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Abstract

Glioblastoma, the most common malignant brain tumor, is among the most lethal and difficult cancers

to treat. Although epidermal growth factor receptor (EGFR) mutations are frequent in glioblastoma,

their clinical relevance is poorly understood. Studies of tumors from patients treated with the EGFR-

inhibitor lapatinib revealed that EGFR induces the cleavage and nuclear translocation of the master

transcriptional regulator of fatty acid synthesis, sterol regulatory element-binding protein 1

(SREBP-1). This response was mediated by Akt; however, clinical data from rapamycin-treated

patients showed that SREBP-1 activation was independent of the mammalian target of rapamycin

complex 1 (mTORC1), possibly explaining rapamycin’s poor efficacy in the treatment of such

tumors. Glioblastomas without constitutively active EGFR signaling were resistant to inhibition of
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fatty acid synthesis, whereas introduction of a constitutively active mutant form of EGFR, EGFRvIII,

sensitized tumor xenografts in mice to cell death, which was augmented by the

hydroxymethylglutaryl-CoA (HMG-CoA) reductase inhibitor atorvastatin. These results identify a

previously undescribed EGFR-mediated pro-survival metabolic pathway, and suggest new

therapeutic approaches to treating EGFR-activated glioblastomas.

INTRODUCTION

Glioblastomas (GBMs) aggressively invade the surrounding brain, making complete surgical

excision impossible. Unfortunately, GBMs are also among the most radiation- and

chemotherapy-resistant of all cancers. On average, GBM patients survive 12 to 15 months from

the time of initial diagnosis (1,2). The epidermal growth factor receptor (EGFR), which is

amplified in up to 45% of GBM patients (3), has oncogenic activity (4,5). However, EGFR

inhibitors have been ineffective in the clinic (6). Maintenance of signal flux through the

phosphatidylinositol-3-kinase (PI3K)-Akt-mammalian target of rapamycin complex 1

(mTORC1) pathway, either as a consequence of PTEN (phosphatase and tension homolog

deleted from chromosome 10) loss (7,8), a key negative regulator of PI3K signaling, or through

co-activation of other receptor tyrosine kinases (RTKs) (9), together with failure to block

EGFR-mediated changes in cellular metabolism, have been suggested as possible explanations

for the resistance of multiple cancers, including GBMs, to inhibitors of EGFR tyrosine kinase

activity (10–13). However, attempts to determine the clinical importance of EGFR signaling

in GBM have been hampered by a lack of studies designed to assess the acute effects of EGFR

inhibitors on signal transduction and tumor metabolism in patients. Here we analyzed GBM

clinical samples, cell lines and a mouse model to identify an EGFR- and Akt-dependent,

rapamycin-insensitive signaling pathway that promotes GBM cell survival through sterol

regulatory element-binding protein 1 (SREBP-1) -dependent fatty acid synthesis.

RESULTS

Inhibition of EGFR-PI3K-Akt signaling suppresses SREBP-1 nuclear translocation in GBM

patients treated with lapatinib

As part of a Phase II clinical trial for the EGFR inhibitor lapatinib, we performed quantitative

immunohistochemical analysis of tumor tissue from the first nine GBM patients for whom

tissue was available both at initial diagnosis (surgery 1) and after a 7 to 10 day course of

treatment (surgery 2) (Fig. 1A). We have previously demonstrated the effectiveness of this

assay in measuring drug-specific effects in GBM patients (14). Access to pre- and post-

treatment samples for each patient facilitated intra-patient comparison of molecular endpoints,

enhancing the statistical power to detect changes in this small sample size.

Immunohistochemical staining for EGFR phosphorylated on Tyr1086 (p-EGFR), a measure of

EGFR activation (Fig. 1, B and C), was significantly decreased in tumors from lapatinib-treated

patients (p<0.05). Decreased p-EGFR was detected in tumors from 6 of 9 patients (Fig. 1D),

with increased intra-tumor lapatinib concentration in tumors that demonstrated decreased

EGFR phosphorylation (table S1). Staining for Akt phosphorylated on Ser473 (p-Akt), a

measure of PI3K pathway activity (15), was also significantly decreased after lapatinib

treatment (p<0.01) (Fig. 1, B and C), consistent with the decrease in p-EGFR (p<0.01) (Fig.

1D). Thus, lapatinib inhibited EGFR signaling through Akt in glioblastomas from the majority

of patients examined.

PI3K signaling is associated with increased fatty acid synthesis (16), therefore we examined

the effect of lapatinib on SREBP-1, the master transcriptional regulator of fatty acid synthesis.

SREBP-1 undergoes N-terminal cleavage and nuclear translocation in response to cholesterol

and fatty acid deprivation to initiate transcription of fatty acid-synthetic genes (17,18).
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Quantitative image analysis demonstrated a significant reduction in the percentage of nuclei

staining positively for SREBP-1 between surgery 1 (before) and surgery 2 (after) in tumor

specimens from lapatinib-treated patients (Fig. 1, B–D). This reduction in SREBP-1 nuclear

staining was highly correlated with decreased p-EGFR immunostaining (R2=0.73, p< 0.00001)

(Fig. 1E). To provide confidence that the reduction in immunohistochemical nuclear staining

for SREBP-1 was attributable to lapatinib, we made an identical set of measurements on tissue

from 12 GBM patients from whom tumor tissue was available at baseline and at recurrence,

but who did not receive lapatinib (controls). No reduction in the percent of nuclei staining

positively for SREBP-1 between surgery 1 and 2 was detected in these control GBM patients

(fig. S1). Thus, inhibition of EGFR signaling resulted in significantly reduced nuclear

SREBP-1 staining of tumor tissue from lapatinib-treated GBM patients. Consistent with a role

for Akt in mediating EGFR-dependent nuclear translocation of SREBP-1, nuclear SREBP-1

staining was diminished when PTEN staining was apparent in p-EGFR-expressing tumors (fig.

S2).

Rapamycin does not suppress SREBP-1 nuclear translocation in GBM patients

mTORC1 has been shown to mediate PI3K-Akt-dependent SREBP-1 cleavage to promote cell

growth in vitro and in a Drosophila model (19). Therefore, we examined tumor tissue from a

cohort of 9 recurrent GBM patients treated with rapamycin in a Phase I/II clinical trial (14)

(Fig. 1F). We previously demonstrated significant inhibition of phosphorylation of the

mTORC1 target S6 in these patients (P < 0.05) (Fig. 1, G and H) (14). However, mTORC1

inhibition did not correlate with reduced SREBP-1 nuclear staining (Fig. 1, G and H). Thus,

in GBM patients, the amount of nuclear SREBP-1 staining was unaffected by rapamycin

treatment at doses that inhibited mTORC1 signaling through S6.

EGFR-PI3K-Akt signaling promotes SREBP-1 cleavage and increases fatty acid

concentration in GBM cells

To assess the effect of EGFR signaling on SREBP-1 cleavage, we pharmacologically and

genetically manipulated GBM cell lines at multiple nodes in the EGFR-PI3K-Akt signaling

pathway. Substantially more cleaved SREBP-1 was detected in two of two cell lines with large

amounts of p-EGFR (Fig. 2A, lanes 1, 6) than in four of four cell lines with little p-EGFR (Fig.

2A, lanes 2–5); this did not appear to directly correlate with proliferation rate (fig. S3). The

presence in U87 cells of a constitutively active EGFR allele, the EGFRvIII mutant, potently

increased Akt phosphorylation and was sufficient to promote SREBP-1 cleavage as well as

increased concentrations of fatty acid (Fig. 2, B and C). EGF stimulation of glioblastoma cells

expressing wild-type EGFR elicited a dose- and time-dependent increase in SREBP-1 cleavage

(Fig. 3, A and B), which was detectable 4 hours after EGF stimulation and was preceded by

increased Akt Ser473 and Thr308 site phosphorylation (Fig. 3B). 25-hydroxycholesterol (25-

HC) (1 µg/ml), an inhibitor of SREBPs processing (18,20–23) abrogated EGF-induced

SREBP-1 cleavage (fig. S4). To determine whether increased SREBP-1 cleavage in response

to EGF stimulation resulted in increased transcriptional regulation of the SREBP-1

transcriptional target fatty acid synthase (FAS), we performed chromatin immunoprecipitation

(ChIP) analysis. SREBP-1 binding to the FAS promoter at the TSS was increased 6.7 times

(p<0.02) 4 hours after addition of EGF, whereas no increase in SREBP-1 binding to the FAS

TSS was detected in vehicle-treated cells (Fig. 3, C and D). Furthermore, no SREBP-1 binding

was detected to a site 200 base pairs (bp) upstream of the FAS TSS (Fig. 3, C and D). The

EGFR inhibitor erlotinib, the PI3K inhibitor LY294002, and the Akt inhibitor Akti-1/2, all

blocked EGF-stimulated SREBP-1 cleavage (Fig. 3E). U87-EGFRvIII cells lack PTEN; its

introduction into cell line through retrovirus infection also abolished SREBP-1 cleavage (Fig.

3F). Rapamycin did not prevent EGFR-mediated SREBP-1 cleavage despite its inhibition of

mTORC1 as assessed by the decrease in S6 phosphorylation (Fig. 3E, fig. S5), consistent with

our findings in rapamycin-treated patients (Fig. 1, G and H). Thus, in GBM cells, EGFR
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signaling through PI3K-Akt promotes SREBP-1 cleavage, initiates binding of cleaved

SREBP-1 to the FAS promoter, and increase intracellular fatty acid concentration in a process

that does not depend on mTORC1 activity.

Identification of molecular circuitry linking EGFR-Akt signaling with SREBP-1 in a large

cohort of GBM patients

We examined the frequency with which we could detect p-EGFR, p-Akt, and nuclear SREBP-1,

as well as acetyl coenzyme A (CoA) carboxylase (ACC) and FAS, two pivotal enzymes of the

fatty acid synthetic pathway that are regulated by SREBP-1, in multiple representative regions

of tumor and adjacent normal tissue from 140 patients with primary GBMs, that is, GBMs that

had not transformed from lower grade gliomas (Fig. 4A). P-EGFR and p-Akt were detected in

44% and 77% of the tumor samples, respectively (table S2). This is consistent with the finding

of EGFR mutation and/or amplification in 45% and PI3K-pathway activating mutations in 87%

of primary GBMs respectively (3), suggesting that we had analyzed a representative patient

population. Nuclear SREBP-1 and ACC and FAS staining were also significantly increased in

tumor tissue relative to normal brain (p<0.0001 for each) (table S2) and were highly correlated

with each other (p<0.0001 for each comparison); with p-Akt (p<0.0001 for each), and with p-

EGFR (p<0.0001 for each) (tables S3 and S4).

To determinate if this dataset might be used to uncover a signaling pathway linking EGFR

signaling through PI3K-Akt to activation of SREBP-1 in patients, we used a classical

multidimensional scaling (MDS) plot to visualize the pair-wise correlations between p-EGFR,

p-Akt, SREBP-1, ACC and FAS (15,24). MDS is an unsupervised data analysis method that

does not assume previous knowledge about the interaction patterns between the proteins

analyzed. The closer the distance between proteins in the MDS plot, the more correlated their

expression in the 140 tumor samples. The MDS plot suggests a pattern of correlation between

EGFR-Akt signaling and the SREBP-1-ACC-FAS fatty synthesis pathway (Fig. 4B) that is

consistent with the pre-clinical observations (Fig. 3) and with the observations in the lapatinib

treated patients (Fig. 1). These results indicate that EGFR-Akt signaling is tightly correlated

with SREBP-1, ACC and FAS in clinical GBM samples.

Immunoblot analysis from autopsies of three GBM patients for whom tumor tissue and

contralateral normal brain tissue were available demonstrated increased SREBP-1 cleavage

and ACC and FAS abundance in tumor tissue relative to normal brain, as well as increased

EGFR and Akt phosphorylation (Fig. 4, C and D). Thus, in a representative cohort of GBM

patients, p-EGFR was associated with increased p-Akt, nuclear SREBP-1 staining, and

increased abundance of enzymes of the fatty acid biosynthetic pathway. Other RTKs that can

activate Akt signaling, such as platelet-derived growth factor receptor (PDGFR) and

mesenchymal-epithelial transition factor (MET), can also be found in GBM (9). Both p-

PDGFR and p-MET correlated with SREBP-1 in glioblastoma (fig. S6, table S4). Addition of

hepatocyte growth factor (HGF) to glioblastoma cells carrying MET promoted SREBP-1

cleavage (fig. S6C), suggesting that other RTKs besides EGFR can also activate this pathway.

Short hairpin RNA–mediated knockdown of SREBP-1 promotes cell death of EGFRvIII-

bearing GBM cells

Having demonstrated that EGFR signaling through Akt can promote SREBP-1 cleavage and

that EGFR and Akt phosphorylation correlates with SREBP-1 nuclear localization in tumors

from GBM patients, we assessed the requirement for SREBP-1 in EGFR-activated cultured

GBM cell line using a genetic approach. U87 and U87-EGFRvIII cells were infected with an

SREBP-1 Short hair-carrying lentivirus, or with a lentivirus carrying scrambled control Short

hair, and the effect on downstream SREBP-1 targets, and on cell proliferation and viability

was measured (Fig. 5, A and B). SREBP-1 knockdown resulted in decreased abundance of
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ACC and FAS (Fig. 5A) and inhibition of cell proliferation (Fig. 5B), with slightly more

inhibition of proliferation in U87-EGFRvIII cells than in U87 cells. However, genetic

inhibition of SREBP-1 resulted in massive cell death in U87-EGFRvIII cells maintained in

medium containing 1% Fetal bovine Serum (FBS) for 4 days, an effect that was not observed

with parental U87 GBM cells (Fig. 5, C and D). Thus, EGFRvIII-bearing GBM cells

demonstrated enhanced dependence on SREBP-1 for survival in low concentration of Fetal

bovine Serum (FBS).

Inhibition of lipogenesis promotes EGFR-activated tumor cell death in vitro and in vivo

To assess the possible therapeutic consequences of pharmaceutical inhibition of the Akt-

SREBP-1 pathway, and to determine whether its inhibition can promote the death of tumor

cells with high degrees of EGFR signaling, we treated a panel of GBM cell lines with 25-HC

(1 µg/ml for 3 days) (Fig. 6, A–C, figs. S7–9). 25-HC caused massive cell death in tumors with

large amounts of p-EGFR (Fig. 6B, figs. S7–9); minimal cell death was detected in GBM cell

lines with little of p-EGFR (Fig. 6C, fig. S7A). Cell death in response to 25-HC (1 µg/ml for

3 days in 1% FBS) was enhanced in U87-EGFRvIII cells relative to that in U87 cells (fig. S7C),

an effect that was abrogated by PTEN (fig. S10). Thus, EGFR signaling through the PI3K

pathway can sensitize GBM cells to the effects of 25-HC. To determine whether sensitivity to

25-HC depended on inhibition of cholesterol synthesis or of fatty acid synthesis, we treated

GBM cells containing varying amounts of p-EGFR with the HMG-CoA reductase inhibitor

atorvastatin (1 µM), to inhibit cholesterol synthesis and the FAS inhibitor C75 (10 µg/ml), to

inhibit fatty acid production. Atorvastatin did not promote cell death, regardless of EGFR status

(Fig. 6, B and C). In contrast, C75 caused cell death in cell lines with abundant p-EGFR but

had significantly less effect on the cells with little p-EGFR (Fig. 6, B and C, figs. S8 and S9).

The apoptotic effect of C75 on cell lines with abundant p-EGFR was significantly rescued by

addition of palmitate, an end product of FAS enzymatic activity (fig. S11). Thus, EGFR

signaling markedly enhances demand for fatty acid synthesis necessary for the survival of GBM

cells.

To determine whether constitutively active EGFR signaling was sufficient to impose enhanced

dependence of GBM on lipogenesis in vivo, we implanted U87 and U87-EGFRvIII cells into

opposite flanks of immunodeficient SCID/Beige mice (Fig. 6D). EGFRvIII-containing tumors

grew significantly larger compared to tumors without EGFRvIII (Fig. 6, E and F), with

increased Ki67 proliferation indices (fig. S12), and lower apoptotic indices (Fig. 6, G and H)

(25). Atorvastatin did not inhibit tumor growth in either U87 or U87-EGFRvIII tumors (Fig.

6, E and F, fig. S12). In contrast, C75 significantly inhibited tumor growth and promoted

apoptosis, showing greatly enhanced efficacy in EGFRvIII-bearing tumors compared to those

without EGFRvIII (Fig. 6, E–H, fig. S13). The effects of atorvastatin and C75 on tumor cell

proliferation were modest (fig. S12). Atorvastatin augmented the apoptotic effect of C75 (Fig.

6, G and H). Therefore, a persistently active EGFR allele sensitized GBMs to apoptotic cell

death in response to lipogenic inhibitors in vitro and in vivo (Fig. 7).

DISCUSSION

Our analysis of clinical samples from patients before and after treatment with lapatinib

combined with our studies in cell lines and a mouse model, has enabled us to identify an EGFR-

and Akt-dependent, rapamycin-insensitive signaling pathway that promotes GBM cell survival

by bridging oncogenic growth factor receptor signaling with altered cellular metabolism (Fig.

7) (16,26–29). Our data also support the recent demonstration that FAS suppresses tumor cell

apoptosis in prostate cancer (30) and suggest a strategy for treating GBMs carrying

constitutively activated, and possibly other cancers carrying activated EGFR, by targeting

lipogenesis (31). Attempts to treat GBMs with constitutively active EGFR signaling by
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inhibiting EGFR itself have been limited because of resistance mediated by maintained

signaling through the PI3K-Akt pathway (9,14). It is not yet clear whether lapatinib will be

subject to the same pitfalls; the first phase analysis of the lapatinib clinical trial cannot answer

that question. However, because fatty acid synthesis is downstream of EGFR-PI3K signaling,

it is unlikely that rewiring of the pathway upstream, either through co-activation of other RTKs,

or by selection for loss of the tumor suppressor PTEN will promote resistance to anti-lipogenic

therapy. Increased EGFR signaling through PI3K-Akt enhances the requirement of GBM cells

for fatty acid synthesis, possibly to provide sufficient lipids for membrane biogenesis in rapidly

dividing tumor cells. This demand for increased fatty acids is met by EGFR-PI3K-Akt-

mediated activation of SREBP-1 cleavage and upregulation of ACC and FAS. Therefore,

targeting SREBP-1, ACC and FAS is lethal to GBM cells with abundant EGFR signaling, but

spares cells with little EGFR signaling, including normal cells (Fig. 7). These results define a

therapeutically exploitable synthetic lethal interaction (32), i.e. SREBP-1-ACC-FAS becomes

essential for survival when EGFR is constitutively activated, explaining the specificity of the

effect of C75 on EGFRvIII-bearing tumors. It will be important to determine whether targeting

fatty acid synthesis results in more effective therapy for GBM patients, and potentially other

cancer patients with EGFR-dependent tumors.

MATERIALS AND METHODS

Clinical trial and Patient eligibility

Phase II Lapatinib Clinical Trial—North American Brain Tumor Consortium (NABTC)

trial 04-01 titled A Biomarker and Phase II study of GW 572016 (lapatinib) in Recurrent

Malignant Glioma enrolled consented patients from University of California at Los Angeles,

University of San Francisco, Dana-Farber Cancer Center, Memorial Sloan Kettering Cancer

Center, University of Pittsburgh, Neuro-oncology Branch of National Institutes of Health,

University of Wisconsin and Duke University. Adult patients who had a Karnofsky

performance score (KPS) equal to or greater than 60, who were not on enzyme-inducing anti-

epileptic agents, and who had normal hematologic, metabolic, and cardiac function were

eligible for this study. In addition, patients must have been candidates for surgical re-resection

at the time of enrollment. Patients were administered 750 mg of lapatinib orally twice a day

(BID) for 7 to10 days (depending on whether treatment interval fell over a weekend) prior to

surgery, the time to steady-state. Blood and tissue samples were obtained at the time of

resection. After recovery from surgery, patients resumed lapatinib treatment at the neoadjuvant

dose 750 mg BID until clinical or radiographic evidence for tumor progression was found. A

complete description of the clinical trial results will be reported separately. The first cohort of

patients for whom tissue was available before and after lapatinib (n=9) were included this study.

Lapatinib concentration in peripheral blood and tumor tissue—Blood and tissue

samples (minimum 50 mg) were obtained at time of resection. Lapatinib concentrations were

determined by liquid chromatography electrospray ionization tandem mass spectrometry (LC/

MS/MS) (33), with a lower limit of detection in plasma of 5 ng/mL, and in brain tumor tissue

extracts of 0.08 ng/mL.

Phase I/II Rapamycin Clinical Trial—The clinical trial protocol (#02-03-078–11) was

approved by the Institutional Review Board of the University of California Los Angeles.

Enrollment was restricted to patients with a histological diagnosis of glioblastoma (GBM),

radiographic evidence for disease recurrence after standard GBM therapy (surgery, radiation,

temozolamide), evidence for PTEN loss in tumor tissue, and no previous mTOR inhibitor

therapy. Other enrollment criteria included age > 18 year old, Karnofsky performance score

(KPS) ≥ 60, life expectancy ≥ 8 wk, normal hematologic and metabolic function in addition,

limitations were placed upon baseline levels of plasma cholesterol and triglycerides. Irradiation
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and chemotherapy were discontinued for ≥ 4 wk before trial entry (≥ 6 wk if prior therapy

included a nitrosourea compound). All 15 patients enrolled in the clinical trial gave written

informed consent to participate in these evaluations.

Fifteen patients with PTEN-deficient tumors, who also met all other eligibility criteria, were

enrolled at the time of tumor recurrence and received neoadjuvant oral daily rapamycin (2 mg,

5 mg, or 10 mg/d) for approximately 1 wk (median: 6 d, mean: 7.5 d) prior to salvage surgical

resection (S2). After recovery from surgery, patients resumed daily rapamycin treatment at the

neoadjuvant dose until clinical or radiographic evidence for tumor progression was found.

Details regarding the results from this trial are published in Cloughesy TF, et al. (14). Pre- and

post-treatment tissue samples were available for analysis in this study from 9 patients.

Cell lines—U87 and U87-EGFRvIII, U87-EGFR, U87-EGFRvIIII-PTEN isogenic

glioblastoma cell lines, A431 epidermoid carcinoma cell line, and LN229, T98, U138, U373

glioblastoma cell lines were cultured in DMEM (Cellgro) supplemented with 10% FBS

(Omega Scientific) in a humidified atmosphere of 5% CO2, 95% air at 37°C. U87-EGFRvIII

cells were a kind gift of Dr. Webster Cavenee. U87-EGFRvIII-PTEN cells were generated by

plasmid-mediated transfection of PTEN into U87-EGFRvIII cells followed by selection for

stable clones. U87-EGFR cells were generated by retrovirus-mediated transduction of wild-

type EGFR into U87 cells followed by selection of stable clones. These cell lines have

previously been reported (7). H1975 Non-small cell lung carcinoma cell line was cultured in

RPMI1640 with 10% FBS.

Antibodies and Reagents—We used antibodies directed against the following: ACC, FAS,

p-Akt Ser473, p-Akt Thr308, Akt, p-S6 Ser235/236, p-Met Tyr1234, p-PDGFR Tyr1021, p-

GSK3beta Ser9, PTEN (Cell Signaling); α-actin (Sigma); SREBP-1 (BD Pharmingen); p-Met

Tyr1349, p-PDGFR Tyr579 (Abgent); EGFR/EGFRvIII cocktail antibody (Upstate); phospho-

EGFR Tyr1086 (Invitrogen), PTEN (6H2.1, Cascade BioScience, IHC). Reagents used are

LY294002 and 25-hydroxycholesterol, C75, Rapamycin, Palmitate, Polybrene (Sigma);

Erlotinib (ChemieTex), Akti-1/2 (Calbiochem). Atorvastatin (Toronto Research Chemicals,

Canada).

Cell Proliferation and Death Assays—Cells were seeded in 96 wells and were treated

after 24 hours with different drugs indicated in each experiment in medium containing 1%

FBS. Relative proliferation to control cells with vehicle treatment was checked using Cell

Proliferation Assay Kit (Chemicon). Cells were incubated 1.5 hrs after adding tetrazolium salt

WST-1 [2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2, 4-disulfo-phenyl)-2H-tetrazolium,

monosodium salt] (Chemicon) at 5% CO2, 37°C and the absorbance of the treated and untreated

cells were measured using a microplate reader (Bio-Rad) at 420 to 480 nm. Cell death was

assessed by trypan blue exclusion (Invitrogen).

ShRNA assay—5 × 104 cells were seeded in 12 well plates and maintained for 24 hrs, after

which medium was replaced with fresh 5% FBS medium including 5 ug/ml Polybrene (Sigma),

and then shRNA lentivirus was added to cells, followed by incubation for 24 hrs. For Western

blot analysis, infected cells were incubated in fresh 5% FBS medium for another 24 hrs, then

lysed. For cell proliferation or cell death assays, infected cells were subcultured into 96 well

plates or 12 well plates, maintained in 5% FBS medium for 24 hrs, then changed to 1% FBS

medium and maintained for 4 to 5 days.

Western Blotting—Western blotting was as previously described (34). Cultured cells or

snap-frozen tissue samples were lysed and homogenized using buffer containing 10 mmol/L

Tris, pH 7.4, 100 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 1 mmol/L NaF, 20 mmol/

L Na4P2O7, 2 mmol/L Na3VO4, 0.1% sodium dodecyl sulfate, 0.5% sodium deoxycholate, 1%
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Triton X-100, 10% glycerol, 10 µg/mL leupeptin, 60 µg/mL aprotinin, and 1 mmol/L

phenylmethanesulfonyl fluoride. Equal amounts of protein extracts were separated by using

8% or 10% SDS-PAGE, and then transferred to a polyvinylidene difluoride membrane (Bio-

Rad Laboratories Inc, Hercules, Calif). After blocking for 1 hour in a Tris-buffered saline

containing 0.1% Tween 20 and 5% nonfat milk, the membrane was probed with various

primary antibodies, followed by secondary antibodies conjugated to horseradish peroxidase.

The immunoreactivity was revealed by use of an ECL kit (Amersham Biosciences Co.,

Piscataway, NJ).

Thin Layer Chromatography for Lipids—Cellular total lipid extract was obtained by

scraping cells from the 10 cm culture dish into 2 ml PBS containing protease inhibitor and 1

mM phenylmethylsulphonyl fluoride (PMSF) and adding 4 ml of chloroform/methanol (2:1,

v/v) with 0.01% butylated hydroxytoluene (Sigma). The solution was vortexed and centrifuged

at 1500 g for 5 min. The organic phase was collected and 2.5 ml of chloroform was added to

the residual aqueous phases which was vortexed and centrifuged at 1500 g for 5 min. The

organic phase was pooled with the previous extraction. Thin layer chromatography (TLC) was

performed by spotting the cellular total lipid extract on a 5 × 10 cm silica gel aluminum sheet

(EMD Chemicals) and developed with hexane/diethyl ether/acetic acid (80:20:2, v/v/v). Lipids

were visualized with iodine vapor and imaged using a desktop scanner (31,35).

Immunohistochemical and Immunofluorescent Staining—Paraffin-embedded tissue

blocks were sectioned using the UCLA Pathology Histology and Tissue Core Facility.

Immunohistochemical staining (IHC) was performed as previously described (7). Slides were

counterstained with hematoxylin to visualize nuclei. Paraffin-embedded tissue sections

underwent immunohistochemical analysis in which the results were scored independently by

two pathologists who were unaware of the findings of the molecular analyses. Quantitative

image analysis to confirm the pathologists' scoring was also performed with Soft Imaging

System software (15). We have previously demonstrated the utility of this quantitative method

for measuring drug-specific effects in paraffin-embedded tissue samples from GBM patients

enrolled in clinical trials with targeted agents (7,14).

Tissue Microarrays—Tissue microarrays (TMAs) were used to analyze p-EGFR Tyr1086,

p-Akt Ser473, nuclear SREBP-1, ACC and FAS immunohistochemical staining in 140 GBM

patient samples. Tissue microarrays (TMAs) enable tumor tissue samples from hundreds of

patients to be analyzed on the same histologic slide. We constructed two GBM TMAs by using

a 0.6 mm needle to extract 252 representative tumor tissue cores and 91 adjacent normal brain

tissue cores from the paraffin-embedded tissue blocks of 140 primary GBM patients. These

cores were placed in a grid pattern into two recipient paraffin blocks, from which tissue sections

were cut for immunohistochemical analysis of p-EGFR, p-Akt, nuclear SREBP-1, ACC and

FAS. These TMAs have been used for other studies (15,36).

TUNEL Staining—Paraffin sections were deparaffinized and subjected to graded rehydration

as with the immunohistochemical method. Peroxidase activity was quenched with 3%

hydrogen peroxide in water. TUNEL staining was performed using digoxigenin-conjugated

dUTP and HRP-conjugated anti-digoxigenin antibodies following its protocol (Roche).

Visualization for staining was performed with NovaRed substrate (Vector Laboratories) and

tissues were then counterstained with hematoxylin.

For TUNEL immunofluoresence staining, tissue sections were stained for apoptosis using the

In Situ Cell Death Detection Kit, TMR red and following its protocol (Roche).

Chromatin Immunoprecipitation Assay—ChIP assays were performed on U87-EGFR

cells +/− 4 hours of EGF treatment (20 ng/mL). Cells in two 15 cm plates were pooled for each
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replicate. ChIP was performed essentially as described (37). Briefly, cells were crosslinked for

5 minutes in 1% formaldehyde in PBS. After extensive sonication (10 minutes total sonication

time in 30 second pulses), pre-clearing with protein-G sepharose, and removal of a 50 uL (1/20

input) fraction for normalization, soluble chromatin from each replicate was split three ways

for overnight immunoprecipitations with 2 ug of the following antibodies: Mouse IgG

(Millipore cat #12-371, nonspecific control), anti-Pol II (Millipore clone CTD4H8, cat

#05-623, positive control), or anti-SREBP1 (clone 2A4 derived from ATCC hybridoma cat

#CRL-2121). DNA-Protein complexes were pulled down by incubation for 2 hours with

protein-G sepharose, washed, and processed as previously described. gDNA was assayed by

qPCR with primers amplifying the FAS transcription start site, and a fragment upstream of the

Transcription Start Site (TSS). qPCR values were normalized against the input gDNA content

for each replicate. qPCR primers are FAS TSS f: CTCTCTGGCTCCCTCTAGGC, FAS TSS

r: GATGGCCGCGGTTTAAATA, FAS up f: GTGGGGCTGGGACTGAG, and FAS up r:

CAGTGTGGCCCAAGCATT.

Xenograft Model—Isogenic human U87 malignant glioma cells (U87, U87-EGFRvIII) were

implanted into immunodeficient SCID/Beige mice for subcutaneous (s.c.) xenograft studies.

SCID/Beige mice were bred and kept under defined-flora pathogen-free conditions at the

AALAC-approved Animal Facility of the Division of Experimental Radiation Oncology,

UCLA. For s.c. implantation, exponentially growing tumor cells in culture were trypsinized,

enumerated by Trypan Blue exclusion, and resuspended at 1 × 106 cells/ml in a solution of

dPBS and Matrigel (BD Biosciences). Tumor growth was monitored with calipers by

measuring the perpendicular diameters of each s.c. tumor. U87 and U87-EGFRvIII cell lines

were implanted s.c. on opposite sides of the mouse abdomen (n=20) for treatment with

atorvastatin (10 mg/kg daily; Toronto Research Chemicals, Canada), C75 (30 mg/kg weekly;

Sigma, Saint Louis, MO) alone or in combination. Mice were euthanized if tumors reached 14

mm in maximum diameter, or animals showed signs of illness. All experiments were conducted

after approval by the Chancellor's Animal Research Committee of UCLA.

Immunohistochemistry and image analysis-based scoring—Tissue sections were

cut from blocks of formalin-fixed paraffin tumor tissue from glioblastoma patients treated with

lapatinib or rapamycin. Tumor specimens were obtained according to a protocol approved by

the Institutional Review Board of UCLA. The first set of paired pre- and post-treatment tumor

tissues (n=9) for lapatinib trial, and 9 pairs of pre- and post-treatment tumor tissues for the

rapamycin trial, were examined. Control group included 12 patient tumor tissues. Five-micron

tissue sections were stained with polyclonal antibodies directed against p-EGFR Tyr1086, p-

Met Tyr1349, p-PDGFR Tyr579, p-AKT Ser473 and SREBP-1, ACC, FAS for sections of

lapatinib trial and tissue microarray; and p-EGFR, p-AKT, SREBP-1 and p-S6 Ser235/236 for

sections of rapamycin trial. Digital scores for p-EGFR, p-AKT, and p-S6 were based on

absolute staining intensity of tumor cells as quantified following false-color conversion.

Sections were photographed using a Colorview II camera mounted on an Olympus BX41

microscope at 20× magnification. 5 images were captured per slide from representative regions

of the tumor. Borders between individual cells were approximated using a separator function

of the Soft Imaging Software (with the parameter of Smooth and Fine/Coarse, 2 and 10

respectively). Quantitative analysis was done using HSI color algorithm based on hue,

saturation and intensity. Saturations of the separated cell in the images were quantified in the

red-brown hue range to exclude the negative staining area with hematoxylin nuclear staining.

To compare the staining intensity of all slides, mean saturation of total cells on each image

was quantified and calculated. 1500 to 2000 cells per case (on average) were measured for

each slide and statistical comparisons were performed using R software, using an approach

previously described (14). For SREBP-1 staining scoring, separated cells were quantified with
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red brown hue range (cells with positive nuclear staining) and total hue range (all cells) after

cell border separation and proportion of positive cells was calculated based on these numbers.

Statistical Analysis—Results are shown as mean ± SEM. Fishers exact test was used to

assess correlations between various molecular markers. Other comparisons in cell growth

assays, tumor volumes, tumor metabolism and cell death were performed using two-tailed t

test as well as by ANOVA as appropriate. We used Wilcoxon test to determine the P-value for

staining of lapatinib trial pre-and post- treatment tissue samples. P<0.05 was considered as

statistically significant. The computation of the Pearson correlations and the logistic regression

analysis were all carried out with the R software. To depict the relationship between the

variables, we used the R function cmd scale to arrive at a two-dimensional classical MDS plot.

We also followed the convention of path analysis to represent a causal model by a directed

graph and used partial correlation testing to fit a causal model.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

EGFR and Akt signaling and nuclear SREBP-1 accumulation response data in the first set of

9 GBM patients receiving lapatinib in a Phase II clinical trial. (A) Tumor tissue was analyzed

from 9 GBM patients before and after treatment with the EGFR inhibitor lapatinib. (B)

Immunohistochemical staining (reddish brown) of phospho-EGFR Tyr1086, phospho-Akt

Ser473 and SREBP-1 before and after treatment with lapatinib from a representative patient

(#1). Nuclei were counterstained with hematoxylin (blue). Inset shows nuclear SREBP-1

staining indicated by green arrow. Scale bar = 20 um. (C) Quantification of

immunohistochemical staining from >1000 cells from at least five representative areas of each

tumor before and after lapatinib treatment, P-values were determined by Wilcoxon text (7).

Each diamond represents an individual patient. (D) Reduction of p-EGFR, p-Akt and nuclear

SREBP-1 staining for each GBM patient before (S1) and after (S2) treatment with lapatinib.

(E) Correlation between inhibition of p-EGFR and inhibition of nuclear SREBP-1 staining.

(F) Analysis of tumor tissue from 9 GBM patients before and after treatment with rapamycin.

(G) Immunohistochemical staining (reddish brown) of p-EGFR Tyr1086, p-Akt Ser473,

SREBP-1 and p-S6 Ser235/236 before and after treatment with rapamycin. (H) Percentage of

patients with decreased nuclear SREBP-1 staining and percentage of patients with decreased

p-S6 staining. Scale bar = 20 um.
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Fig. 2.

Increased SREBP-1 cleavage and fatty acid accumulation in GBM cell lines correlates with

abundant EGFR-PI3K-Akt signaling. (A) Western blot analysis of lysates from cell lines

cultured in medium containing 1% FBS. For SREBP-1 immunoblot, P=Precursor; N=cleaved

NH2 terminal form. α-actin used as loading control. (B) Biochemical analysis of effect of

transfection of EGFRvIII or wild-type EGFR on SREBP-1 cleavage compared with parental

U87 GBM cells that endogenously contain little EGFR and no EGFRvIII. Cell lines were

cultured in serum-free media for 48 hrs. (C) Total lipid extracts from U87 GBM cells, with or

without EGFRvIII or EGFR over-expression, cultured in serum-free media for 48 hours were

subjected to thin layer chromatography and visualized by iodine.
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Fig. 3.

Pharmacologic and genetic manipulation of GBM cells demonstrates that EGFR-PI3K-Akt

signaling promotes SREBP-1 cleavage and binding to the FAS promoter (A) Effect of EGF

dose, and time course of EGF effect on SREBP-1 cleavage (B). U87-EGFR GBM cells were

cultured in serum-free medium for 24 hrs and treated for 6 hrs with indicated concentration of

EGF or with EGF (20 ng/ml) in time course experiments. Immunoblot analysis was performed

with indicated antibodies. Antibodies against total proteins recognize both phosphorylated and

nonphosphorylated proteins. (C) A schematic depicting the human FAS locus and approximate

locations of the qPCR amplicons. TSS represents transcription start site. Up represents a site

200 base pairs upstream. (D) SREBP-1 abundance at the FAS transcription start site increases

in response to EGF treatment. Chromatin immunoprecipitation was performed on U87-EGFR

cells with EGF (20 ng/mL) for 4 hrs. Data are normalized against a fraction of the input gDNA,

and each bar represents the mean +/− SEM of three independent biologic replicates. * P= 0.02
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relative to non-EGF treated samples. (E) Effect of the EGFR inhibitor erlotinib (10 uM), the

PI3K inhibitor LY294002 (20 uM), Akt inhibitor Akti-1/2 (5 uM) or rapamycin (1 nM) for 16

hours on SREBP-1 cleavage in U87-EGFR cells. (F) Effect of PTEN reconstitution on

EGFRvIII-mediated SREBP-1 cleavage, and ACC and FAS abundance.
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Fig. 4.

p-EGFR is associated with p-Akt, nuclear SREBP-1 and increased abundance of ACC and

FAS in a cohort of 140 GBM patients. (A) Analysis of p-EGFR, p-Akt, nuclear SREBP-1, and

FAS and ACC abundance (reddish brown) in two tissue microarrays comprising 252 tumor

cores and 91 matched normal cores from 140 primary (de novo) GBM patients. Inset

demonstrates nuclear SREBP-1 staining. Images are 20×, tissue is counterstained with

hematoxylin. Scale bar = 20 um. (B) Multidimensional scaling plot based on correlations

between EGFR, p-EGFR Tyr1086, p-Akt Ser473, nuclear SREBP-1, ACC and FAS. (C)

Representative gross and microscopic pictures of tumor tissue (T) and contralateral normal

brain tissue (N) from the brain of a GBM patient obtained at autopsy. Scale bar = 20 um. (D)

Immunoblot analysis of p-EGFR, p-Akt, SREBP-1 cleavage, and ACC and FAS abundance in

tumor (T) and contralateral normal brain tissue (N) from for three GBM patients obtained at

autopsy.
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Fig. 5.

ShRNA knock down of SREBP-1 promotes extensive tumor cell death of EGFRvIII-bearing

GBM cells. (A) Immunoblot analysis demonstrating shRNA knockdown of SREBP-1 in U87

and U87-EGFRvIII GBM cells. SREBP-1 abundance was substantially reduced 48 hours after

shRNA lentiviral infection. Cell lysates were analyzed by Western blot using the indicated

antibodies. (B) Cells were infected with SREBP-1 shRNA lentivirus or scrambled control

shRNA lentivirus for 24 hrs, subcultured into 96 well plates, and changed to 1% FBS medium

after 24 hrs. Relative cell proliferation was assayed daily until day 5 using the WST assay

(Chemicon). (C, D) Cells were infected with SREBP-1 shRNA lentivirus or scrambled control

for 24 hrs, split into 12 well plates and change to 1% FBS medium for 4 days after 24 hrs. Cell

morphology was imaged using a phase contrast invert-microscope and digital camera and cell

death was measured by trypan blue exclusion. Scale bar = 20 um.
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Fig. 6.

A constitutively active form of the EGFR allele is sufficient to sensitize GBMs in vitro and in

vivo to apoptotic cell death in response to fatty acid synthase inhibition. (A) Schematic view

of inhibitors. (B) Effect of the FAS inhibitor C75 (10 µg/ml) and the HMG-CoA reductase

inhibitor atorvastatin (1 µM), alone or in combination in EGFR-high GBM cell lines relative

to (C) EGFR-low cell lines. Cell death was measured by trypan blue exclusion. (D) In vivo

model in which U87 cells, or U87 cells transfected with EGFRvIII were subcutaneously

implanted in the flank of immunocompromised mice. EGFRvIII-bearing tumors are

significantly larger. (E) Effect of C75 (30 mg/kg weekly) or atorvastatin (10 mg/kg daily) alone

or in combination. Scale bar = 1mm. (F) Quantification of the effect on tumor size. # P<0.05

compared with vehicle treated tumor volume; * P<0.05 compared with vehicle treated tumor

volume; N.S. means no significant. (G) Representative images demonstrating TUNEL staining

to assess apoptotic effect. Scale bar = 20 um. (H) Quantification of TUNEL staining. * P<0.01

compared with vehicle treated tumor; # P<0.0001 compared with vehicle treated tumor.
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Fig. 7.

Model demonstrating the specific apoptotic effect of SREBP-1 and FAS inhibition on GBM

cells bearing EGFRvIII. (A) In cells with little EGFR and intact PTEN, the demand for

lipogenesis is modest and is balanced by low levels of SREBP-1 pathway activation. (B) In

GBM cells with abundant EGFR and PTEN loss, the SREBP-1-ACC-FAS pathway is

upregulated to meet the demand for increased fatty acid synthesis for membrane biogenesis of

rapidly dividing cancer cells. (C) The SREBP-1 pathway becomes essential for survival in

GBM cells bearing EGFRvIII. Targeting SREBP-1 or FAS is therefore lethal to EGFRvIII-

bearing GBM cells.
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