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Sterol regulatory element binding protein (SREBP) is a major transcriptional regulator of the enzymes underlying de novo lipid
synthesis. However, little is known about the SREBP-mediated control of processes that indirectly support lipogenesis, for in-
stance, by supplying reducing power in the form of NAPDH or directing carbon flux into lipid precursors. Here, we characterize
isocitrate dehydrogenase 1 (IDH1) as a transcriptional target of SREBP across a spectrum of cancer cell lines and human cancers.
IDH1 promotes the synthesis of lipids specifically from glutamine-derived carbons. Neomorphic mutations in IDH1 occur fre-
quently in certain cancers, leading to the production of the oncometabolite 2-hydroxyglutarate (2-HG). We found that SREBP
induces the expression of oncogenic IDH1 and influences 2-HG production from glucose. Treatment of cells with 25-hydroxy-
cholesterol or statins, which respectively inhibit or activate SREBP, further supports SREBP-mediated regulation of IDH1 and,
in cells with oncogenic IDH1, carbon flux into 2-HG.

The sterol regulatory element (SRE) binding protein (SREBP)
family of transcription factors is activated by sterol depletion,

growth factor signaling pathways, and oncogenes to induce the
expression of genes encoding the major enzymes of de novo lipid
synthesis (1–5). In sterol-replete conditions, inactive SREBP is
held in the endoplasmic reticulum (ER). Upon sterol depletion,
SREBP traffics from the ER to the Golgi apparatus, where it is
proteolytically processed, leading to the release of a mature, active
SREBP transcription factor (6, 7). The mature SREBP then trans-
locates to the nucleus and binds SRE-containing gene promoters
to induce transcription. The three SREBP isoforms are produced
from two different genes: SREBF1, which encodes SREBP1a and
SREBP1c, and SREBF2, which encodes SREBP2. Although studies
of isoform-specific functions of the SREBPs in the liver have
pointed to a role for SREBP1c in fatty acid and triglyceride syn-
thesis and SREBP2 in cholesterol synthesis (8), SREBP targets ap-
pear to be more redundantly regulated in other settings (see, for
example, references 3 and 4).

The transcriptional activation of de novo lipid synthesis genes
by SREBP is well studied, but less is known about the regulation of
auxiliary genes that indirectly support lipogenesis by providing
NADPH or directing carbon flux into lipids (8). Overexpression
of mature, active SREBP in the liver of mice increases the tran-
scription of genes encoding glucose-6-phosphate dehydrogenase,
6-phosphogluconate dehydrogenase, and malic enzyme 1, which
are all major sources of NADPH production (9, 10). Similarly,
mature SREBP increases the expression of acetyl coenzyme A
(acetyl-CoA) synthetase (ACSS2) and ATP-citrate lyase (ACLY),
as well as the mitochondrial citrate transporter (SLC25A1), which
facilitate the flux of carbons into lipids from acetate and citrate,
respectively (11–14). Isocitrate dehydrogenase 1 (IDH1) is an-
other enzyme that can support lipogenesis either through
NADPH production or, through reductive carboxylation, facili-
tating the flux of carbon to lipids (15–17). The IDH1 promoter has
an identifiable consensus SRE, and a previous study using in vitro
electrophoretic mobility shift and reporter assays found that
SREBP could bind directly to this sequence (18). However, the

extent to which SREBP regulates IDH1 gene expression and the
downstream consequences were not determined.

IDH1 catalyzes the reversible NADPH-dependent decarboxyl-
ation of cytosolic isocitrate to �-ketoglutarate (�-KG or oxoglu-
tarate). This reaction is also carried out by IDH2 and IDH3 in the
mitochondrial matrix as part of the tricarboxylic acid (TCA) cycle.
Unlike IDH3, IDH1 and IDH2 can catalyze the reductive carbox-
ylation of �-KG to isocitrate (16, 17, 19, 20). By bypassing the
oxidative TCA cycle, reductive carboxylation creates a more direct
flux of glutamine-derived carbons to produce the cytosolic acetyl-
CoA required for de novo lipogenesis. In addition, IDH1 and IDH2
are oncogenes that are frequently mutated in low grade gliomas
and leukemias, respectively (21, 22). The oncogenic mutations
primarily affect the same catalytic arginine residue in IDH1
(R132) and IDH2 (R172) and are neomorphic in nature. Onco-
genic IDH1 and IDH2 lose the ability to produce isocitrate and
convert �-KG to 2-hydroxyglutarate (2-HG), the levels of which
are greatly elevated in the tumors and plasma of patients harbor-
ing these mutations (23, 24). 2-HG is an oncometabolite closely
resembling �-KG and therefore inhibits �-KG-dependent en-
zymes, which promote tumor development through epigenetic
changes influencing cellular differentiation (25–27). Here, we
present evidence for the transcriptional activation of IDH1 by
SREBP in both wild-type and mutant IDH1 cells and human can-
cers and report on the metabolic effects of this regulation.
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MATERIALS AND METHODS
Cell culture. Human cell lines derived from different cancer lineages (de-
noted) were obtained from the American Type Culture Collection
(ATCC). 786-O (renal cell adenocarcinoma), A375 (melanoma), HepG2
(hepatocellular carcinoma), HT1080 (fibrosarcoma), PC3 (prostate ade-
nocarcinoma), SKMEL28 (melanoma), SW1353 (chondrosarcoma),
U2OS (osteosarcoma), and U87MG (glioblastoma) cells were cultured in
Dulbecco modified Eagle medium (DMEM; CellGro), whereas HCT116
(colorectal carcinoma) and MDA-MB-468 (breast adenocarcinoma) cells
were cultured in RPMI 1640, both supplemented with 10% fetal bovine
serum (FBS), at 37°C and 5% CO2. The isogenic IDH1�/� and
IDH1R132C/� HCT116 cell lines were obtained from Horizon Discovery
(HD 104-021 and HD PAR-073). Lipid-deficient FBS was made by mixing
FBS with 20 mg/ml fumed silica (S5130; Sigma) for 3 h before removing
the silica by centrifugation at 1,717 � g for 15 min. The cells were cultured
in 10% lipid-deficient FBS for the duration of each experiment, or starting
24 h after small interfering RNA (siRNA) transfection for knockdown
experiments. All siRNA experiments used ON-TARGETplus SMARTpool
siRNAs (30 nM; GE/Dharmacon) targeting human SREBF1 (L-006891-
00), SREBF2 (L-009549-00), or IDH1 (L-008294-01) for reverse transfec-
tion into cells using Lipofectamine RNAiMAX (Invitrogen), according to
the manufacturer’s instructions. 25-Hydroxycholesterol (H1015), Atorv-
astatin (PZ0001), and Simvastatin (S6196) were purchased from Sigma.

Immunoblotting. Cells were lysed in ice-cold NP-40 buffer (40 mM
HEPES [pH 7.4], 400 mM NaCl, 1 mM EDTA [pH 8.0], 1% NP-40 [CA-
630; Sigma], 5% glycerol, 10 mM pyrophosphate, 10 mM �-glycerophos-
phate, 50 mM NaF, 0.5 mM orthovanadate) containing protease inhibitor
cocktail (P8340; Sigma) and 1 mM dithiothreitol. The following antibod-
ies were used for detection of proteins transferred to nitrocellulose mem-
branes after SDS-PAGE: actin (A5316; Sigma), FASN (3180; Cell Signal-
ing Technologies [CST]), IDH1 (8137; CST), IDH2 (ab55271; Abcam),
SCD (2438; CST), SREBP1 (sc-8984; Santa Cruz), and SREBP2 (557037;
BD Biosciences). SREBP blots are of the full-length precursor (P), unless
indicated otherwise as the mature active form (M).

mRNA expression analysis. Complementary DNA was synthesized
with the Superscript III first-strand synthesis system (Invitrogen) from
RNA isolated using an RNeasy minikit (Qiagen). SYBR green (Applied
Biosystems) was used for quantitative reverse transcription-PCR (qRT-
PCR) using an Applied Biosystems 7300 real-time PCR system. Each sam-
ple was run in technical triplicates and normalized to RPLP0 expression.
The following forward (F) and reverse (R) primer sequences were used:
RPLP0 (F, 5=-CAGATTGGCTACCCAACTGTT-3=; R, 5=-GGGAAGGTG
TAATCCGTCTCC-3=), FASN (F, 5=-AAGGACCTGTCTAGGTTTGAT
GC-3=; R, 5=-TGGCTTCATAGGTGACTTCCA-3=), IDH1 (F, 5=-ATAAT
GTTGGCGTCAAATGTGC-3=; R, 5=-CTTGAACTCCTCAACCCTC
TTC-3=), IDH2 (F, 5=-CGCCACTATGCCGACAAAAG-3=; R, 5=-ACTGC
CAGATAATACGGGTCA-3=), LDLR (F 5=-TCTGCAACATGGCTAGAG
ACT-3=; R, 5=-TCCAAGCATTCGTTGGTCCC-3=), SCD (F, 5=-CCCAG
CTGTCAAAGAGAAGG-3=; R, 5=-CAAGAAAGTGGCAACGAACA-3=),
SREBF1 (F, 5=-TGCATTTTCTGACACGCTTC-3=; R, 5=-CCAAGCTGTA
CAGGCTCTCC-3=), and SREBF2 (F, 5=-TG GCTTCTCTCCCTACT
CCA-3=; R, 5=-GAGAGGCACAGGAAGGTGAG-3=).

De novo lipid synthesis. Cells were cultured in low glucose (1 mM)
DMEM containing 10% lipid-deficient FBS and glutamine (4 mM) with
medium changes every 12 h for 48 h prior to the extraction of lipids
with 2:1 chloroform-methanol using the Folch method, as described
previously (3, 28). Cells were labeled for the final 4 h with 5 �Ci/ml
[1-14C]acetate (NEC084H001MC; Perkin-Elmer) or [U-14C]glucose
(NEC042V250UC; Perkin-Elmer). Cells labeled with [U-14C]glutamine
(NEC451050UC; Perkin-Elmer) were cultured similarly but in the ab-
sence of cold glutamine during the 4-h labeling. Under all three labeling
conditions, the culture medium was changed to fresh radioisotope-con-
taining media 4 h prior to lipid extraction. Extracted 14C-labeled lipids
were quantified from biological duplicates using a LS6500 scintillation

counter (Beckman Coulter) and normalized to protein concentration.
Data shown are the composite of two independent experiments.

Analysis of TCGA data. TCGA gene expression data from the breast
carcinoma (n � 1,100), prostate adenocarcinoma (n � 498), colorectal
adenocarcinoma (n � 382), hepatocellular carcinoma (n � 373), lung
adenocarcinoma (n � 517), cutaneous melanoma (n � 471), and lower-
grade glioma (n � 530) data sets were downloaded from cBioPortal (29–
36). Mutation data from TCGA was used to identify samples in the lower
grade glioma data set with oncogenic mutations in IDH1 (n � 221). The
SREBP gene signature was calculated using a cumulative average gene
expression of ACACA, FASN, HMGCR, HMGCS1, and LDLR. Samples
that were greater than or less than one standard deviation from the mean
were considered “high” or “low,” respectively. The average RNA expres-
sion for IDH1, SCD, or IDH2 was calculated for samples in each category.

13C tracer metabolomics. Prior to incubation with 13C tracers, cells
were cultured in 10-cm dishes for 48 h under the same conditions de-
scribed for the de novo lipid synthesis assay. For [U-13C]glucose tracing
experiments, cells were washed with PBS prior to incubation for 20 min or
24 h, as indicated, in medium containing 4 mM [U-13C]glucose (CLM-
1396-1; Cambridge Isotope Laboratories). Intracellular metabolites were
extracted with �80°C methanol (80%) as described previously (37, 38).
Briefly, cells were harvested from culture dishes after incubation with 80%
methanol on dry ice for 20 min. Three extractions were performed in
ice-cold 80% methanol, and the supernatants were pooled after each cen-
trifugation. For [U-13C]glutamine tracing experiments, cells were washed
with PBS prior to incubation for 2 h (an incubation time found to maxi-
mize acetyl-CoA labeling in a pilot experiment [data not shown]) in
DMEM containing 10% lipid-deficient FBS, 1 mM glucose, and 4 mM
[U-13C]glutamine (CLM-1822-H; Cambridge Isotope Laboratories). In-
tracellular metabolites were extracted using a previously described
method (39) that was modified for adherent mammalian cell culture.
Plates of cells were washed briefly with ice-cold saline (0.9% NaCl in
water) and extracted with 3.5 ml of ice-cold 10% trichloroacetic acid in
water on ice. Cells were then scraped into Eppendorf tubes, vortexed for
30 s, and centrifuged at 20,000 � g for 10 min at 4°C. Solid-phase, reverse-
phase extraction columns (3 ml) were conditioned with 2 ml of high-
pressure liquid chromatography (HPLC)-grade methanol and equili-
brated with 2 ml of HPLC-grade water at room temperature. Sample
supernatants were passed over these prepared cartridges using gravity
flow. After complete flowthrough of the samples, the cartridges were
washed once with 1 ml of water and eluted with two sequential applica-
tions of 0.6 ml of methanol containing 0.2% ammonium acetate into
50-ml tubes on ice. Collected supernatants or eluates were dried at room
temperature in 50-ml tubes under a steady stream of nitrogen gas (N-
EVAP; Organomation Associates, Inc.).

For liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analyses, dried pellets were resuspended in 15 to 20 �l of water just prior
to injection of 5 �l into a 5500 QTRAP hybrid triple-quadrupole mass
spectrometer (AB/SCIEX), with selected reaction monitoring (SRM) and
polarity switching between positive and negative modes, coupled to a
Prominence UFLC HPLC system (Shimadzu) with Amide XBridge HILIC
chromatography (Waters). The peak area from the total ion current for
each metabolite SRM transition was integrated using MultiQuant v2.1
software (AB/SCIEX). SRMs were created to detect native metabolites or
the incorporation of 13C from glucose into 2-HG, citrate, and isocitrate
and the incorporation of 13C from glutamine into acetyl-CoA using tar-
geted LC-MS/MS (2-HG [M�0]: Q1 � 147.1, Q3 � 128.7, collision en-
ergy � �17; 13C2-2-HG [M�2]: Q1 � 149.1, Q3 � 130.7, collision en-
ergy � �17; citrate [M�0]: Q1 � 191.05, Q3 � 87, collision energy �
�20; 13C2-citrate [M�2]: Q1 � 193.05, Q3 � 89, collision energy � �20;
isocitrate [M�0]: Q1 � 191.02, Q3 � 117, collision energy � �17; 13C2-
isocitrate [M�2]: Q1 � 193.02, Q3 � 119, collision energy � �17; acetyl-
CoA [M�0]: Q1 � 810, Q3 � 303, collision energy � �28; 13C2-acetyl-
CoA [M�2]: Q1 � 812, Q3 � 305, collision energy � �28). The percent
fractional abundance was calculated by dividing the peak area of the la-
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FIG 1 SREBP1/2 depletion decreases IDH1 transcript expression in a panel of cancer cell lines. RNA isolated from cell lines 48 h posttransfection with
nontargeting siRNAs or siRNAs targeting SREBP1, SREBP2, or both was used for qRT-PCR. (A) Transcript levels for SCD, LDLR, SREBF1, and SREBF2 after
SREBP1/2 knockdown. (B) Transcript levels for IDH1 and IDH2 after SREBP1/2 knockdown. Transcript data are shown as means 	 the SEM relative to cells
transfected with nontargeting siRNAs (�) (n � 2; *, P 
 0.05).
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beled M�2 form by the sum of all detectable and distinguishable labeled
and unlabeled forms of that metabolite (2-HG: M�0, M�1, and M�2;
citrate: M�0, M�1, M�2, M�3, M�4, and M�5; isocitrate: M�0,
M�1, and M�2; acetyl-CoA: M�0 and M�2).

Statistical analysis. All data were analyzed with GraphPad Prism and
are shown as means 	 the standard errors of the mean (SEM). P values for
qRT-PCR were calculated by one-way analysis of variance with a Tukey
HSD post hoc test. The significance for all other experiments was calcu-
lated by using an unpaired two-tailed Student t test. In both cases, signif-
icance was reached if P was �0.05. The number of independent experi-
ments (n) is provided in each figure legend, and composite data from
these experiments are graphically presented, unless otherwise noted.

RESULTS
IDH1 expression is regulated by SREBP. To determine whether
SREBP regulates IDH1, a panel of 10 cancer cell lines from distinct
cancer lineages was cultured in lipid-deficient media to facilitate
activation of SREBP, and the effects of siRNA-mediated depletion
of SREBP1, SREBP2, or both on gene expression were measured.
The transcripts for canonical SREBP targets, SCD and LDLR, were
significantly decreased upon SREBP isoform depletion in the ma-
jority of cell lines, with the relative contributions from SREBP1
and -2 varying between cell lines and the most pronounced de-

creases arising from knockdown of both isoforms (Fig. 1A). As we
have found in other cancer cells (3), SREBP2 depletion signifi-
cantly decreases expression of SREBP1 in a subset of cell lines
(Fig. 1A and 2), an observation consistent with the existence of
SREs in the promoter of the SREBF1 gene and cross regulation
between these transcription factors (40). SCD expression was sig-
nificantly decreased by SREBP-depletion in 9 of the 10 cell lines,
whereas LDLR expression was significantly decreased in only 6 of
the 10 lines. Consistent with IDH1 being a shared target of
SREBP1 and -2 in these settings, transcript levels of IDH1 were
significantly decreased by the combined knockdown of SREBP
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isoforms in 7 of the 10 cell lines tested (Fig. 1B). However, IDH2
expression was not affected by SREBP depletion in any of these cell
lines. Corresponding to these transcriptional changes were de-
creases in the protein level of IDH1 but not IDH2 following
SREBP knockdown (Fig. 2). Compared to the SCD protein, which
turns over rapidly, the effects of SREBP depletion on IDH1 pro-
tein levels were more modest but at least as pronounced as the
canonical SREBP target fatty acid synthase (FASN), which is very
stable (41). Consistently, the few cell lines that did not show effects
of SREBP knockdown on IDH1 transcript levels (Fig. 1B) also did
not show decreases in IDH1 protein (Fig. 2) (e.g., MDA-468 and
A375).

To assess whether IDH1 expression is associated with SREBP
activation in human cancers, we analyzed publicly available gene
expression data from six different cancer lineages (breast, pros-
tate, colorectal, hepatocellular, lung, and melanoma) through The
Cancer Genome Atlas (TCGA) (32–36). For these analyses, we
used an SREBP gene signature based on five well-established
SREBP1/2 gene targets (ACACA, FASN, HMGCR, HMGCS1, and
LDLR). In five of the six cancer settings, tumors with high mRNA
levels of canonical SREBP targets had significantly elevated ex-
pression of IDH1, as well as the established SREBP target SCD,
relative to those with low expression of canonical SREBP targets
(Fig. 3). However, IDH2 mRNA levels did not correlate with those
of SREBP targets. These collective data are consistent with IDH1
being a transcriptional target of SREBP in the majority of cancer
cell lines and human tumors.

SREBP and IDH1 facilitate carbon flow from glutamine to
lipids. We hypothesized that IDH1, as a downstream target of
SREBP, might contribute to de novo lipid synthesis from different
carbon sources. Cells can produce the cytosolic acetyl-CoA re-
quired for lipid synthesis using carbons from exogenous glucose,
glutamine, or acetate, among others (Fig. 4A). We compared the
effects of siRNA-mediated depletion of SREBP1/2 or IDH1 on de
novo lipogenesis from these carbon sources by labeling U87MG
and U2OS cells with [14C]acetate, [14C]glucose, or [14C]glu-
tamine. As expected, SREBP knockdown significantly decreased
incorporation of 14C from all three carbon sources into lipids,
with the most pronounced effects on acetate and glutamine label-
ing (Fig. 4B and C). However, IDH1 knockdown only decreased
the incorporation of [14C]glutamine into lipids, without decreas-
ing lipid synthesis from acetate or glucose. Interestingly, [14C]g-
lucose-derived lipids were elevated by IDH1 depletion in the
U87MG cells, suggesting possible compensation due to decreased
flux from glutamine (Fig. 4B). Stable isotope tracing with
[13C]glutamine further demonstrated a role for IDH1 in glu-
tamine flux into acetyl-CoA (Fig. 4D), the essential precursor for
de novo lipid synthesis. These data suggest that IDH1 is regulated
by SREBP, at least in part, due to its role in facilitating carbon flux
from glutamine into lipid.

The SREBP-regulating compounds 25-hydroxycholesterol
and statins exert reciprocal effects on IDH1 expression. Since
SREBP processing and activity are strongly affected by sterol
abundance in cells, we tested the effects of exogenous cholesterol
and inhibitors of cholesterol synthesis (i.e., statins) on IDH1 ex-
pression (Fig. 5A). 25-Hydroxycholesterol (25-HC) potently in-
hibits SREBP processing, while statins activate SREBP by reducing
intracellular cholesterol through inhibition of 3-hydroxy-3-meth-
ylglutaryl (HMG)-CoA reductase (HMGCR), a key enzyme in the
sterol synthesis pathway (42). Culturing three distinct cell lines

(U87MG, U2OS, and HCT116) in the presence of 25-HC for 2
days suppressed the expression of the canonical SREBP targets
SCD and LDLR (Fig. 5B), a finding consistent with the inhibition
of SREBP processing (Fig. 5C). Importantly, 25-HC also sup-
pressed the expression of IDH1 transcripts, without any effects on
IDH2 expression (Fig. 5B). A time course study of 25-HC treat-
ment demonstrated that protein levels of IDH1 but not IDH2
were substantially reduced by 2 to 3 days, similar to FASN in these
cell lines (Fig. 5C). While the U87MG cells failed to respond to
statins for effects on SREBP (data not shown), treatment of U2OS
and HCT116 cells with either atorvastatin (Fig. 5D) or simvastatin
(Fig. 5E) induced SREBP processing (Fig. 5F) and increased ex-
pression of SCD and LDLR. Likewise, IDH1 transcript levels were
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modestly increased by both statins (Fig. 5D and E). This effect was
also reflected in increased IDH1 protein abundance starting 24 h
after statin treatment (Fig. 5F), with atorvastatin more potently
inducing increases in both IDH1 and SCD. As seen with 25-HC,
neither IDH2 transcript nor protein levels were affected by statin
treatment. These findings support the siRNA-depletion data
above and further establish a role for SREBP in promoting IDH1
expression.

SREBP regulates oncogenic IDH1. We next wanted to deter-
mine whether SREBP also influenced expression of the IDH1 on-
cogene. Given that IDH1 mutations occur in more than 70% of
low-grade glioma, we analyzed publicly available data to deter-
mine whether IDH1 expression correlates with an SREBP activa-
tion gene signature in these tumors (31, 43). Consistent with data

from other cancers (Fig. 3), low-grade glioma samples with high
mRNA levels of canonical SREBP targets had significantly higher
IDH1 and SCD expression relative to those with low expression of
SREBP targets (Fig. 6A). Importantly, this association was also
observed when analyzing only those low-grade glioma samples
with known IDH1 mutations (Fig. 6B). In both analyses, IDH2
mRNA levels did not correlate with levels of SREBP targets. These
data suggest that the activation state of SREBP might influence
expression of the IDH1 oncogene.

Established glioma cell lines with IDH1 mutations are not
readily available. Therefore, to address whether SREBP can influ-
ence the expression of oncogenic IDH1, we used both a fibrosar-
coma-derived cell line with a naturally occurring IDH1R132C mu-
tation (HT1080) and an engineered HCT116 line with a knockin
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of the same mutation. As observed in wild-type IDH1 cells, SREBP
depletion decreased SCD and LDLR transcript levels, with the
strongest effect resulting from the combined SREBP1/2 double
knockdown (Fig. 7A). IDH1 transcript levels were also decreased
by SREBP knockdown in these lines (Fig. 7B). Consistent with
these mRNA changes, SREBP1/2 knockdown decreased IDH1 and
SCD protein levels and, to a lesser extent, FASN levels (Fig. 7C).
The effects of SREBP depletion on the protein levels of these
SREBP targets were more modest in the engineered HCT116-
IDH1R132C/� line. IDH2 transcript and protein levels were un-
changed in the HCT116-IDH1R132C/� cells and were significantly

increased, rather than decreased, by SREBP1 knockdown in the
HT1080 cells (Fig. 7B and C).

To determine whether regulation of SREBP activation by ste-
rols was also able to affect IDH1 expression in IDH1 mutant cells,
HT1080 and HCT116-IDH1R132C/� cells were cultured in the
presence of 25-HC or statins for 2 days. As expected, SCD and
LDLR mRNA expression were decreased by 25-HC treatment
(Fig. 8A). IDH1 expression was likewise decreased by 25-HC,
while IDH2 expression remained unchanged. As in other cellular
settings (Fig. 5), blocking SREBP processing with 25-HC de-
creased SCD protein levels by 24 h, whereas a decrease in FASN
protein was only detectable after 2 or 3 days (Fig. 8B). 25-HC
decreased IDH1 protein levels after 1 day, with a more substantial
decrease by 2 or 3 days, without effects on IDH2. Conversely,
statin-mediated promotion of SREBP activation increased IDH1
transcript levels, as well as SCD and LDLR, in the IDH1 mutant
cell lines treated with either atorvastatin (Fig. 8C) or simvastatin
(Fig. 8D). Immunoblots confirmed that statin treatment in-
creased SREBP processing and SCD protein levels in both cell
lines, but FASN protein levels were only increased in the statin-
treated HT1080 cells and not the HCT116-IDH1R132C/� cells (Fig.
8E). Similarly, IDH1 protein levels were increased in both cell
lines after 1 day of treatment with statins, with more pronounced
changes in the HT1080 cells. Collectively, these data indicate that
SREBP can promote IDH1 expression in cells with both wild-type
and oncogenic IDH1.

Since the IDH1R132C mutant produces the oncometabolite
2-HG and SREBP can regulate the expression of this oncogene, we
tested whether SREBP could affect 2-HG production in IDH1-
mutant cells. We depleted SREBP1/2 or IDH1 using siRNAs in the
IDH1-mutant HT1080 and HCT116 cells (Fig. 9A). To detect
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changes in 2-HG production, we used stable-isotope tracer anal-
ysis to measure incorporation of carbon from [U-13C]glucose into
2-HG (Fig. 9B). 2-HG derived from the labeled glucose contains
two additional atomic mass units (or daltons), which can be mea-
sured and distinguished from unlabeled 2-HG by LC-MS/MS. As
confirmation that this approach is measuring cellular oncogenic
IDH1 activity, the relative levels and fractional abundance of 13C-
labeled (M�2), as well as unlabeled (M�0), 2-HG were signifi-
cantly decreased by IDH1 knockdown in HT1080 cells (Fig. 9C).
Furthermore, 13C tracing into 2-HG was nearly 30-fold higher in
the HCT116-IDH1R132C/� cells than in their isogenic wild-type
counterparts, and IDH1 knockdown decreased this labeling (Fig.
9D). In HT1080 cells depleted of SREBP1/2, [13C]glucose labeling
revealed a significant decrease in levels and fractional abundance
of 13C-labeled (M�2) 2-HG relative to control knockdowns (Fig.
9C). In HCT116-IDH1R132C/� cells, SREBP1/2 knockdown re-
sulted in a more modest decrease in 2-HG (M�2) labeling and
fractional abundance (Fig. 9D). The degree of decrease in 2-HG
labeling measured in these experiments was proportional to IDH1
protein levels, which are much more strongly reduced by knock-

down of IDH1 than SREBP1/2 (Fig. 9A). Importantly, the effects
of SREBP depletion on glucose-derived 2-HG was not due to de-
fects in glucose flux into the TCA cycle, as labeling of citrate and
isocitrate was either unchanged or increased upon SREBP knock-
down in these two cell lines (Fig. 9C and D). These data suggest
that the SREBP-mediated regulation of oncogenic IDH1 can in-
fluence its production of 2-HG.

It is worth noting that steady state, unlabeled levels of 2-HG
were unaffected by SREBP depletion in these experiments (Fig. 9C
and D). IDH1 knockdown also had a less-pronounced effect on
the total pool of unlabeled 2-HG in these cells compared to that
produced from the labeled substrate. This effect is likely due to
the fact that the steady-state levels of 2-HG reflect not just
IDH1-mediated synthesis but also the turnover and release into
the extracellular media of this metabolite. Consistent with a
lack of effects on steady-state 2-HG upon SREBP knockdown,
we also did not detect reproducible changes in labeled 2-HG in
24-hour labeling experiments, with one experiment showing a
modest decrease in labeling and fractional abundance and the
other showing no change (Fig. 9E). IDH1 knockdown gave a
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modest but significant decrease in fractional abundance in
both experiments.

To test whether regulation of SREBP processing by sterols,
which influences the expression of oncogenic IDH1 (Fig. 8), can
affect 2-HG production, we cultured HT1080 cells in the presence
of 25-HC or atorvastatin for 2 days, to respectively inhibit or ac-
tivate SREBP, and measured incorporation of labeled carbon from
[U-13C]glucose into 2-HG. Treatment with 25-HC significantly
decreased the flux of glucose into 2-HG, whereas atorvastatin
treatment significantly increased it (Fig. 10A). The unlabeled pool
of 2-HG was significantly increased by atorvastatin treatment but
was unaffected by 25-HC treatment. The 25-HC-induced de-
crease in 2-HG labeling was not due to decreased flux of glucose
into the TCA cycle intermediates citrate or isocitrate, which were
increased in M�2 labeling. However, atorvastatin increased glu-
cose flux into these intermediates, similar to its effects on 2-HG.
This finding raises the possibility that this effect of atorvastatin,
together with its induction of oncogenic IDH1 expression (Fig. 8),
contributes to its promotion of 2-HG production. These data lend
further support for the activation state of SREBP influencing
2-HG production from glucose in cells with oncogenic IDH1 mu-
tations.

DISCUSSION

The SREBP transcription factors have emerged as major drivers of
lipid synthesis in the liver and in cancer (3, 8, 44, 45). Since de novo
lipogenesis consumes large quantities of carbon and reducing
power in the form of NADPH, cells must adapt their metabolism
to provide the necessary substrates. However, little is known about
how SREBP coordinates its regulation of lipogenic genes with
these auxiliary support processes. In the present study, we dem-
onstrate that SREBP activates IDH1 expression in a variety of cell
settings. We show that IDH1 supports de novo lipogenesis by fa-
cilitating the flow of carbons from glutamine to lipids (Fig. 10B).
Furthermore, we reveal that, in IDH1 mutant cells, SREBP can
activate expression of oncogenic IDH1 and regulate the produc-
tion of the oncometabolite 2-HG.

SREBP appears to regulate IDH1 expression in a contextual
manner, suggesting that other transcription factors are also im-
pinging on its regulation in some settings. Consistent with our
findings, a review of supplemental data from a transgenic mouse
study of SREBP targets in the liver reveals that IDH1 expression
was increased by active versions of either SREBP1 or SREBP2 and
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was decreased in livers lacking SCAP, which is required for SREBP
activation (13). The transcription factors CHOP and C/EBP�
have been proposed to activate IDH1 expression in response to ER
stress, although neither affected basal IDH1 expression (46). An-
other study found that the forkhead box O (FOXO) family tran-
scription factors can directly regulate IDH1 expression in certain
settings, including the HT1080 cells used in the present study (47).
In addition to intracellular sterol levels, reported here, the differ-
ential regulation of IDH1 expression is likely to be dictated by the
status of upstream signaling networks in a given setting, since
SREBP and FOXO family members are generally activated at op-
posing times due to their reciprocal regulation by the PI3K-Akt
pathway.

The transcriptional control of IDH1 by SREBP is consistent
with the central role of SREBP in controlling the expression of
enzymes directly and indirectly involved in de novo lipogenesis.
Under optimal growth conditions, a high ratio of citrate to �-ke-
toglutarate drives the IDH1 reaction toward production of
NADPH (48, 49). However, under conditions of hypoxia or mi-

tochondrial dysfunction, the IDH1 reaction is reversed, favoring
the reductive carboxylation of �-ketoglutarate to produce isoci-
trate (16, 17, 19). Here, we found that IDH1 is required for de novo
lipid synthesis when glutamine is the primary lipogenic carbon
source. Consistent with the IDH1 and IDH2 enzymes playing
a minor role in cellular NADPH/NADP� homeostasis (50),
NADPH production by IDH1 does not appear to be a major con-
tributor to lipogenesis in our experimental settings, given that
glucose- and acetate-derived lipogenesis are unaffected by IDH1
knockdown.

Oncogenic hot spot mutations in IDH1 disrupt its normal ho-
meostatic role, since the mutant enzyme is unable to catalyze the
reductive carboxylation reaction and the alternative reaction pro-
ducing 2-HG consumes NADPH (23, 51). In line with previous
work showing that transcriptional regulation of oncogenic
IDH1R132C can disrupt 2-HG production (47), we show that
SREBP activation and inhibition reciprocally increase and de-
crease IDH1-dependent 2-HG production in IDH1R132C cells.
With multiple transcription factors converging on IDH1 expres-
sion, it will be particularly important to determine its primary
mode of regulation in low grade glioma, where it is the major
driving oncogene. Our analyses of available gene expression data
suggest an association between SREBP activation and IDH1 ex-
pression in these tumors. Given that IDH1 mutations only occur
in a specific subset of cancers, it is perhaps not surprising that the
degree of SREBP effects on 2-HG production differs between the
HT1080 fibrosarcoma cells that have a spontaneous IDH1R132C

mutation and the genome-edited HCT116 colorectal cancer cells
engineered to express this same mutation. In cells with mutant
IDH1, de novo lipid synthesis and 2-HG production likely com-
pete for the same pool of carbons, and SREBP controls both of
these processes (Fig. 10B), which perhaps underlies these variable
outcomes. Together with this dual regulation by SREBP, the rate
of 2-HG turnover and forces affecting the equilibrium between
the intracellular and extracellular pools could contribute to the
differences in short- and long-term glucose tracing into 2-HG that
we observe. As other spontaneous IDH1 mutant cell lines become
available, it will be interesting to identify the metabolic factors that
account for this variability. Intriguingly, exogenous overexpres-
sion of mutant IDH1 in U87MG cells has been reported to activate
expression of SREBP and its targets (52, 53). Likewise, in the iso-
genic HCT116 cells used here, the protein levels of the SREBP
targets, including IDH1 and FASN, were higher in the IDH1 mu-
tant cells than in the wild type (Fig. 9A). These observations sug-
gest that a feed-forward loop between mutant IDH1 and SREBP
might occur in certain settings, perhaps due to depletion of spe-
cific lipid species due to the diversion of carbon flux or consump-
tion of NADPH.

Our collective data show that SREBP can stimulate IDH1 ex-
pression and that this regulation can influence lipid synthesis in
IDH1 wild-type cells and 2-HG production in IDH1 mutant cells.
These findings add to the functional repertoire of SREBP, which
has diverse physiological and pathological roles in the control of
cellular metabolism.
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