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Abstract

The sterol regulatory element-binding proteins (SREBP) are key transcriptional regulators of lipid metabolism

and cellular growth. It has been proposed that SREBP signaling regulates cellular growth through its ability to

drive lipid biosynthesis. Unexpectedly, we find that loss of SREBP activity inhibits cancer cell growth and viability

by uncoupling fatty acid synthesis from desaturation. Integrated lipid profiling and metabolic flux analysis

revealed that cancer cells with attenuated SREBP activity maintain long-chain saturated fatty acid synthesis,

while losing fatty acid desaturation capacity. We traced this defect to the uncoupling of fatty acid synthase activity

from stearoyl-CoA desaturase 1 (SCD1)-mediated desaturation. This deficiency in desaturation drives an

imbalance between the saturated and monounsaturated fatty acid pools resulting in severe lipotoxicity.

Importantly, replenishing the monounsaturated fatty acid pool restored growth to SREBP-inhibited cells. These

studies highlight the importance of fatty acid desaturation in cancer growth and provide a novel mechanistic
explanation for the role of SREBPs in cancer metabolism. Cancer Res; 73(9); 2850-62. ©2013 AACR.

Introduction

Metabolic reprogramming has emerged as a defining feature
of many cancer types (1). More than 80 years ago, Otto Warburg
described increased consumption of glucose and production of
lactate by cancer cells under normoxic conditions (2). Prefer-
ential use of aerobic glycolysis (termed as Warburg effect) in
cancer cells can confer a significant growth and survival
advantage to rapidly dividing cells by providing carbons, ATP,
and reducing equivalents necessary to meet the anabolic
demands of dysregulated growth (3, 4). Likewise, increased
amino acid consumption (e.g., glutamine), perturbed mito-
chondrial function, and altered lipid metabolic programs can
also contribute to the biosynthetic and bioenergetic demands
of rapidly dividing cancer cells in the tumor microenvironment
(5, 6). Although it is clear that dysregulated metabolism is an
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important characteristic of cancer cell biology, the molecular
programs that support the cancer metabolic phenotype have
yet to be fully understood.

The sterol regulatory element-binding proteins (SREBP1 and
2) are bHLH-zip transcription factors that have a well-defined
role in regulating lipid homeostasis (7). SREBP1c preferentially
regulates genes involved in fatty acid metabolism, whereas
SREBP2 principally controls expression of genes involved in
lipoprotein uptake and de novo sterol synthesis (8, 9). The
SREBP1a isoform efficiently drives fatty acid and sterol bio-
synthesis as well as lipoprotein uptake by transactivating both
SREBP1 and SREBP2 target genes. SREBPs are subject to
complex posttranslational regulation. Goldstein and collea-
gues have delineated an elegant sterol-sensitive model of
SREBP regulation in the endoplasmic reticulum (10). Immature
(inactive) SREBP proteins are embedded in the endoplasmic
reticulum membrane in association with 2 chaperone proteins
INSIG and SCAP. Both SCAP and INSIG have sterol-sensing
domains that bind endoplasmic reticulum membrane choles-
terol or oxysterols and are exquisitely sensitive to alterations in
endoplasmic reticulum membrane sterol levels. A small reduc-
tion in endoplasmic reticulum membrane sterol levels alters
INSIG and SCAP conformation, resulting in the release of the
SCAP/SREBP complex from INSIG (11). The SREBP/SCAP
complex is escorted to the Golgi via COPII proteins where
SREBP is released from SCAP and sequentially cleaved by site-1
and site-2 protease, resulting in mature SREBP (mSREBP).
mSREBP subsequently translocates to the nucleus, binds to
sterol response elements, and transactivates target genes.
Recent studies have also identified the PI3K/AKT/mTOR
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pathway as playing a critical role in driving SREBP activity
downstream of receptor tyrosine kinase (RTK) growth recep-
tors in both normal and neoplastic tissue (12-14). Whether
SREBPs in cancer cells retain their sterol sensitivity remains
controversial (15).

Although it is becoming increasingly clear that heightened
SREBP activity is a critical feature of the cancer metabolic
program (16-18), the molecular mechanisms by which SREBPs
support tumor growth remain poorly delineated. Herein, we
show that loss of SREBP1 activity inhibits cancer cell growth
and viability, not by globally reducing fatty acid and cholesterol
availability, but by uncoupling de novo long-chain saturated
fatty acid biosynthesis from desaturation. Counterintuitively,
we observed that SREBP-inhibited cells maintain significant
levels of saturated long-chain fatty acid (16:0 and 18:0) syn-
thesis, despite a clear attenuation of the SREBP-mediated lipid
biosynthetic gene program. Isotopomer enrichment studies
revealed that SREBP signaling is required to maintain efficient
flux of newly synthesized long chain saturated fatty acids into
the monounsaturated pool. In the absence of SREBP activity,
cancer cells maintain saturated fatty acid synthesis resulting in
growth and cellular defects. This defect in fatty acid homeo-
stasis was traced to the maintenance of fatty acid synthase
(FASN) activity coupled with the profound loss of stearoyl-CoA
desaturase 1 (SCD1) in the absence of SREBP signaling. Re-
plenishing long-chain monounsaturated fatty acids restored
significant growth of SREBP-inhibited cells further indicating
the role of SREBPs in protecting cells from lipotoxicity. In
combination, these studies provide a novel mechanistic expla-
nation for importance of SREBP signaling in the cancer met-
abolic program and highlight the potential use in targeting the
fatty acid desaturation pathway to control tumor growth.

Materials and Methods

Cells, tissue culture, and reagents

U87MG, U251, and T98G cells were provided by Dr. Paul
Mischel (Ludwig Institute for Cancer Research, La Jolla, CA).
SUM159 cells were provided by Dr. Heather R. Christofk
[University of California Los Angeles (UCLA), Los Angeles,
CA]. CWR-R1 cells were provided by Dr. Lily Wu (UCLA).
U87MG were cultured in Iscove's Modified Dulbecco's Med-
ium (IMDM). These cell lines have not been authenticated.
U251 and SUM159 cells were cultured in Dulbecco's Modified
Eagle's Medium (DMEM). T98G cells were cultured in DMEM/
F12 (50:50) media. CWR-R1 cells were cultured in RPMI. All cell
lines were grown in 10% FBS (Omega Scientific) with penicil-
lin/streptomycin (Gibco). Cells were treated with fatostatin
(125B11, Chembridge), 25-hydroxycholesterol (25-HC; Sigma),
or compound 24 (synthesized at UCLA as described in ref. 19)
for 24 hours with respective media containing 1% FBS unless
indicated otherwise. Commercial short hairpin RNAs (shRNA)
targeting SREBP and SCAP (Sigma) or truncated human
SREBP1a (aa 1-490) and SREBP2 (aa 1-484) were used to create
stable gain- and loss-of-function cells.

Immunoblots
U87 glioblastoma cells, parental, and genetic constructs
were washed once with ice-cold PBS and scraped into radio-

immunoprecipitation assay (RIPA) lysis buffer (Boston Bio-
Products), with addition of protease and phosphatase inhibitor
cocktail (Thermo Fisher Scientific). Equal amounts of protein
extracts were separated on gradient 4% to 12% Bis-Tris SDS-
PAGE gel (Invitrogen) and then transferred to a nitrocellulose
membrane (Amersham). After blocking for 1 hour in a TBS
containing 0.1% Tween 20 and 5% nonfat milk, the membrane
was probed with indicated antibodies, followed by secondary
antibodies conjugated to horseradish peroxidase. The immu-
noreactivity was revealed by use of an ECL kit (Thermo Fisher
Scientific) and autoradiographic film (Genesee Scientific).
Antibodies used: anti-SREBP1 and SREBP2 (BD Biosciences),
FASN, SCD1, phospho- and total EIF2a, cleaved PARP, and total
EIF4E (Cell Signaling).

Gene expression analysis

Cells were collected in TRIzol. Following phenol-chloro-
form extraction and ethanol precipitation, 700 ng of total
RNA were used to synthesize cDNA using the iScript cDNA
Synthesis Kit (Bio-Rad) as per manufacturer's instructions.
Quantitative PCR (qPCR) was conducted on the Roche Light-
Cycler 480 using SYBR Green I Master Mix (Roche) and
0.5 umol/L primers. Relative expression values are normalized
to control gene (36B4) and expressed in terms of linear relative
mRNA values. Primer sequences are available upon request.

Proliferation assay

Equal numbers of cells were plated out in separate wells and
collected over 5 days of growth. Cells were trypsinized, stained
with Trypan Blue (Gibco 15250), and counted on the Nexcelom
Cellometer Auto T4. The total number of live cells was calcu-
lated for each day of the experiment. For N-acetylcysteine
rescue assay, 5 mmol/L N-acetylcysteine (Sigma) was added
to IMDM supplemented with 1% FBS. For oleate rescue assays,
oleic acid (Nu-Chek Prep) was conjugated to fatty acid-free
bovine serum albumin (BSA; Sigma) in a 7.3:1 molar ratio as
previously described (20). Cells were cultured in IMDM sup-
plemented with 1% FBS and 275 pmol/L oleic acid or BSA
vehicle. For the cholesterol rescue assay, 1 lLg/mL methyl-beta-
cyclodextrin-cholesterol (Sigma) was added to IMDM supple-
mented with 1% FBS.

Cell cycle

Cells were stained to determine DNA content as previously
described. Briefly, single cell suspensions were resuspended in
a hypotonic staining buffer containing sodium citrate, Triton
X-100, ribonuclease A, propidium iodide (PI), and distilled
water. Sample was stained for 30 minutes at room temperature
and then analyzed by flow cytometry. FACS plots were run
using pooled triplicate samples of indicated cell lines.

Xenograft tumor studies

All mice were bred and kept under defined-flora pathogen-
free conditions at the Association for Assessment and Accred-
itation of Laboratory Animal Care-approved Animal Facility
of the Division of Experimental Radiation Oncology at the Uni-
versity of California Los Angeles. Mice were handled in accor-
dance with the University of California Los Angeles animal
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care policy and approved animal protocols. Nonobese dia-
betic severe-combined immunodeficient (NOD/SCID)/gamma
(NSG) mice (6-12 weeks of age) were implanted subcutane-
ously in the lower left flank and received a total of 1 x 10° U87
glioma cells. Cells were mixed in a 1:1 ratio with Matrigel
matrix (BD Biosciences) and a total volume of 100 UL was
injected per mouse. Fatostatin-treated mice received injec-
tions of 30 mg/kg intraperitoneally (i.p.) every 3 days. Tumor
area was measured by multiplying the length of the tumor (the
longest dimension) by the width (the distance perpendicular
to the length). For gas chromatography-mass spectrometry
(GC-MS) studies on tumor xenografts, tumors were initially
resected and weighed. A portion of the tumor weighing 0.1 to
0.15 g was separated, diced, and disrupted by tissue homog-
enizer in TRIzol. The organic layer of TRIzol extraction was
used for mass spectrometry analysis, as described later.

Metabolic pathway-based gene expression enrichment
analysis

To identify metabolic pathways associated with both SREBP
and SCAP loss-of-function, we used the gene set enrichment
analysis (GSEA) algorithm (21) and pathway annotation
defined by the Kyoto Encyclopedia of Genes and Genomes
metabolic pathways (KEGG; release 44.0; ref. 22). The signal-to-
noise ratio (SNR) between the sample classes was used for gene
ranking. The metric was calculated for all candidate probesets
of each gene and the probeset with maximum absolute metric
value was retained. Probeset annotation was based on UniGene
build #201 and UniGene identifiers were mapped to each
Enzyme Commission number using the gene names pro-
vided by KEGG. Pathways with fewer than 3 or greater than
500 nodes represented by the data were excluded from the
analysis. This resulted in 92 KEGG metabolic genesets. The
classic enrichment statistic was used. Gene-based permutation
analysis was used to determine the statistical significance
of the results (21).

Metabolic analysis

Cellular metabolic rates were determined by Seahorse Bio-
analyzer as described previously (23) with the following mod-
ifications. A total of 3 x 10° U87 cells were plated in each well of
a V7 plate and allowed to adhere overnight. Mixing, waiting,
and measurement times were 2, 2, and 4 minutes, respectively.
Drug treatments for oligomycin, carbonyl cyanide 4-(trifluor-
omethoxy)phenylhydrazone (FCCP), and rotenone-myxothia-
zol were 0.75 Lm/0.25 um/0.5 pum, respectively.

GC-MS analysis

Cells were cultured in a 1:1 ratio of **C glucose tracer
([U-"*C]-p-glucose; Cambridge Isotope Laboratories) to natu-
rally occurring glucose. Following glucose tracer treatment,
cells were collected, washed in PBS, counted, and collected in
500 UL TRIzol. Calibration curves were made using cholesterol,
trimyristin, tripalmitin, tripalmitolein, tristearin, and triolein
(Nu-Chek Prep) in 500 UL TRIzol. Internal standards were
added to TRIzol suspension; 22 g of Triheptadecanoin (Nu-
Chek Prep) was used as the internal standard for fatty acids and
50 pg of ergosterol (Sigma) was used as the internal standard

for cholesterol. Two hundred microliter of chloroform was
added and the resulting aqueous layer was discarded. Organic
layers were saponified for 30 minutes at 70°C after adding 600
UL 30% potassium hydroxide and 600 UL 70% ethanol. Sterols
were extracted with 3 mL of petroleum ether and dried under
nitrogen. Sterols were derivatized to the trimethylsilyl ether
form by dissolving in 50 UL N,0-bis(trimethylsilyl) trifluoroa-
cetamide with trimethylchlorosilane 99:1 (Sigma) and 50 pL
pyridine followed by 20 minutes at 70°C. Remaining lipid
extract was acidified to pH 2 with concentrated hydrochloric
acid. Fatty acids were extracted with 3 mL petroleum ether.
Extracted fatty acids were derivatized to their methyl ester
form with 3 mL methanolic boron trifluoride (Sigma). Fatty
acid methyl ester extracts were dried under nitrogen and
dissolved in 75 UL ethyl acetate before being run on mass
spectrometry.

Data were collected on an Agilent 5975C MSD connected to
an Agilent 7890 Gas Chromatograph. Derivitized cholesterol
was run on the Phenomenex ZB-MR-1 column (7HG-G016-11).
Derivitized fatty acids were run on the Agilent DB-WAX
column (122-7032). GC-MS settings and oven programs are
available upon request. In unlabeled cells, derivatized choles-
terol, myristate (14:0), palmitate (16:0), 16:1 isomers, stearate
(18:0), and 18:1 isomers were monitored at m/z 458, 242, 270,
268, 298, and 296, respectively. In labeled cells, they were
monitored at m/z 443-490, 240-257, 268-287, 266-285, 296—
316, and 294-314, respectively. Derivatized internal standards
were monitored at 772/z 468 (ergosterol) and 284 (heptadecano-
ate). Area under curve (AUC) quantitation was conducted on
Chemstation software (Agilent).

Fatty acid ratios were determined by dividing the relevant
analyte AUC values followed by normalization to controls.
Absolute quantitation of lipids was determined by first nor-
malizing the analyte AUC to the internal standard AUC. This
ratio was fit to the appropriate calibration curve and then
normalized to cell number. In unlabeled samples, MO only was
used to determine the analyte and calibration standard AUC
values. In labeled samples, the sum of the AUCs for the
molecular ion isotopomers was used. For internal standards,
MO only was used in all cases.

Isotopomer enrichment modeling

Long-chain fatty acids. Determination of de novo synthe-
sized fatty acid was determined using a probabilistic model
similar to the one developed in refs. 21, 22. The distribution of
3C incorporated into a fatty acid with N total carbons, Lx(n|q;s,
p.e), was modeled as a mixture of 2 distributions: synthesized,
Cx(n), and nonsynthesized, Bx(n), lipid [Egs. (1) and (2)]. These
distributions are functions of total carbons in the lipid (N),
background '*C abundance (q), amount of de novo synthesis
(s), contribution of label glucose to the cytoplasmic AcCoA
pool (p), and **C enrichment of label glucose (e). Nonsynthe-
sized fatty acids can be simply modeled as a binomial with N
trials and success rate g, B(n|N,q). Because synthesized lipids
are built using 2-carbon blocks of AcCoA, their distribution is
modeled as a sum N/2 i.i.d. 2-carbon-unit distributions. Each 2
carbon unit is modeled as a mixture of 2 binomial distributions,
with success rates e for AcCoA originating from glucose, and
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q for natural glucose and all other carbon sources [Eq. (2)]. The
parameter e is known a priori and maximum likelihood esti-
mates (MLE) of g can be calculated from control cell lines
grown with no label glucose. The distribution of **C incorpo-
rated, as measured from GC-MS, was used to calculate MLE for
p and s in each cell line, replicate, and fatty acid.

LN(stubv e):S*CN(Q7P7 e)+(lfs)*B(N7 Q) (1)

2

Cv(g, p.e) = [p*B(2, ¢) +(1-p) * B2, q)] (2)

1

Small corrections were made to account for the possible
incorporation of **C in the methyl ester derivitization of fatty
acids.

Cholesterol. Small changes to the above model were made
to account for the differences in the synthesis of cholesterol.
The carbon contained in de novo synthesized cholesterol
comes from 10 2-carbon units from AcCoA, and 7 single
carbons taken from the AcCoA pool. As earlier, cholesterol
labeling is modeled as a sum of nonsynthesized cholesterol, B
(27,q), and a sum of iid. distributions defining synthesized
cholesterol [Eq. (3)]. Low probability (1) fragmentation events
leading to a loss of 2 mass units is accounted for by modeling
the cholesterol distribution as in Eq. (4). Isotopomers of the
[M—15]" fragment were included in the fitting in the event that
they overlapped with the molecular ion isotopomers.

D(q, s, p,e) = (1 —s)*B(27, q)

+sx (Z[p*B(Q, e) + (1 —p) * B(2, q)]

£ o B(L 6+ (1—p) « B(L, qn) 3)

F()‘v q, 8, p, e) =X [D(q7 S, ps B) 72}
+(1—2)xD(q, s, p, e) (4)

Small corrections were made for the possible incorporation
of '*C, *Si, and *°Si in the trimethylsilyl ether derivatization of
cholesterol.

Results

Cancer cells maintain a sterol sensitive, SCAP-dependent
lipogenic program

Brown and Goldstein delineated an elegant lipid-sensitive
model of SREBP regulation that is dependent on sterol recog-
nition by the SREBP chaperone proteins INSIG and SCAP (10).
More recently, studies have shown that activation of the PI3K/
AKT/mTOR signaling pathway also drives SREBP processing
and activity (12, 13, 16). However, it remains unclear if SREBP in
cancer cells with constitutively activated PI3K/AKT signaling
retain sterol-sensitivity and SCAP-dependency. To begin
addressing this, we cultured a panel of glioma cells, which
have heightened PI3K/AKT signaling (U87, T98G, and U251)
with 25-HC, a sterol that binds to SREBP chaperone proteins
and inhibits processing. Culturing glioma cells with 25-HC

uniformly inhibited expression of cholesterol and fatty acid
biosynthetic genes (Fig. 1A and Supplementary Fig. S1A).
Similar results were seen with breast and prostate cancer cells
(Supplementary Fig. S1A). We did observe that addition of
25-HC increased SREBP1 gene expression, likely through the
transactivation of SREBP1c isoform by the liver X receptors (7).
Nevertheless, the observation that 25-HC inhibits SREBP activ-
ity indicates that cancer cells retain sterol sensitivity.
Pharmacologic inhibition of SREBP activity with fatostatin
(24) or compound 24 (19) resulted in decreased expression of
SREBP1 and 2-target genes across an array of glioma, prostate,
and breast cancer cell lines (Fig. 1B and Supplementary Figs.
S1B and S1C and S2A). Fatostatin and compound 24 also
significantly reduced cellular growth (Supplementary Fig.
S1D and S1E). The inhibitory activity of 25-HC, fatostatin, and
compound 24 on SREBP function is dependent on SCAP
(10, 19, 24), suggesting that cancer cells maintain a require-
ment for SCAP to preserve SREBP signaling. To directly address
this, we generated U87 and U251 cells stably expressing
shRNAs targeting SREBP1, SREBP2, or SCAP. Real-time
reverse transcription PCR (qRT-PCR) and immunoblots con-
firmed that the knockdown of SCAP markedly attenuated
SREBP-target genes (Fig. 1C and Supplementary Fig. S2B-
S2E). Treatment of SCAP-deficient cells with compound 24
minimally altered SREBP-target gene expression, indicating
maximal loss of SCAP activity in these cells (Supplementary
Fig. S2F). Likewise, GSEA confirmed that the loss of SCAP
significantly impacts fatty acid and sterol metabolism and is
largely confined to those gene sets (Supplementary Table S1).
Importantly, loss of SREBP1 or SCAP markedly decreased U87
and U251 glioma cell proliferation in vitro (Fig. 1D and Sup-
plementary Fig. S3) characterized by a G, cell-cycle arrest (Fig.
1E). Taken together, these data indicate that inhibition of SCAP
negatively regulates SREBP-activity and cellular growth in
cancer cells irrespective of the heightened PI3K/AKT signaling.

Pharmacologic and genetic inhibition of SCAP
attenuates tumor growth

Next, we determined the growth potential of shSREBP1,
shSREBP2, or shSCAP U87 xenograft implanted subcutaneous-
ly. Knockdown of SREBPI1 significantly attenuated tumor
growth (Fig. 2A; P = 0.007), whereas knockdown of SREBP2
resulted in an intermediate phenotype that did not achieve
statistical significance (Fig. 2A). As expected, genetic inhibition
of SCAP had the most profound effect on U87 xenograft tumor
growth (Fig. 2B; P < 0.001). In complementary experiments, we
asked if pharmacologic inhibition of SCAP would influence
tumor growth in vivo. To that end, mice were subcutaneously
implanted with parental U87 cells and subsequently treated
with fatostatin (5 or 30 mg/kg i.p. every 3 days; ref. 24) starting 3
days after implantation and continuing every 3 days thereafter.
Treatment of mice with 30 mg/kg fatostatin significantly
reduced U87 xenograft growth (Fig 2C; P = 0.03), whereas 5
mg/kg fatostatin attenuated growth approaching statistical
significance (Fig. 2C; P = 0.06). Taken together, these studies
provide proof-of-principle evidence that pharmacologically or
genetically targeting SCAP can inhibit SREBP activity and
significantly attenuate tumor growth.

www.aacrjournals.org

Cancer Res; 73(9) May 1, 2013

Downloaded from cancerres.aacrjournals.org on May 6, 2013. © 2013 American Association for Cancer Research.

2853



2854

Published OnlineFirst February 25, 2013; DOI: 10.1158/0008-5472.CAN-13-0382-T

Williams et al.
12 @ — — I o 14 - us7
OshControl ke
0.9 1 @ shSREBP1 _—
<
us7 06 - S 121 mshscap T
[7]
§ 03 - e 7T e we T
‘« o — — rk
g o- . 8 41 .. —_—
S SREBP1 SREBP2 FASN SCD HMGCR HMGCS S e
o ®
° 0O DMSO °
2 2.8 - — & 2
5 W 25-HC
£ 24 -
*k *k dek ek 0 i
U251 1.4 —_— —

ol TN

SREBP1 SREBP2 FASN SCD

=

HMGCR HMGCS

U251

*
*
*

AL

SREBP1 SREBP2 FASN SCD1 HMGCR HMGCS

12 4 = — — —_— —
0.8 -
us7
= 04
2
2
g 0
e SREBP1 SREBP2 FASN SCD1 HMGCR HMGCS
g ODMSO
,E 15 - *hx *hx «+ [l Fatostatin
= — —
©
o

SREBP1SREBP2 FASN SCD HMGCR HMGCS

D us7
——shControl ——shControl
—atr— shSREBP1 =gr—shSCAP

10 10
&, = 8 o
3 6 6
g 4 4
c
3 2 2
o

0 0 + T |

Day 1 Day 3 Day 5 Day1 Day3 Day5
shControl shSREBP1 shSCAP
*
3
o G1=48% G1=57% G(=74%
2
=
e
>
DNA

Figure 1. Cancer cells maintain a sterol-sensitive, SCAP-dependent lipogenic program regardless of heightened PI3K/AKT signaling. A and B, SREBP and
lipogenic gene expression determined by qPCR in U87 and U251 glioma cells cultured in complete media with 1% serum and treated with 25 umol/L
25-HC (A) or 10 umol/L fatostatin (B) for 24 hours. C, SREBP and lipogenic gene expression from U87 cells stably expressing shSREBP1, shSREBP2, or
shSCAP cultured in complete media with 1% serum for 24 hours. Growth curve (D) or cell-cycle analysis (E) of U87 cells stably expressing shSREBP1,
shSREBP2, or shSCAP U87 cells cultured in complete media with 10% serum. Frequency of cells in G1 indicated in plot. Cell-cycle plots are representative

of N = 3 experiments. **, P < 0.01; ***, P < 0.001.

The SCAP/SREBP axis is not essential to maintain
cholesterol homeostasis in glioma cells

Next, we sought to define how SREBP signaling influences
cancer cell lipid composition. To that end, control, shSREBP1,
and shSCAP cells were cultured for 2 days in complete media
with 1% serum to maximize SREBP activity (Supplementary
Fig. S4A). Unexpectedly, GC-MS analysis revealed there
was no significant difference in cellular cholesterol content
between control, shSREBP1, and shSCAP cells (Fig. 3A),
despite a clear attenuation of the cholesterol biosynthetic
gene program (Fig. 1C). Determination of total cellular
cholesterol using colorimetric assays confirmed these min-
imal changes (Supplementary Fig. S4B). Similar results were
seen in SCAP knockdown U251 cells (Fig. 3A). These data
suggest that glioma cells can preserve cholesterol content
independent of SREBP activity.

Given these surprising results, we asked if SREBP signaling
was contributing to cholesterol biosynthesis in U87 cells. To
accomplish this, we used a **C isotopomer enrichment meth-
odology where cells are cultured in 50% mixture of U-'*C-
glucose for 48 hours (Fig. 3B). The contribution of de novo
cholesterol synthesis to the total pool was determined by
calculating the isotopomer abundances, followed by fitting
the data to a probabilistic model (25, 26; see Materials and
Methods and Supplementary Fig. S8 for an in-depth explana-
tion). We observed that de novo biosynthesis minimally con-
tributes (~1%) to the total cholesterol pool of control U87 cells
over a 48-hour labeling period in complete media with 10%
serum (Supplementary Fig. S4C). In contrast, placing cells in
1% serum for 48 hours resulted in a 20-fold increase in the
contribution of de novo cholesterol synthesis to the cellular
cholesterol pool (Supplementary Fig. S4C).
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on plots.

To determine the contribution of SREBP activity to choles-
terol synthesis under low lipid conditions, loss-of-function U87
cells were cultured in complete media and 1% serum contain-
ing a 50% mixture of U-"*C-glucose for 48 hours. Interestingly,

loss of SREBP1 activity decreased de novo cholesterol biosyn-
thesis approximately 3-fold (Fig. 3C), consistent with our data
that SREBP1 significantly influences the cholesterol synthetic
gene program (Fig. 1C). SCAP knockdown nearly ablated the
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Figure 3. The SCAP/SREBP signaling axis is not required to maintain cholesterol homeostasis in glioma cells. A, GC-MS determination of total cellular
cholesterol content of U87 or U251 glioma cells stably expressing shSREBP1, shSREBP2, or shSCAP as indicated cultured in complete media and 1% serum
for 48 hours. B, experimental schematic for determination of de novo lipid biosynthesis using 50% mixture of U—130—glucose. C, percentage of

cellular cholesterol derived from de novo synthesis in U87 or U251 cells stably expressing shSREBP1 or shSCAP cells as indicated and cultured in a
50% mixture of U-"3C-glucose and 1% serum for 48 hours. D, percentage of cellular cholesterol derived from de novo synthesis in U87 and U251 glioma cells
cultured in complete media and 1% serum for 48 hours. Cultures were treated with SREBP inhibitor compound 24 (25 pmol/L) or vehicle. E, total cellular
cholesterol content of U87 and U251 cells treated with compound 24 (25 umol/L) as described earlier for 48 hours. *, P < 0.05; ***, P < 0.001.
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ability of U87 cells to synthesize cholesterol (Fig. 3C), likely as a
result of inhibiting SREBP1 and SREBP2 activity. Likewise,
U-"*C-glucose flux studies conducted on U251 control and
SCAP-deficient cells revealed a similar pattern of cholesterol
synthesis (Fig. 3C). Despite the influence of SREBP and SCAP
on the ability of cells to produce cholesterol in response to low
lipid conditions, it is somewhat surprising that total cellular
cholesterol content was not grossly affected by stable SREBP
inhibition (Fig. 3A)

We were intrigued that loss of SREBP1 or SCAP did not
greatly perturb the total cholesterol content of glioma cells
and considered the possibility that these results reflected a
secondary compensation in knockdown cells. To directly
address this, we treated wild-type U87 and U251 cells with
compound 24 (19) in 50% mixture of U-"*C-glucose and 1%
serum for 48 hours. Isotopomer enrichment analysis con-
firmed that treatment of cells with compound 24 markedly
attenuates de novo cholesterol biosynthesis (Fig. 3D). None-
theless, determination of total cellular cholesterol indicated
that acute inhibition of SREBP activity in both U87 and
U251 cells does not decrease cellular cholesterol content
over a 48-hour treatment period (Fig. 3E). Thus, we con-
clude that glioma cells are capable of maintaining cellular

cholesterol homeostasis independent of significant SREBP
activity.

Saturated long-chain fatty acids are maintained in the
absence of SREBP activity

Next, we determined the influence of SREBP signaling on
cellular long-chain fatty acid composition. Counterintuitive-
ly, measurement of long-chain fatty acids revealed that SCAP
or SREBP1 knockdown U87 cells cultured in 1% serum for 48
hours showed no change in palmitate (16:0) and an increase
in total stearate (18:0; Fig. 4A). In contrast to the total long-
chain saturated fatty acids, we observed a marked decrease
in the 16:1 and 18:1 monounsaturated fatty acid pools (Fig.
4B). Similar results were seen with U251 loss-of-function
cells (Supplementary Fig. S5A). Importantly, the profound
loss of monounsaturated long-chain fatty acids (16:1, 18:1)
considerably alters the ratio of saturated to monounsatu-
rated fatty acids in cultured glioma cells (Fig. 4C and
Supplementary Fig. S5B). Treatment of WT U87 and U251
cells with compound 24 in 1% serum for 48 hours increased
total cellular palmitate (16:0) and stearate (18:0) with little
or no change in monounsaturated long-chain fatty acids
(Fig. 4D). Importantly, the resulting increase in saturated
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Figure 4. Loss of SREBP results in an increase total saturated long-chain fatty acids. A and B, analysis of total saturated (16:0 and 18:0) and monounsaturated
(16:1 and 18:1) long-chain fatty acids from U87 cells stably expressing shSREBP1 or shSCAP. Cells were cultured in complete media and 1% serum

for 48 hours. C, determination of the 16:0 to 16:1 and 18:0 to 18:1 ratios in shControl, shSREBP1, or shSCAP cells. D, determination of indicated fatty acids
from U87 cells cultured in complete media and 1% serum for 48 hours. In addition, cultures were treated with vehicle or compound 24 (10 or 25 umol/L) as
indicated. E, ratio of 16:0 to 16:1, 18:0 to 18:1 and 20:0 to 20:1 from U87 and U251 cells treated with compound 24 (25 umol/L) for 48 hours. *, P < 0.05;

**, P <0.01; ***, P < 0.001.
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long-chain fatty acids was sufficient to markedly increase
the ratio of 16:0 to 16:1, 18:0 to 18:1, and 20:0 to 20:1 in
compound 24-treated cells (Fig. 4E), largely phenocopying
our genetic models. In combination, our pharmacologic and
genetic studies indicate that inhibition of SREBP activity
perturbs long-chain fatty acid homeostasis.

SREBPs are required to maintain de novo synthesis of
monounsaturated fatty acids

Next, we conducted *C-isotopomer enrichment studies to
determine if the changes in long-chain fatty acid homeostasis
in SREBP-inhibited cells were the result of perturbed de novo
fatty acid production or from alterations in fatty acid uptake.
Surprisingly, analysis of **C enrichment indicates that loss of
SREBP minimally alters de novo synthesis of saturated long-
chain fatty acids (Fig. 5A). In contrast to saturated long-chain
fatty acids, 13C enrichment in the monounsaturated 16:1 and

18:1 pools was profoundly decreased by the loss of SREBP1 or
SCAP (Fig. 5A). Analysis of SCAP-deficient U251 cells revealed a
similar pattern of "*C enrichment in the saturated fatty acids
and a corresponding decrease in the monounsaturated pro-
ducts (Supplementary Fig. S5C). Determination of '>C enrich-
ment in palmitate and stearate revealed that pharmacologic
inhibition of SREBPs activity does significantly attenuate
saturated fatty acid biosynthesis (Fig. 5B). However, desatura-
tion of newly synthesized long-chain fatty acids was more
sensitive to pharmacologic inhibition of SREBPs (Fig. 5B).
Taken together, these results help to explain the changes in
the ratio of total saturated to unsaturated long-chain fatty
acids observed when SREBPs are genetically or pharmacolog-
ically inhibited.

In complementary experiments, we examined the total
amounts of saturated and monounsaturated fatty acids in
U87 cells ectopically expressing mSREBPla (designated
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Figure 5. SREBP activity is required to maintain de novo synthesis of monounsaturated fatty acids. A, determination of newly synthesized saturated and
monounsaturated fatty acids from U87 cells stably expressing shSREBP1 or shSCAP cultured in complete media containing a 50% mixture of U-"®C-glucose
and 1% serum for 48 hours. B, percentage of indicated fatty acids derived from de novo synthesis in U87 and U251 glioma cells cultured in complete
media containing a 50% mixture of U-®C-glucose and 1% serum for 48 hours. In addition, cultures were treated with vehicle or compound 24 (25 umol/L)
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complete media and 10% serum for 48 hours. D, the ratio of indicated fatty acids from subcutaneous shSREBP1, shSCAP, or shControl U87 xenograft
harvested on day 19 postimplantation. **, P < 0.01; ***, P < 0.001.
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mSREBP1; Supplementary Fig. S6A). Not surprisingly, we
observed that enforced SREBP1a increased the lipogenic pro-
gram resulting in a modest increase in total cellular palmitate
and stearate (Supplementary Fig. S6B). Despite the increased
production of saturated fatty acids, we found that enforced
SREBP activity more robustly increased the total 16 and 18
carbon unsaturated fatty acids species (Supplementary Fig.
S6B), such that the ratio of saturated to monounsaturated
long-chain fatty acids was significantly lower than that of
control U87 cells (Fig. 5C). Enforced expression of SREBP2
was able to alter the ratio of saturated to monounsaturated
fatty acids (Fig. 5C), albeit to a much lesser extent, indicating
that this is more likely a role of SREBP1 in cancer cells.
Next, we asked if SREBP signaling was required to maintain
long-chain fatty acid homeostasis in vivo. To that end, control
and loss-of-function U87 cells were implanted subcutaneously.
Tumors were harvested at an equivalent size and qRT-PCR
confirmed the tumors maintained significant knockdowns of
SREBP1 or SCAP (Supplementary Fig. S6C). An equivalent mass
of tumor for each genotype was used for lipid extraction and
subjected to GC-MS to determine long-chain fatty acid con-
tent. Strikingly, we observed that the ratio of 16:0/16:1 and 18:0/
18:1 was significantly perturbed in SCAP knockdown tumors
when compared with control tumors (Fig. 5D). SREBP1 knock-
down tumors had a similar alteration in ratios, but did not
achieve statistical significance (Fig. 5D). Nevertheless, these

data provide compelling evidence that SREBPs signaling is
required to preserve long-chain fatty acid homeostasis in
cancer cells both in vitro and in vivo.

Loss of SREBP signaling results in lipotoxicity

Alterations in the ratio of saturated to monounsaturated
fatty acids can decrease cellular growth via a number of
interrelated mechanisms, including perturbations in mito-
chondrial function, heightened cellular reactive oxygen spe-
cies (ROS), endoplasmic reticulum stress and apoptosis (27-
29). Analysis of mitochondrial function indicates that SCAP-
deficient cells have decreased basal oxygen consumption
rates (OCR). Sequential treatment of cells with oligomycin
(ATPase inhibitor) and FCCP (uncoupling agent) indicated
that SCAP knockdown cells have a profound defect in
mitochondrial respiratory capacity (Fig. 6A). Analysis of
SREBP1 knockdown cells revealed an intermediate pheno-
type in mitochondrial function (Fig. 6A). These observations
led us to ask if ROS homeostasis was also perturbed in
loss-of-function cells. Measurement of ROS indicated that
both SREBP1- and SCAP-deficient cells had significantly
increased ROS (Fig. 6B). Reduction of ROS by the addition
of the antioxidant N-acetylcysteine (5 mmol/L) to cultures
partially restored proliferative capacity (Supplementary Fig.
S7A and S7B; P < 0.05,), supporting a role for ROS in
negatively regulating growth in this system.
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Immunoblots revealed that U87 SREBP1 and SCAP knock-
down cells have significantly increased phospho-EIF20., pro-
viding evidence of endoplasmic reticulum stress (Fig. 6C).
However, we were unable to detect cleaved-PARP, suggesting
no effect of lipotoxicity on apoptosis in these cells (Fig. 6C). In
contrast, U251 SREBP and SCAP knockdown cells had signif-
icant levels of cleaved-PARP, but minimal p-EIF2a (Fig. 6C).
These data indicate that lipotoxicity can have distinct down-
stream effects even in closely related cell lines, and are con-
sistent with the notion that lipotoxicity can have cell type
specific effects (28, 29).

A logical prediction of our data is that replenishing knock-
down cells with monounsaturated fatty acids should alleviate
cellular dysfunction and restore growth. To test this prediction,
we cultured SCAP knockdown cells with exogenous oleate
conjugated to BSA and assessed proliferation over 48 hours.
Importantly, the addition of oleate significantly restored
growth of U87 SCAP-deficient cells without buoying control

cell growth (Fig. 6D). We also considered the possibility that
cholesterol was limiting in SCAP-deficient cells. However,
providing exogenous cholesterol (MBCD-cholesterol) did not
alter the growth of control or SCAP-deficient cells (Fig. 6E).
Taken together, these data indicate that SREBP-inhibited cells
acquire severe lipotoxicity that can be alleviated by replenish-
ing monounsaturated fatty acid pools.

Loss of SCD1 induces lipotoxicity and phenocopies loss of
SREBP1

Finally, we posited that the pleotropic effects on growth
and metabolic dysfunction observed in SREBP-inhibited cells
could potentially be attributed to loss of SCD1 activity. To test
this hypothesis, we generated stable SCD1 knockdown U87
cells. qRT-PCR confirmed loss of SCD1 with little effect on
SREBP target gene expression (Supplementary Fig. S7C).
Growth curves revealed that loss of SCD1 significantly impacts
proliferative capacity (Fig. 7A). GC-MS analysis indicates that
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of SCD1. Likewise, de novo cholesterol biosynthesis is driven by the upregulation of genes involved in the mevalonate pathway. F, when SCAP or SREBP1 are
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loss of SCD1 altered the ratio of 16:0/16:1 and 18:0/18:1 with no
change in cellular cholesterol content (Fig. 7B and Supple-
mentary S7D). Correspondingly, we observed heightened ROS
(Fig. 7C) and phosphorylation of EIF2 indicative of endoplas-
mic reticulum stress and lipotoxicity (Fig. 7C and D). Taken
together, these data support the notion that SREBPs influence
tumor growth and viability in an SCD1-dependent manner, and
highlight the requirement for coordinated regulation of fatty
acid biosynthesis with desaturase activity.

Discussion

The lipogenic program of cancer cells has emerged as an
important component of the cancer metabolic phenotype
(30). However, the molecular events underlying the tran-
scriptional control of lipid anabolism in cancer remains
poorly defined. The SREBPs have a well-established role in
the transcriptional control of lipid biosynthesis (7, 8). Thus,
we posited that SREBP1 and 2 signaling would influence
lipid anabolism and tumor growth. Consistent with this
notion, we find a strong dependence on SREBP1 activity to
maintain cancer cell proliferation and tumor growth. We
also find that SREBP2 contributes to tumor growth, but to a
lesser extent than SREBP1. Using a combination of genetic
and pharmacologic models, we also show that inhibition of
the SREBP chaperone protein SCAP provides a robust and
efficient method for antagonizing both SREBP1 and SREBP2
proteins. More significantly, our data provide an important
proof-of-concept that targeting SCAP can be a viable
approach for perturbing the cancer metabolic program and
attenuating tumor growth.

Although our studies clearly support the developing para-
digm that SREBPs are essential for cancer cell growth and
tumorigenesis (31), we were surprised to find that inhibition of
SREBP did not significantly decrease the cellular pool of
saturated fatty acids. Using isotopomer enrichment tech-
niques, we were able to trace this surprising and counterin-
tuitive result to the uncoupling of saturated fatty acid pro-
duction from desaturation. Although it has been presumed
that SREBP1 is essential for lipogenesis, our observation that
cancer cells continue to synthesize significant levels of palmi-
tate and stearate indicates that FASN activity in cancer cells
can be SREBP1 independent. In stark contrast, the A9 desa-
turation of newly synthesized long-chain fatty acids seems to
be exquisitely reliant on SREBP activity. Thus, our data suggest
that SREBP1 signaling is essential to ensure coordination
between de novo fatty acid synthesis and desaturation, rather
than general fatty acid anabolism. The result of uncoupling
FASN and SCD1 activity via inhibition of SREBPs in tumor cells
is the aberrant accumulation of newly synthesized saturated
fatty acids (e.g., palmitate and stearate). This accumulation
results in a dramatic alteration in the ratio of saturated to
monounsaturated fatty acids (see model-Fig. 7E) and ensuing
cellular dysfunction, or lipotoxicity. On the basis of the results
of our studies, we would hypothesize that the difference
between a tumor's long-chain fatty acid synthetic rate and its
A9 desaturase activity may serve as an important stratification
method for identifying tumors susceptible to SREBP or SCD
inhibitors.

As to why perturbations in the ratio of saturated to unsat-
urated long-chain fatty acids have such a profound effect on
cellular growth or survival remains poorly understood. One
potential explanation is that the aberrant synthesis of satu-
rated fatty acids perturbs the composition of newly synthe-
sized phospholipids in the endoplasmic reticulum bilayer.
Incorporation of phospholipids with an excess of saturated
fatty acid moieties would result in significant changes to the
biophysical properties of the newly synthesized membranes in
the endoplasmic reticulum. Altering endoplasmic reticulum
membrane function could initiate an endoplasmic reticulum
stress response by engaging components of the unfolded
protein response (UPR; ref. 32). As such, the fatty acid synthetic
program of a cancer cell directly links phospholipid homeo-
stasis with protein synthesis, and consequently impacts the
assembly or function of cellular organelles and the plasma
membrane. A second interrelated component of lipotoxicity
is the excessive production of ceramide, a bioactive lipid
molecule implicated in an array of cellular processes including
apoptosis (33). Ceramide is enzymatically produced in the
endoplasmic reticulum through a series of steps initiated via
the condensation of palmiate and serine by serine-palmitoyl
transferase. Finally, mitochondrial dysfunction and excessive
ROS production feed into endoplasmic reticulum stress and
apoptotic pathways (28, 29). For reasons that remain unclear,
responses to lipotoxicity are cell type specific. Thus, the
response of cancers to aberrant lipid accumulation will likely
be heterogeneous and we provide evidence that two distinct
glioma lines have disparate responses to loss of monounsat-
urated fatty acids.

We were also quite surprised to find that loss of SREBP
activity did not greatly alter cellular cholesterol content.
Analysis of '*C isotope enrichment in cholesterol revealed that
glioma cells synthesize little of their total cellular cholesterol
when lipid is freely available in the serum. Moving cells into low
lipid conditions resulted in a significant upregulation of de
novo cholesterol biosynthesis, confirming that glioma cells can
retain a lipid responsive metabolic program. Determination of
3C isotope enrichment in the cholesterol compartment of
SREBP loss-of-function cells showed that the upregulation in
cholesterol biosynthesis is SREBP-dependent. Nevertheless,
mass spectrometry studies indicate that SREBP-inhibited
glioma cells are able to maintain cellular cholesterol homeo-
stasis, indicating strong compensatory mechanisms for the
loss in synthetic capacity. We hypothesize that heightened
scavenging likely plays a dominant role in this process,
although we cannot rule out other compensatory mechanisms
such as decreased cholesterol export.

Importantly, these studies help to explain why pharmaco-
logic inhibition of the mevalonate (or de novo synthetic)
pathway with statins has been met with variable success
(34). The capacity of glioma cells to maintain homeostasis
without SREBP suggests that targeting cholesterol-scavenging
pathways would be a far more efficient approach to depriving
cells of cholesterol. In support of this notion, recent work by
Guo and colleagues showed a critical role for low-density
lipoprotein (LDL) receptor mediated uptake of lipoproteins
in the preservation of cholesterol homeostasis and tumor
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growth. In these studies, activation of the liver X receptor drove
expression of the E3 ligase IDOL resulting in degradation of
LDLR and reduced tumor growth (35). Our isotopomer studies
indicating that cholesterol scavenging is the dominant method
in achieving required cholesterol content provide a mechanis-
tic explanation as to why perturbations in lipoprotein scav-
enging would be so critical for glioma tumor growth and
survival.

In conclusion, the data presented herein reveal an unex-
pected requirement for SREBP signaling in protecting cancer
cells from aberrant accumulation of saturated fatty acids and
lipotoxicity. Moreover, these studies provide proof-of-principle
evidence that targeting SREBP regulatory proteins, such as the
SREBP chaperone protein SCAP, could provide a viable ther-
apeutic approach for the regulation of SREBP activity in
tumors. Finally, our studies raise the intriguing possibility that
infusions of '*C glucose into tumor bearing patients followed
by biopsy and mass spectrometry could provide an important
opportunity to identify lipid metabolic vulnerabilities that
could be therapeutically exploited.
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