLUTI#2, compared with a non-targeting control
(siNC), in PC-9 and H1975 cells under normal culture con-
ditions (Fig. 7A). To measure glycolytic activity in siGLUT1-
transfected LAD cells, we quantified lactate in culture
medium. Loss of GLUT1 significantly lowered the rate of
lactate accumulation in the medium of LAD cell lines (Fig.
7B). Moreover, the number of PC-9 and HI1975 cells
decreased significantly 24 and 48 h after the introduction of
siGLUTI (Fig. 7, C and D). Together, these results indicate
that GLUT1 is important for glucose metabolism and the
survival/proliferation of LAD cells and that the PI3K/AKT/
mTOR signaling pathway appears to play a critical role in
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FIGURE 5. PI3K/AKT/mTOR signaling maintains the membrane localiza-
tion of GLUT1. A, representative images from immunohistochemistry using
GLUT1 antibody to identify cytosolic and membrane staining. Scale bars = 20
um. B, pie chart summarizes the percentages of EGFR-mutant LAD tissue sec-
tions that are negative for GLUT1 protein (blue) or expressing GLUT1 predom-
inantly in the cytoplasm (red) or plasma membrane (green). C, HCC827 cells
stained with Alexa Fluor 488 (green, GLUT1), Alexa Fluor 594 (red, Na/K
ATPase), and DAPI (blue, nuclei). Na/K ATPase was a positive control as a
plasma membrane protein marker. Scale bars = 10 um.

this process, likely by supporting the proper membrane
localization of GLUT1 for optimal function in glycolysis.

Discussion

In our previous paper, we showed that treatment with TKIs
to EGFR, namely gefitinib and erlotinib, repressed aerobic gly-
colysis in EGFR-mutant LAD cells (11). Here we expanded
upon those results by demonstrating that the PI3K/AKT/
mTOR signaling pathway downstream of EGFR maintains aer-
obic glycolysis through GLUT1 function in EGFR-mutated
LAD cells. Regulation of GLUT1 localization by PI3K/AKT/
mTOR signaling is important for supporting glycolysis and the
pentose phosphate pathway because loss of GLUT1 via sup-
pression by siRNA to GLUT1 significantly lowered the rate of
lactate accumulation and cellular growth of EGFR-mutant LAD
cell lines. We conclude that signaling through the PI3K/AKT/
mTOR pathway, but not the RAS/MEK/ERK pathway, is
responsible for aerobic glycolysis and GLUT1 localization in
EGFR-mutated LAD cells. Moreover, our metabolomic analysis
revealed that PI3K/AKT/mTOR signaling maintains de novo
pyrimidine synthesis and the amino acid profile in EGFR-mu-
tated LAD cells.
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Although resting T cells have low metabolic requirements
and mainly use oxidative phosphorylation to generate ATP,
activated T cells shift metabolic activity to aerobic glycolysis
in a manner similar to tumor cells (34, 35). During T cell
activation, several metabolic checkpoints have been sug-
gested to influence the cell cycle, differentiation, cell fate,
and immunological function (34, 35). A recent review theo-
rized that metabolic checkpoints may exist to determine cell
fate even in cancer cells because many factors that have been
characterized as cell death regulators are known to modulate
metabolic enzyme activity (36). Here we show that treatment
of LAD cells with TKIs and PI3K/mTOR inhibitors dimin-
ishes the levels of metabolites in glycolysis and PPP,
although it is still not clear which metabolite or metabolic
enzyme is responsible for LAD cell survival. Our results sug-
gest that one metabolic checkpoint in EGFR-mutated LAD
cells could be glucose metabolism.

The molecular mechanism by which PI3K/AKT/mTOR sig-
naling regulates glucose transport is still unclear. In adipocytes
and skeletal muscle, insulin signaling and the PI3K/AKT path-
way stimulate the translocation of intracellular GLUT4 to the
cell surface to promote glucose uptake into cells (37). The insu-
lin signaling pathway is regulated through AS160 (Akt sub-
strate of 160 kDa) and Tbc1Ds to modulate Rab GTPase and
through Rho GTPase TC10a to act on other targets (37). To test
whether GLUT1 localization in EGFR-mutant LAD cells is reg-
ulated by a molecular mechanism similar to GLUT4, we exam-
ined the phosphorylation of AS160 proteins under our experi-
mental conditions. Unexpectedly, phosphorylated AS160
protein was not changed 6 h after treatment with any tested
inhibitors (data not shown). In addition, the role of intracellular
GLUT1 is still unknown. Therefore, further investigation
would be needed to characterize in greater detail the molecular
mechanisms that control GLUT expression, activity, and
translocation.

A previous study showed that newly synthesized GLUT4
accumulates within insulin-responsive compartments, whereas
GLUT1 biosynthetically traffics to the plasma membrane in
adipocytes (38, 39). After reaching the plasma membrane,
GLUT1 undergoes endocytosis and localizes to recycling endo-
somes, where membrane proteins are transported for recycling
back to the plasma membrane (40, 41). In this study, when
EGEFR and PI3K/AKT/mTOR signaling were inhibited, GLUT1
was predominantly found at intracellular compartments. Our
data raise the possibility that PI3K/AKT/mTOR signaling plays
an essential role in trafficking of GLUT1 from recycling endo-
somes and/or retention of GLUT1 at the plasma membrane.
Further study will be required to understand the mechanism by
which PI3BK/AKT/mTOR signaling controls the intracellular
dynamics of GLUT1.

A research report showed that tumor-associated mutant p53
(mutp53) stimulated the Warburg effect in cancer cells as a new
mutp53 gain of function (42). Mutp53 did not change the
expression of GLUT1 but promoted aerobic glycolysis by
inducing GLUT1 translocation to the plasma membrane, which
was mediated by activated RAS homolog gene family member A
(RHOA) and the downstream effector Rho-associated, coiled-
coil containing protein kinase 1 (ROCK). In our study, all three
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LAD cell lines possess homozygous mutp53 in that p.V218delV
was identified in HCC827, p.R248Q in PC-9, and p.R273H in
H1975 cells, as shown in public databases. A possible molecular
mechanism is that either PI3K/AKT/mTOR signaling may reg-
ulate GLUT translocation by directly activating the RHOA/
ROCK pathway or stimulate glycolysis through this mutp53
pathway. Another interesting study showed that 5" AMP-acti-
vated protein kinase-dependent degradation of thioredoxin-in-
teracting protein upon metabolic stress led to enhanced glu-
cose uptake via GLUT1 (43). The PI3K/AKT/mTOR signaling
pathway in EGFR-mutant LAD cells may be linked with the
cellular redox status because the pentose phosphate pathway,
which is a major source of NADPH in animal cells, was down-
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regulated after PI3K/mTOR inhibition. The molecular linkages
between PI3K/AKT/mTOR signaling, oxidative stress, and
GLUTT1 are still unclear. Lee et al. (44) recently demonstrated
that GLUT1 was phosphorylated on Ser-226 by PKC. This phos-
phorylation of Ser-226 was required for the rapid increase in
glucose uptake and enhanced GLUT1 localization to the cell
surface in endothelial cells. Additional experiments are
required to determine whether PI3K/AKT/mTOR signaling
controls glucose transport through the thioredoxin-interacting
protein, mutp53, or the PKC pathway.

The application of metabolomics in oncology has focused
on advances in both cancer imaging and therapy (15, 45, 46).
A high rate of ['®F]fluorodeoxyglucose uptake on positron
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emission tomography was significantly associated with a
poor prognosis in lung cancer (47). From our work, we found
that hyperactive glycolysis markedly increased lactate accu-
mulation in lung tumor tissues (48). These results imply that
targeting the PI3K/AKT/mTOR-GLUT axis could be a fea-
sible chemotherapeutic option to control tumor progres-
sion. Indeed, compounds inhibiting the PI3K/AKT/mTOR
pathway are currently in various stages of clinical develop-
ment in oncology. However, the administration of inhibitors
to the PIBK/AKT/mTOR pathway has been associated with
metabolically adverse events, including hyperlipidemia and
hyperglycemia (49-51). We showed that knockdown of
GLUTI decreased cell growth in EGFR-mutant LAD cells
but did not induce complete cell death. This may be due to
the redundancy of other glucose transporters, such as
GLUT3. Because the PI3K/AKT/mTOR pathway regulates
many downstream effectors by cross-talking with various
compensatory signaling pathways (51), the cell death
induced by inhibition of PI3K/AKT/mTOR may be associ-
ated with several molecular mechanisms, including the
internalization and degradation of GLUT1. Although agents
directly inhibiting GLUT1 are in early-phase evaluations,
preclinical studies have demonstrated that GLUT1 inhibi-
tors led to diminished tumor growth in vitro and in vivo (52).
Given that PI3K/mTOR inhibitors repress aerobic glycolysis
in EGFR-mutated LAD cells, further studies are warranted to
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understand how cancer cell metabolism is regulated and to
develop more effective therapeutic agents specifically tar-
geted to the metabolic pathways that can limit cancer
growth.

Author Contributions—H. M. and K. T. conceived and coordinated
the study and wrote the paper. M. T., S. M., and E. S. designed,
performed, and analyzed the experiments shown in Figs. 1-3. H. M.
designed, performed, and analyzed the experiments shown in Fig. 4.
K. S, S. U, Y. O, and G. L. designed, performed, and analyzed the
experiments shown in Figs. 5 and 6. M. T. designed, performed, and
analyzed the experiments shown in Fig. 7. A.O,,R. A, K. G.,and H. E.
contributed to the coordination, interpretation, and analysis of the
data in this study. All authors reviewed the results and approved the
final version of the manuscript.

Acknowledgments— We thank all members of the of Tsuchihara lab-
oratory and Yuka Nakamura in the Ochiai laboratory for technical
support. We also thank Phillip Wong for carefully reading the manu-
script and providing critical comments.

References

1. Tsuchihara, K. (2013) RET-targeting molecular stratified non-small-cell
lung cancers. Transl. Lung Cancer Res. 2, 463—465
2. Umemura, S., Tsuchihara, K., and Goto, K. (2015) Genomic profiling of
small-cell lung cancer: the era of targeted therapies. Jpn. J. Clin. Oncol. 45,
513-519
3. Gainor, J. F.,, and Shaw, A. T. (2013) Novel targets in non-small cell lung
cancer: ROS1 and RET fusions. Oncologist 18, 865— 875
4. Hallberg, B., and Palmer, R. H. (2013) Mechanistic insight into ALK re-
ceptor tyrosine kinase in human cancer biology. Nat. Rev. Cancer 13,
685-700
5. Filipits, M. (2014) New developments in the treatment of squamous cell
lung cancer. Curr. Opin. Oncol. 26, 152—158
6. Stella, G. M., Luisetti, M., Pozzi, E., and Comoglio, P. M. (2013) Oncogenes
in non-small-cell lung cancer: emerging connections and novel therapeu-
tic dynamics. Lancet Respir. Med. 1, 251-261
7. Suzuki, A., Mimaki, S., Yamane, Y., Kawase, A., Matsushima, K., Suzuki,
M., Goto, K., Sugano, S., Esumi, H., Suzuki, Y., and Tsuchihara, K. (2013)
Identification and characterization of cancer mutations in Japanese lung
adenocarcinoma without sequencing of normal tissue counterparts. PLoS
ONE 8, €73484
8. Haber, D. A,, Bell, D. W, Sordella, R., Kwak, E. L., Godin-Heymann, N.,
Sharma, S. V., Lynch, T. J,, and Settleman, J. (2005) Molecular targeted
therapy of lung cancer: EGFR mutations and response to EGFR inhibitors.
Cold Spring Harb. Symp. Quant. Biol. 70,419 —426
9. Camp, E.R,, Summy, J., Bauer, T. W, Liu, W., Gallick, G. E., and Ellis, L. M.
(2005) Molecular mechanisms of resistance to therapies targeting the epi-
dermal growth factor receptor. Clin. Cancer Res. 11, 397—405
10. Pao, W., and Chmielecki, J. (2010) Rational, biologically based treatment
of EGFR-mutant non-small-cell lung cancer. Nat. Rev. Cancer 10,
760774
11. Makinoshima, H., Takita, M., Matsumoto, S., Yagishita, A., Owada, S.,
Esumi, H., and Tsuchihara, K. (2014) Epidermal growth factor receptor
(EGFR) signaling regulates global metabolic pathways in EGFR-mutated
lung adenocarcinoma. /. Biol. Chem. 289, 20813—-20823
12. Cairns, R. A, Harris, . S., and Mak, T. W. (2011) Regulation of cancer cell
metabolism. Nat. Rev. Cancer 11, 85-95
13. Levine, A. J., and Puzio-Kuter, A. M. (2010) The control of the metabolic
switch in cancers by oncogenes and tumor suppressor genes. Science 330,
1340-1344
14. Viale, A, Pettazzoni, P., Lyssiotis, C. A., Ying, H., Sanchez, N., Marchesini,
M., Carugo, A., Green, T., Seth, S., Giuliani, V., Kost-Alimova, M., Muller,
F., Colla, S., Nezi, L., Genovese, G., Deem, A. K., Kapoor, A., Yao, W.,

JOURNAL OF BIOLOGICAL CHEMISTRY 17503



The PI3K/AKT/mTOR Pathway Regulates Aerobic Glycolysis

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Brunetto, E., Kang, Y., Yuan, M., Asara, J. M., Wang, Y. A, Heffernan, T. P.,
Kimmelman, A. C., Wang, H., Fleming, J. B., Cantley, L. C., DePinho, R. A,
and Draetta, G. F. (2014) Oncogene ablation-resistant pancreatic cancer
cells depend on mitochondrial function. Nature 514, 628 — 632
Boroughs, L. K., and DeBerardinis, R. J. (2015) Metabolic pathways pro-
moting cancer cell survival and growth. Nat. Cell Biol. 17, 351-359
Lunt, S. Y., and Vander Heiden, M. G. (2011) Aerobic glycolysis: meeting
the metabolic requirements of cell proliferation. Annu. Rev. Cell Dev. Biol.
27, 441 464

Soga, T. (2013) Cancer metabolism: key players in metabolic reprogram-
ming. Cancer Sci. 104, 275-281

Vander Heiden, M. G., Cantley, L. C., and Thompson, C. B. (2009) Under-
standing the Warburg effect: the metabolic requirements of cell prolifer-
ation. Science 324, 1029 -1033

Chan, D. A, Sutphin, P. D., Nguyen, P., Turcotte, S., Lai, E. W., Banh, A.,
Reynolds, G.E., Chi, J. T., Wu, J., Solow-Cordero, D. E., Bonnet, M., Flana-
gan, J. U, Bouley, D. M., Graves, E. E,, Denny, W. A., Hay, M. P., and
Giaccia, A.J. (2011) Targeting GLUT1 and the Warburg effect in renal cell
carcinoma by chemical synthetic lethality. Sci. Transl. Med. 3, 94ra70
Lopez-Serra, P., Marcilla, M., Villanueva, A., Ramos-Fernandez, A., Palau,
A., Leal, L., Wahi, J. E., Setien-Baranda, F., Szczesna, K., Moutinho, C.,
Martinez-Cardus, A., Heyn, H., Sandoval, J., Puertas, S., Vidal, A., Sanjuan,
X., Martinez-Balibrea, E., Vinals, F., Perales, J. C., Bramsem, J. B., @rntoft,
T.F., Andersen, C. L., Tabernero, J., McDermott, U., Boxer, M. B., Vander
Heiden, M. G., Albar, J. P., and Esteller, M. (2014) A DERL3-associated
defect in the degradation of SLC2A1 mediates the Warburg effect. Nat.
Commun. 5, 3608

Macheda, M. L., Rogers, S., and Best, J. D. (2005) Molecular and cellular
regulation of glucose transporter (GLUT) proteins in cancer. J. Cell.
Physiol. 202, 654 — 662

Chen, L. Q., Cheung, L. S., Feng, L., Tanner, W., and Frommer, W. B.
(2015) Transport of Sugars. Annu. Rev. Biochem. 84, 865— 894
Szablewski, L. (2013) Expression of glucose transporters in cancers.
Biochim. Biophys. Acta 1835, 164—-169

Weihua, Z., Tsan, R., Huang, W. C., Wu, Q., Chiu, C. H,, Fidler, L. J., and
Hung, M. C. (2008) Survival of cancer cells is maintained by EGFR inde-
pendent of its kinase activity. Cancer Cell 13, 385—-393

Ohashi, Y., Hirayama, A., Ishikawa, T., Nakamura, S., Shimizu, K., Ueno,
Y., Tomita, M., and Soga, T. (2008) Depiction of metabolome changes in
histidine-starved Escherichia coli by CE-TOFMS. Mol. Biosyst. 4, 135—-147
Ooga, T., Sato, H., Nagashima, A., Sasaki, K., Tomita, M., Soga, T., and
Ohashi, Y. (2011) Metabolomic anatomy of an animal model revealing
homeostatic imbalances in dyslipidaemia. Mol. Biosyst. 7, 1217-1223
Cross, D. A, Ashton, S. E., Ghiorghiu, S., Eberlein, C., Nebhan, C. A,
Spitzler, P.].,, Orme, J. P,, Finlay, M. R,, Ward, R. A, Mellor, M. ., Hughes,
G., Rahi, A., Jacobs, V. N., Red Brewer, M., Ichihara, E., Sun, J., Jin, H,,
Ballard, P., Al-Kadhimi, K., Rowlinson, R., Klinowska, T., Richmond,
G. H., Cantarini, M., Kim, D. W., Ranson, M. R, and Pao, W. (2014)
AZD9291, an irreversible EGFR TKI, overcomes T790M-mediated resis-
tance to EGFR inhibitors in lung cancer. Cancer Discov. 4, 1046 —-1061
Qu, Y., Wu, X, Yin, Y, Yang, Y., Ma, D, and Li, H. (2014) Antitumor
activity of selective MEK1/2 inhibitor AZD6244 in combination with
PISK/mTOR inhibitor BEZ235 in gefitinib-resistant NSCLC xenograft
models. J. Exp. Clin. Cancer Res. 33, 52

D’Amato, V., Rosa, R., D’Amato, C., Formisano, L., Marciano, R., Nappi,
L., Raimondo, L., Di Mauro, C., Servetto, A., Fusciello, C., Veneziani, B. M.,
De Placido, S., and Bianco, R. (2014) The dual PI3K/mTOR inhibitor PKI-
587 enhances sensitivity to cetuximab in EGFR-resistant human head and
neck cancer models. Br. J. Cancer 110, 2887-2895

Le, A, Lane, A. N, Hamaker, M., Bose, S., Gouw, A., Barbi, J., Tsukamoto,
T., Rojas, C. ., Slusher, B. S., Zhang, H., Zimmerman, L. J., Liebler, D. C,,
Slebos, R. ], Lorkiewicz, P. K., Higashi, R. M., Fan, T. W., and Dang, C. V.
(2012) Glucose-independent glutamine metabolism via TCA cycling for
proliferation and survival in B cells. Cell Metab. 15,110-121

Sellers, K., Fox, M. P., Bousamra, M., 2nd, Slone, S. P., Higashi, R. M.,,
Miller, D. M., Wang, Y., Yan, J., Yuneva, M. O., Deshpande, R., Lane, A. N,

17504 JOURNAL OF BIOLOGICAL CHEMISTRY

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44

45.

46.

47.

48.

49.

50.

51.

52.

and Fan, T. W. (2015) Pyruvate carboxylase is critical for non-small-cell
lung cancer proliferation. /. Clin. Invest. 125, 687—698

Ben-Sahra, ., Howell, J. J., Asara, ]. M., and Manning, B. D. (2013) Stimu-
lation of de novo pyrimidine synthesis by growth signaling through mTOR
and S6K1. Science 339, 1323-1328

Suzuki, A., Makinoshima, H., Wakaguri, H., Esumi, H., Sugano, S., Kohno,
T., Tsuchihara, K., and Suzuki, Y. (2014) Aberrant transcriptional regula-
tions in cancers: genome, transcriptome and epigenome analysis of lung
adenocarcinoma cell lines. Nucleic Acids Res. 42, 13557—13572

Wang, R., and Green, D. R. (2012) Metabolic checkpoints in activated T
cells. Nat. Immunol. 13, 907-915

Thurnher, M., and Gruenbacher, G. (2015) T lymphocyte regulation by
mevalonate metabolism. Sci. Signal. 8, re4

Green, D. R,, Galluzzi, L., and Kroemer, G. (2014) Cell biology: metabolic
control of cell death. Science 345, 1250256

Bogan, J. S. (2012) Regulation of glucose transporter translocation in
health and diabetes. Annu. Rev. Biochem. 81, 507532

Watson, R. T., and Pessin, J. E. (2006) Bridging the GAP between insulin
signaling and GLUT4 translocation. Trends Biochem. Sci. 31, 215-222
Leto, D., and Saltiel, A. R. (2012) Regulation of glucose transport by insu-
lin: traffic control of GLUT4. Nat. Rev. Mol. Cell Biol. 13, 383-396

Reed, B. C,, Cefalu, C., Bellaire, B. H., Cardelli, J. A., Louis, T., Salamon, J.,
Bloecher, M. A., and Bunn, R. C. (2005) GLUT1CBP(TIP2/GIPC1) inter-
actions with GLUT1 and myosin VI: evidence supporting an adapter func-
tion for GLUT1CBP. Mol. Biol. Cell 16, 4183—4201

Eyster, C. A., Higginson, ]. D., Huebner, R., Porat-Shliom, N., Weigert, R.,
Wu, W. W., Shen, R. F., and Donaldson, J. G. (2009) Discovery of new
cargo proteins that enter cells through clathrin-independent endocytosis.
Traffic 10, 590 -599

Zhang, C., Liy, J., Liang, Y., Wu, R,, Zhao, Y., Hong, X, Lin, M., Yu, H,, Liu,
L., Levine, A. ], Hu, W., and Feng, Z. (2013) Tumour-associated mutant
p53 drives the Warburg effect. Nat. Commun. 4, 2935

Wu, N, Zheng, B., Shaywitz, A., Dagon, Y., Tower, C., Bellinger, G., Shen,
C. H., Wen, J., Asara, J., McGraw, T. E,, Kahn, B. B,, and Cantley, L. C.
(2013) AMPK-dependent degradation of TXNIP upon energy stress leads
to enhanced glucose uptake via GLUT1. Mol. Cell 49, 1167-1175

Lee, E.E., Ma, ], Sacharidou, A., Mi, W, Salato, V. K., Nguyen, N, Jiang, Y.,
Pascual, ]. M., North, P. E., Shaul, P. W., Mettlen, M., and Wang, R. C.
(2015) A protein kinase C phosphorylation motif in GLUT1 affects glu-
cose transport and is mutated in GLUT1 deficiency syndrome. Mol. Cell
58, 845-853

Tennant, D. A, Durén, R. V., and Gottlieb, E. (2010) Targeting metabolic
transformation for cancer therapy. Nat. Rev. Cancer 10, 267-277
Spratlin, J. L., Serkova, N. ], and Eckhardt, S. G. (2009) Clinical applica-
tions of metabolomics in oncology: a review. Clin. Cancer Res. 15,
431-440

Kaira, K., Serizawa, M., Koh, Y., Takahashi, T., Yamaguchi, A., Hanaoka,
H., Oriuchi, N., Endo, M., Ohde, Y., Nakajima, T., and Yamamoto, N.
(2014) Biological significance of 18F-FDG uptake on PET in patients with
non-small-cell lung cancer. Lung Cancer 83, 197-204

Kami, K., Fujimori, T., Sato, H., Sato, M., Yamamoto, H., Ohashi, Y.,
Sugiyama, N., Ishihama, Y., Onozuka, H., Ochiai, A., Esumi, H., Soga, T,
and Tomita, M. (2013) Metabolomic profiling of lung and prostate tumor
tissues by capillary electrophoresis time-of-flight mass spectrometry.
Metabolomics 9, 444 — 453

Wong, K. K., Engelman, ]. A, and Cantley, L. C. (2010) Targeting the PI3K
signaling pathway in cancer. Curr. Opin. Genet. Dev. 20, 87—-90

Busaidy, N. L., Farooki, A., Dowlati, A., Perentesis, J. P., Dancey, J. E.,
Doyle, L. A, Brell, ]. M., and Siu, L. L. (2012) Management of metabolic
effects associated with anticancer agents targeting the PI3K-Akt-mTOR
pathway. /. Clin. Oncol. 30, 2919 -2928

Fruman, D. A., and Rommel, C. (2014) PI3K and cancer: lessons, chal-
lenges and opportunities. Nat. Rev. Drug Discov. 13, 140156

Ooi, A. T., and Gomperts, B. N. (2015) Molecular pathways: targeting
cellular energy metabolism in cancer via inhibition of SLC2A1 and LDHA.
Clin. Cancer Res. 10.1158/1078 — 0432.CCR-14-1209

SASBMB

VOLUME 290-NUMBER 28-JULY 10, 2015



