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Oncogenic Control and Metabolic Qutputs of the Lipogenic Transcription Factor SREBP

Abstract

The sterol regulatory element binding protein (SREBP) transcription factors have emerged as
central regulators of de novo lipogenesis in the liver. However, while it is known that lipid synthesis is
elevated in many cancers, much less is known about the control of lipid metabolism in this context. The
goals of this dissertation were to better understand the mechanisms through which commonly mutated
oncogenes and tumor suppressors promote de novo lipid synthesis, and to further define the importance of
this process in cancer.

Using isogenic oncogene-expressing breast epithelial cells and breast cancer cell lines, | have
identified a major mechanism through which two of the most commonly activated oncogenes in cancer
promote de novo lipogenesis. In particular, I found that the expression of oncogenic PI3K or K-Ras is
sufficient to stimulate de novo lipid synthesis in breast epithelial cells through the activation of
mechanistic target of rapamycin complex 1 (mTORC1) and SREBP. Consistent with these findings,
increased mTORC]1 signaling in breast cancer patient tumor samples is associated with elevated
expression of canonical SREBP targets involved in de novo lipogenesis. I further demonstrate that
SREBP depletion in breast cancer cells or in oncogene-expressing epithelial cells reduces growth-factor
independent proliferation.

To better understand the role of SREBP in cancer metabolism, I sought to determine whether
SREBP regulates isocitrate dehydrogenase 1 (IDH1), which is both a metabolic enzyme and an oncogene.
Specifically, I show that SREBP activates the expression of IDH1 across a panel of cancer cell lines from
different lineages, and that IDH1 expression facilitates the flux of glutamine-derived carbons towards de
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novo lipid synthesis. In addition, SREBP stimulates the expression of oncogenic IDH , which is a
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neomorphic enzyme that produces the oncometabolite 2-hydroxyglutarate, and can regulate 2-
hydroxyglutarate production in mutant-IDH]1 cells.

Collectively, these studies expand our understanding of lipid metabolism in cancer and identify
important roles for SREBP in cancer cell metabolism and proliferation. Our results will help guide future
studies on the regulation of SREBP, the role of SREBP targets, and the production of specific lipid

species in cancer, which will hopefully identify novel therapeutic targets to treat cancer patients.
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CHAPTER 1:

INTRODUCTION

Sections 1.1.1, 1.1.2, and 1.2 of this chapter are adapted from:

Ricoult SJH, Manning BD. The multifaceted role of mMTORCI1 in the control of lipid metabolism. EMBO
Rep 2013; 14: 242-251.

Section 1.1.3 of this chapter is adapted from:

Howell JJ, Ricoult SJH, Ben-Sahra I, Manning BD. A growing role for mTOR in promoting anabolic
metabolism. Biochem Soc Trans 2013; 41: 906-912.



1.1 mTORCI1 AS A MAJOR REGULATOR OF CELL GROWTH AND PROLIFERATION

1.1.1 Overview

The mechanistic target of rapamycin (mTOR) is an evolutionarily conserved Ser/Thr kinase that
exists within two functionally distinct protein complexes, mTOR complex 1 (mTORC1) and mTOR
complex 2 (mTORC2). mTORCI is composed of the core essential components mTOR, mLST8, and
Raptor, while mTORC?2 is composed of mTOR, mLST8, SIN1, and Rictor. Upon activation, mTORC1
directly phosphorylates ribosomal S6 kinases (S6K 1 and S6K2), eukaryotic translation initiation factor 4E
(eIF4E) binding proteins (4E-BP1 and 4E-BP2), and a growing number of other downstream targets'.
While the overall effects of mMTORCI signaling can differ in various cells and tissues, its role in
promoting anabolic cell growth and inhibiting the catabolic process of autophagy is evolutionarily
conserved™’. In contrast, mnTORC?2 appears to be primarily regulated by growth factor signaling, and
phosphorylates a conserved hydrophobic motif in Akt, serum/glucocorticoid-regulated kinases (SGK),
and some isoforms of protein kinase C (PKC), thereby increasing their kinase activity*. Through these
targets, and likely others, mTORC?2 signaling is believed to promote cell survival, proliferation,
metabolism, and changes in the actin cytoskeleton. While these complexes are functionally distinct, they
can influence each other’s activity. For instance, mTORC2 stimulates an increase in Akt activity’, which
can lead to mTORCI1 activation downstream of Akt. On the other hand, several negative feedback
mechanisms are triggered by mTORCI activation that can influence mTORC?2 activity, including one
leading to direct inhibitory phosphorylation of Rictor within mTORC2 by S6K1 downstream of

mTORC1%’.

Rapamycin and its many analogs are widely used mTORCI1 inhibitors that interact with the
ubiquitous protein FKBP12 to bind to an allosteric site N-terminal to the mTOR kinase domain (i.e., the
FKBP12-rapamycin binding domain). Although mTOR is present in both mTORC1 and mTORC2,

rapalogs only have access to mTOR within mTORC1. However, it is now evident that prolonged



exposure to rapamycin can block the assembly of mTORC2 by sequestering uncomplexed mTOR in both
cell culture and mice®’. Therefore, one must consider that the observed effects of long-term rapamycin
treatment might be due to loss of mMTORC?2 in some experimental systems, which can affect the many
processes downstream of Akt. Also, the development of mTOR kinase domain inhibitors, which
completely block mTOR within both complexes, has revealed that rapamycin only partially inhibits
mTORCI activity. Rapamycin strongly affects the phosphorylation of some mTORCI1 targets (e.g.,
S6K1) but only modestly inhibits other targets (e.g., 4E-BP1)'°. This differential sensitivity appears to be
determined by the varying quality of mTORCI substrates, which depends on how efficiently a given

sequence is phosphorylated by mTORC1'".

1.1.2  Upstream signaling

mTORCI senses and integrates a diverse array of cellular signals. Within the complex, mTOR
kinase activity is influenced by a variety of nutrients (e.g., amino acids, glucose, oxygen), cellular energy
levels (i.e., ATP), and many secreted growth factors, cytokines, and hormones (e.g. insulin) (Figure 1.1).
The Ras-related small G protein Rheb (Ras homolog enriched in brain), upon GTP loading, becomes an
essential upstream activator of mTORC1'?. Many of the signals that regulate mTORC]1 do so by altering
the GTP-binding status of Rheb through activation or inhibition of a GTPase-activating protein complex,

comprised of tuberous sclerosis complex 1 (TSC1), TSC2, and TBC1D7 (the TSC complex)".

The PI3K-Akt and the Ras-Erk pathways are two distinct signaling pathways that respond to
different signals and are capable of activating mTORC]1 (Figure 1.1)"*. Binding of growth-promoting
molecules, such as insulin and insulin-like growth factor 1 (IGF1), to cell surface receptor tyrosine
kinases (RTKs) activates phosphoinositide 3-kinase (PI3K)"*. PI3K is a lipid kinase that phosphorylates
phosphatidylinositol-4,5-bisphosphate (PIP,) to produce phosphatidylinositol-3,4,5-triphosphate (PIP5).

Conversely, PIP; can be converted back to PIP, by phosphatase and tensin homolog (PTEN), a commonly
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Figure 1.1. Regulation of mTORC1 by the PI3K-Akt and the Ras-Erk pathways.

The PI3K-Akt pathway (stimulated by insulin and IGF) and the Ras-Erk pathway (stimulated by EGF)
converge on the TSC complex to regulate mTORCT1 signaling. In part through AMPK, the TSC complex
receives signals about systemic and local nutrient and energy availability. These signals either activate or
inhibit the ability of the TSC complex to act as a GAP for Rheb, thereby inhibiting or activating
mTORCI, respectively. The presence of amino acids is required for the activation of mMTORC1 by GTP-
bound Rheb. Two of the best characterized substrates of mMTORC1 are S6K and 4E-BP. Many of the
proteins upstream of mTORC1 are oncogenes (green) and tumor suppressors (red), and are frequently

mutated in cancer and tumor syndromes.



disrupted tumor suppressor. PIP; recruits Akt to the plasma membrane, where membrane-bound
phosphoinositide-dependent kinase-1 (PDK 1) phosphorylates Akt at T308. This phosphorylation event
partially activates Akt, whereas phosphorylation of Akt at S473 by mTORC2 or DNA-dependent protein
kinase (DNA-PK) results in its full activation. Once activated, Akt regulates many cellular processes
through its phosphorylation of proteins containing an RXXS/T motif. Akt phosphorylates TSC2 on
multiple residues, which causes the TSC complex to dissociate from the lysosomal membrane, allowing

Rheb to bind GTP and to activate mTORC] at the lysosome'®'®.

Signaling through mTORCI is also regulated by the Ras-Erk pathway, which is stimulated by
growth factor (e.g., epidermal growth factor/EGF) binding to RTKs (Figure 1.1)". Upon stimulation, the
Ras GTPase activates Raf, which then phosphorylates MEK, a mitogen-activated protein kinase (MAPK)
kinase, which in turn phosphorylates Erk (or MAPK). Erk is a major effector of the Ras pathway and
phosphorylates many protein substrates involved in cell cycle progression and growth. Like Akt, Erk and
its downstream target Rsk are protein kinases that phosphorylate and inhibit TSC2 to activate mTORC1
signaling. Ras-GTP can also activate the PI3K-Akt pathway independently of its downstream effectors by
directly binding to PI3K*. Convergence of the PI3K-Akt and the Ras-Erk pathways on the TSC complex

ensures that mMTORCI signaling is repressed in the absence of growth signals.

Nutrient availability is another important regulator of mTORC1 activity. Amino acids regulate
mTORCI activity independently of growth factors through the RAS-related GTP-binding protein (Rag)
GTPases. In response to abundant amino acids, the Rag GTPases recruit mTORCI1 to the lysosomal
surface, where it can be activated by GTP-bound Rheb*"**. A decrease in cellular ATP, which can occur
during glucose depletion or as a consequence of deficiencies in mitochondrial respiration, activates the
TSC complex to inhibit Rheb and mTORCI. This response to cellular energy stress occurs, at least in
part, through phosphorylation of TSC2 by AMP kinase (AMPK)> **. Along with signals from these
nutrients, mMTORCI signaling is also influenced by intracellular oxygen concentrations. In low oxygen

conditions, levels of hypoxia-inducible factor (HIF-1a) increase due to the inhibition of oxygen-



dependent HIF prolyl hydroxylases, thus preventing HIF-1a hydroxylation and subsequent ubiquitination
and degradation®. HIF-1a has been reported to inhibit mTORC1 through induced expression of REDDI,
which appears to promote TSC complex function through a poorly defined mechanism®”**. Together, the
Rheb and Rag GTPases integrate growth factor and nutrient availability to appropriately regulate

mTORCI activity and cell growth.

Although mTORCI signaling is normally tightly regulated by these upstream pathways, aberrant
mTORCI signaling is associated with multiple diseases. Many of the regulatory proteins upstream of
mTORCI are frequently mutated in cancer, resulting in growth factor-independent mTORCI activation
in at least 50% of cancers, across nearly all lineages®’. The PI3K-Akt and the Ras-Erk pathways are two
of the most commonly activated pathways in cancer (Figure 1.1). Activating mutations in RTKSs, PI3K, or
Akt and loss of function mutations in the TSC genes or PTEN occur frequently in cancers and tumor
syndromes (e.g., tuberous sclerosis complex and Cowden’s syndrome). Similarly, mutations in the Ras-
Erk pathway, including Raf and neurofibromin 1 (NF1), also occur in numerous cancers and tumor
syndromes. The frequent mutation rate of these two pathways and their convergence on mTORC1

highlights the important role of mMTORC1 as a major regulator of cell growth and proliferation.

1.1.3 Regulation of anabolic metabolism

Since mTORCI can integrate both growth signals and nutrient availability, it is strategically well-
positioned to decide whether or not a cell should grow. Under favorable growth conditions, mTORCI1
inhibits autophagy, a process in which cells recycle cytosolic proteins and organelles into their nutrient
components. This inhibition downstream of mTORCI1 occurs partly through the phosphorylation of Unc-
51 like autophagy activating kinase 1 (ULK1), a protein involved in initiating autophagy™ >,
Additionally, mTORCI1 promotes expression of genes encoding the primary glucose transporter (GLUT1)

and the enzymes of glycolysis through its activation of the transcription factor HIF-1a, which mTORCI1

activates through mRNA translation® *°. By increasing glucose supply and preventing autophagic



degradation of macromolecules, mTORCI primes cells for growth. Concurrently, mTORCI1 further
stimulates cell growth by activating several distinct anabolic processes that produce macromolecules

(Figure 1.2).

Protein synthesis is one of the best-established anabolic processes downstream of mTORCI.
Phosphorylation of 4E-BP1 by mTORCI causes 4E-BP1 to dissociate from eIF4E and to enhance cap-
dependent translation through the eIF4F translation initiation complex’. This mechanism downstream of
mTORCI is particularly important for the translation of mRNAs containing 5’-terminal oligopyrimidine
tracts, which encode most ribosomal proteins and translation elongation factors®” **. Although S6K1 and
S6K2 phosphorylate several components of the translation machinery, such as S6, elF4B, and eukaryotic
elongation factor 2 kinase (eEF2K), it is still not known how these phosphorylation events affect
translation**'. The mechanism by which the transcription and maturation of ribosomal RNA (rRNA) are
activated downstream of mTORCI is also poorly defined , although it is postulated to involve the
ribosome biogenesis transcriptional program***. Together, these processes downstream of mTORC]1 lead
to an initial increase in cap-dependent translation followed by ribosome synthesis and a global increase in

mRNA translation.

mTORCI also promotes the de novo synthesis of purine and pyrimidine nucleotides, both of
which can be integrated into DNA and RNA. Through activation of the transcription factor sterol
regulatory element binding protein (SREBP), mTORC]1 promotes the expression of glucose-6-phosphate
dehydrogenase (G6PD) and phosphogluconate dehydrogenase (PGD), two genes in the oxidative branch
of the pentose phosphate pathway (PPP)>****_ This increase in gene expression is thought to facilitate the
flux of carbons into ribose-5P and 5-phospho-a-D-ribosyl 1-pyrophosphate (PRPP), a key intermediate in
de novo purine and pyrimidine synthesis. De novo purine synthesis is stimulated by mTORCI1, in part,
through its activation of activating transcription factor 4 (ATF4) and the associated transcription of

methylenetetrahydrofolate dehydrogenase 2 (MTHFD2)*. MTHFD2 is a mitochondrial tetrahydrofolate
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Figure 1.2. Stimulation of anabolic pathways by mTORCI1 to promote the synthesis of proteins,
lipids and nucleic acids required for cell growth and proliferation.

mTORCI activates SREBP, a major transcriptional regulator of lipogenic genes, through the inhibition of
Lipinl, the activation of S6K, and possibly additional mechanisms to promote de novo lipid synthesis.
SREBP also stimulates the transcription of pentose phosphate pathway (PPP) enzymes to produce ribose,
which is required for nucleic acid synthesis. De novo synthesis of pyrimidines is increased through the
phosphorylation of CAD by S6K, while de novo synthesis of purines is increased through stimulation of
the mitochondrial tetrahydrofolate cycle (mTHF) by the ATF4-mediated transcriptional activation of
MTHFD2 downstream of mTORCI. Protein synthesis is enhanced through the activation of S6K and the
inhibition of 4E-BP to stimulate cap-dependent translation initiation and ribosome biogenesis. These

processes downstream of mTORCI1 provide the building blocks for anabolic cell growth and proliferation.



cycle enzyme that provides one-carbon units for synthesis of the purine ring. Unlike the transcriptional
effects of mMTORCI on the enzymes required for purine synthesis, nTORCI acutely stimulates de novo
pyrimidine synthesis through the phosphorylation of CAD (carbamoyl-phosphate synthetase 2, aspartate

transcarbamoylase, dihydroorotase) by S6K 1, downstream of mTORC1**,

Along with proteins and nucleotides, proliferating cells have an increased demand for lipids,
since they must double their lipid membrane content with each cell cycle. mTORC]1 has emerged as a
major promoter of de novo lipid synthesis in both growing cells and specialized lipid-producing cells,
such as hepatocytes and adipocytes®. Although the exact molecular mechanism is currently unknown,
mTORC]1 stimulates lipogenesis through the activation of SREBP1 and 2***°. The SREBPs are
transcription factors that induce the expression of genes encoding most lipogenic enzymes involved in the
synthesis of both fatty acids and sterols”' . In addition, SREBPs provide reducing power for de novo
lipid synthesis by activating the transcription of NADPH-producing enzymes, such as G6PD, PGD, and
malic enzyme 1 (ME1)***_In response to mTORC]1 activation, SREBPs promote the de novo synthesis

of lipids through the transcription of their target genes.

The complex regulation of mMTORCI1 by nutrients and growth signals ensures that mTORCI1 is
only activated in settings that will foster cell growth. In favorable conditions, activation of mTORCI
coordinates the synthesis of the necessary cellular building blocks (i.e., proteins, nucleotides, lipids) to
promote cell growth and proliferation (Figure 1.2). Given the central role of mMTORC1 in promoting
anabolic metabolism, it is not surprising that it is aberrantly activated in many cancers and other

. 29,54
diseases®”*.



1.2 THE MULTIFACETED ROLE OF mTOR IN THE CONTROL OF LIPID METABOLISM

1.2.1 Overview

Of the four major classes of biological macromolecules, our understanding of the molecular
mechanisms by which cellular signaling pathways regulate lipid metabolism has lagged behind that of
carbohydrates, proteins, and nucleic acids. However, lipids are critically important both structurally and
functionally in all living organisms. An obvious reason for this dependence is the lipid makeup of the
plasma membrane and many subcellular organelles. Moreover, lipids can act as signaling molecules on
both a cellular (e.g., phosphatidylinositides) and organismal (e.g. steroid hormones) scale. Lipids are also
used for energy storage, primarily as triacylglycerides (TAGs) in adipocytes, and as an alternative to
glucose for catabolic metabolism. Despite the dependence of living organisms on lipids, we know very
little about how lipid homeostasis is controlled by the intricate network of cellular signaling pathways that

sense cellular growth conditions.

mTOR has emerged as a crucial link between cellular and systemic growth signals and the
regulation of lipid metabolism. A large number of recent studies in cell and mouse models, combined
with preclinical and clinical data on mTOR inhibitors, have revealed a pivotal role for mTOR, particularly
within mTORCI, in controlling lipid homeostasis in multiple settings, both physiological and
pathological. We review this evidence below, with a focus on the key aspects of lipid synthesis, storage,
and mobilization. The emerging picture is that, through a variety of molecular mechanisms, mTORC1
signaling promotes processes to synthesize and store lipids, while inhibiting those leading to lipid

consumption (Figure 1.3).

1.2.2  Lipogenesis

The regulation of de novo sterol and fatty acid synthesis by signaling pathways, especially insulin

signaling, has garnered intense interest. Unlike most terminally differentiated cells, hepatocytes and
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Figure 1.3. Regulation of lipid metabolism by mTORCI1.
mTORCI plays multiple roles in regulating lipid metabolism, including the promotion of lipid synthesis

and storage and inhibition of lipid release and consumption.
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adipocytes can synthesize significant amounts of lipid de novo through pathways in which cytosolic
acetyl-CoA, derived from glucose or amino acid catabolism, is used to form the hydrophobic carbon
backbone of lipids. Acetyl-CoA is either committed to sterol and isoprenoid biosynthesis through the
action of acetyl-CoA acetyltransferase (ACAT) or to fatty acid biosynthesis through acetyl-CoA
carboxylase (ACC) (Figure 1.4)>. For sterol synthesis, acetoacetyl-CoA produced by ACAT is converted
into mevalonate by HMG-CoA synthase (HMGCS) and HMG-CoA reductase (HMGCR). Mevalonate is
then used for the synthesis of farnesyl, geranyl, cholesterol, and steroid hormones. Farnesylation and
geranylation are post-translational protein modifications that are required for proper membrane
association and protein-protein interactions. Cholesterol is a major component of membranes in the cell,
and the amount of cholesterol modulates membrane fluidity. For fatty acid synthesis, fatty acid synthase
(FASN) extends malonyl-CoA produced by ACC by repeatedly attaching carbons from acetyl-CoA until
palmitate (16:0) is produced. Palmitate can then be further extended by elongases and/or desaturated by
steroyl-CoA desaturase (SCD), to make monounsaturated fatty acids. Once produced, fatty acids are
incorporated into various complex lipids, each with different cellular functions. TAGs are the main form
of lipid storage and are produced by glycerol-3P acyltransferase (GPAT), acylglycerol-3P acyltransferase
(AGPAT), and diglyceride acyltransferase (DGAT), with each enzyme attaching a fatty acid to a glycerol
backbone. Membrane phospholipids (e.g., phosphatidylcholines, phosphatidylserines,
phosphatidylethanolamines) are produced by adding an active group to the glycerol backbone of
diacylglyceride (DAG). Fatty acids can also be incorporated into signaling lipids such as
phosphatidylinositides and sphingolipids. Given the important cellular roles of these different lipid

classes, cells must carefully regulate de novo lipogenesis to maintain lipid homeostasis.

The multiple steps required for both the sterol and fatty acid synthesis branches are carried out by
a large number of specific enzymes. Importantly, the SREBPs are transcription factors that stimulate the

expression of genes encoding nearly all of these lipogenic enzymes’'. The three SREBP isoforms,
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Figure 1.4. De novo synthesis of complex lipids.

Acetyl-CoA is the starting point of all de novo synthesized lipids. Sterol synthesis begins with the
conversion of acetyl-CoA to HMG-CoA by ACAT and HMGCS. HMGCR, which catalyzes the
conversion of HMG-CoA to mevalonate, is the target of statins. Mevalonate can then be used to produce
membrane lipids (e.g., cholesterol) or signaling lipids (e.g., farnesyl, geranyl). Conversely, conversion of
acetyl-CoA to malonyl-CoA is the first step of fatty acid synthesis. FASN then extends malonyl-CoA
with the pairwise addition of carbons from acetyl-CoA to produce palmitate (16:0). Various fatty acids
can be produced from palmitate with extension of the carbon chain by elongases (e.g., ELOVL) and/or
desaturation by desaturases (e.g., SCD). Glycerophospholipids are produced by attaching these fatty acids

to a glycerol backbone. Adapted from Baenke F, ef al.”.
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encoded by two genes, are produced as inactive transmembrane proteins at the endoplasmic reticulum
(ER) (Figure 1.5). Under conditions of abundant sterols, full length SREBP, through its sterol-sensing
binding partner SREBP cleavage-activating protein (SCAP), is retained in the endoplasmic reticulum
(ER) by the INSIG proteins. Depletion of intracellular sterols results in release of the SREBP-SCAP
complex from INSIG and their transport to the Golgi apparatus, where two proteolytic cleavage events by
the site-specific proteases, S1P and S2P, liberate the active N-terminus of SREBP. This fragment then
enters the nucleus and induces transcription from SREs within target genes. SREBP1a and 1c are
products of alternative splicing of the SREBFI gene and have been primarily implicated in the control of
genes involved in fatty acid synthesis, although SREBP1a is thought to activate most SRE-containing
genes™. SREBP2 is encoded by SREBF2 and is believed to play a more important role in the transcription
of steroidogenic genes, including those involved in cholesterol synthesis in the liver *>*". While the
SREBPs preferentially activate transcription of different sets of genes, there is substantial overlap
between the targets of the SREBP isoforms and the tissue-specificity of these preferences has not been
fully established. Importantly, independent studies have identified the SREBPs as major transcriptional
effectors of mMTORCI signaling and have demonstrated that mTORC1 activation promotes lipogenesis

through this family of transcription factors®*’.

mTORCI signaling promotes SREBP activation and lipogenesis in response to both physiological
and genetic stimuli. In primary rodent hepatocytes and the intact liver, insulin or feeding has been shown
to increase the expression of the major liver isoform of SREBP (SREBPI1c¢) and its targets, and to
promote de novo lipid synthesis, in a manner that is sensitive to rapamycin®® . As described earlier,
insulin activates mMTORCI1 through a pathway involving the Akt-mediated inhibition of the TSC
complex'*'*!"". Expression of constitutively active Akt or loss of either TSC1 or TSC2, both of which
result in insulin-independent activation of mMTORCI1 signaling, stimulates the global expression of

SREBP1 and 2 targets and drives lipogenesis through mTORC1***°. These latter studies found that
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Figure 1.5. The complex steps leading to SREBP activation and inputs from mTORCI1 signaling.
(A) SREBP processing and activation is regulated by mTORCI, through S6K and Lipinl, leading to the
transcriptional induction of the SREBF I and SREBF?2 genes, encoding SREBP1 and SREBP2
respectively, and genes encoding a large number of lipogenic enzymes involved in both fatty acid and
sterol synthesis. The mTORCI1-mediated transcriptional activation of SREBFI could result from either
autoregulation by SREBP1 or from an unknown parallel pathway downstream of mTORCI. (B) In the
presence of sterols, SREBP resides in the ER bound to SCAP and the Insig proteins. When sterols
become scarce, SCAP undergoes a conformational change, which releases the SCAP-SREBP complex
from Insig, allowing its transport from the ER to the Golgi apparatus through COPII vesicles. Once in the
Golgi, SREBP comes into contact with two site-specific proteases. S1P cleaves the luminal loop of
SREBP and is followed by S2P cleavage of the N-terminal transmembrane region of SREBP, which
releases the N-terminal region of SREBP containing the DNA-binding and trans-activating domains. The
NLS-containing processed form of SREBP enters the nucleus to activate transcription of genes containing
SREs in their promoters. Finally, the processed form of SREBP is unstable and subject to proteasome-
mediated degradation. In some settings, SREBP processing has been found to require S6K1 downstream
of mTORCI1 and is therefore sensitive to rapamycin. However, the nuclear shuttling of SREBP has been
found to require Lipinl downstream of mTORCI, the phosphorylation of which is largely resistant to
rapamycin, but sensitive to mTOR kinase domain inhibitors. The precise molecular mechanisms by which

S6K1 and Lipinl regulate SREBP activation are currently unknown.
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mTORCI signaling promotes accumulation of the processed, mature form of SREBP1, which resides in
the nucleus to induce its own expression and that of genes involved in both steroid and fatty acid
biosynthesis. In exploring the molecular mechanism of this regulation, it was found that S6K1 is required
downstream of mMTORCI1 to stimulate the increase in levels of active SREBP1, expression of SREBP1
and 2 targets, and de novo lipogenesis in TSC2-deficient cells”. SREBP1 regulation in this setting is
independent of effects on the proteasomal degradation of its active form, suggesting that SOK1 somehow
promotes the processing of SREBP1. Consistent with these findings, S6K1 has been found to promote the

activation of hepatic SREBP1c¢ through effects on its processing®**

and to affect the processing of
SREBP?2 in a hepatocellular carcinoma cell line”. mTORC1 signaling has also been suggested to increase

SREBP1 activation in an S6K 1-dependent manner in cultured myotubes®*.

Genetic mouse models have demonstrated that mTORC]1 activation is essential, but not sufficient,
to stimulate hepatic SREBP1c¢ and its lipogenic targets in response to feeding™®. Mice lacking mTORC]1
in their liver, via liver-specific Raptor KO, fail to induce SREBP1c and lipogenesis® and have reduced
levels of both liver triglycerides and circulating cholesterol on a “Western” diet”. However,
characterization of mice with liver-specific KO of Tsc/ (LTsc1KO), which exhibit constitutive activation
of mTORCT that is independent of insulin and feeding, revealed that mTORCI signaling, while essential,
is not capable of activating SREBP1¢ and hepatic lipid synthesis on its own”. In fact, these mice were
found on two independent strain backgrounds to be resistant to the development of both age- and diet-
induced hepatic steatosis due to decreased SREBP1¢ activation®®’. These seemingly paradoxical findings
are the result of a strong feedback attenuation of Akt signaling that accompanies loss of function of the
TSC complex in all settings®. A critical role for Akt signaling in the induction of SREBP1c and

lipogenesis in the liver has been established through various rodent models® "

, and this has recently been
extended using mice with liver-specific Rictor KO, which results in the loss of mMTORC2 activity and its

activating phosphorylation of Akt’*. Consistent with the essential nature of Akt signaling to hepatic

SREBPIc, a restoration of Akt activity in LTsc1KO hepatocytes restores SREBP1c¢ activation and
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lipogenesis™. While multiple mTORC 1-independent pathways might function in parallel downstream of
Akt to help promote the activation of hepatic SREBP1c, including glycogen synthase kinase 3 (GSK3)
inhibition”, data from the LTsc1KO mice suggest that one pathway involves the repression of an isoform
of the SREBP inhibitor Insig, Insig2a, which is only expressed in the liver”. A liver-specific mechanism
is also consistent with the fact that mMTORCI activation alone is sufficient to promote SREBP activation

and lipogenesis in other settings, even in the absence of Akt signaling™.

The molecular mechanism by which S6K1 promotes SREBP processing is currently unknown,
and it is clear from additional studies that S6K1 is not the only direct target downstream of mTORC1
involved in SREBP isoform regulation, which might vary by cellular context (Figure 1.5). Knockdown of
the mRNA cap-binding protein elF4E, which is normally activated by mTORC1 signaling through the
phosphorylation and release of its inhibitory binding partner 4E-BP1, decreases overall levels of SREBP1
and its canonical target SCD in breast cancer cell lines™*. The potential involvement of 4E-BP1 regulation
by mTORCI in some cells might explain the resistance of SREBP1 or 2 activation to rapamycin in
specific settings®’>. The resistance of some mTORC] targets to rapamycin is an important consideration
when examining the role of mTORCI1 signaling in any aspect of lipid metabolism. Another direct target
of mTORCI that, like 4E-BP1, is partially resistant to rapamycin for its regulation is the phosphatidic
acid (PA) phosphatase lipin1, which has also been implicated in SREBP regulation®®’. Lipin1 appears to
play a role in remodeling of the nuclear lamina, which is inhibited by mTORC1-mediated
phosphorylation of multiple residues on this enzyme. Lipinl phosphorylation also coincides with an
increase in the levels of processed, nuclear SREBP1 and 2 and the expression of SREBP targets.
Although the PA phosphatase activity of lipinl was shown to be important for its inhibitory effect on
nuclear SREBP levels’®, the molecular mechanism and tissue specificity of this regulation, as with S6K1
and 4E-BP1, remain unknown. Likewise, mTORC1-mediated phosphorylation of CREB regulated
transcription coactivator 2 (CRTC2) was shown to be partially sensitive to rapamycin. This

phosphorylation event has been suggested to increase SREBP1 transport to the Golgi by facilitating the
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interaction of SEC23A and SEC31A, two subunits of the COPII complex involved in protein transport’’.
Finally, it is clear that mTORCI1 signaling also increases the transcript levels of SREBP1 and 2 in cell
culture models® and SREBPI¢ in both rodent hepatocytes and the intact liver in response to insulin or
feeding™ *>. This mTORC1-dependent transcriptional response leads to an increase in full-length SREBP
isoforms that accompanies the increased processing and activation of SREBP. However, it remains
unclear whether this transcriptional effect is simply a result of autoregulation by processed SREBPs at the
SREBF1 or SREBF?2 promoter or a parallel pathway independent from the effects of mMTORC1 on SREBP
processing (Figure 1.5A). Both SREBFI and SREBF?2 contain a characterized SRE in their promoters’™”.
In cell culture models, exogenous expression of processed SREBP1a can stimulate the expression of
endogenous SREBP1 and 2 transcripts in a manner that is no longer sensitive to rapamycin, suggesting
that the transcriptional effects of mMTORCI signaling on SREBP expression are upstream of processed
SREBP™. However, elegant studies with a transgenic version of SREBP1¢ in rat suggest that the role of
mTORC]1 in SREBPIc processing and gene expression are separable®’. More such studies are needed to
understand the multiple inputs of mMTORCI1 signaling into the regulation of SREBP isoforms, especially

in vivo.

1.2.3 Adipogenesis

Adipocytes are specialized mesenchymal cells that either store lipids as energy reserves (white
adipose tissue) or burn lipids through oxidation to generate heat (brown adipose tissue). Pharmacological
and genetic studies have demonstrated that the differentiation of mesenchymal stem cells into mature
adipocytes (i.e., adipogenesis) requires mTOR signaling (Figure 1.6). Rapamycin treatment has been
reported to reduce adipogenesis in a variety of cell culture models. Rapamycin appears to block the early
determination step in brown adipocyte differentiation, in which a mesenchymal stem cell commits to
becoming a preadipocyte®. Similarly, rapamycin treatment or shRNA-mediated knockdown of S6K/ in

embryoid bodies hinders their commitment to preadipocytes®' . However, much of our knowledge of

19



Mesenchymal

stem cell
Lineage e [ SBK
commitment
Early
preadipocytes .
Rapamycin
C/EBP-B APC
Clonal |~ C/EBP-5 € |]3$TOF,§‘@C1
expansion
Preadipocytes
C/EBPa, PPARY o
Terminal
differentiation| } 4E-BP

Mature
adipocytes

Figure 1.6. mTORCI1 signaling has been implicated in promoting the three major steps of
adipogenesis.

Adipogenesis consists of the differentiation of a mesenchymal stem cell to a mature adipocyte, which
makes up a significant part of adipose tissue where energy is stored as lipids. The commitment of the
mesenchymal stem cells to the adipocyte lineage is the first step of adipogenesis and has been found to be
facilitated by S6K1 activity. C/EBP-B and —0 are the primary drivers of clonal expansion, which is critical
for preadipocyte maturation, and the former has been suggested to be activated by mTORCI signaling.
The terminal differentiation of preadipocytes to mature adipocytes is mediated by PPARy and C/EBP-o.
mTORCI promotes this final step through both its inhibition of 4E-BP and its activation of PPARy
through a poorly understood mechanism. While the precise molecular mechanisms have yet to be defined,

rapamycin blocks adipogenesis.
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adipogenesis comes from cell culture models of preadipocytes, following lineage commitment, and
MEFs, and have therefore been focused on the later steps of white adipose differentiation. Treatment of
preadipocytes with rapamycin leads to a marked decrease in adipocyte differentiation® *°. mTOR has
been implicated in hormonal induction of clonal expansion, which is an initial step of differentiation that
occurs through the action of two CCAAT/enhancer-binding proteins (C/EBP) family transcription factors,
C/EBP-p and —9. Overall levels of C/EBP-3 have been found to decrease upon rapamycin treatment,
which corresponds with a repression of clonal expansion of preadipocytes®’. However, rapamycin has also
been shown to inhibit pre-adipocyte differentiation after clonal expansion, thereby ruling out the anti-

proliferative effects of rapamycin as its primary mode of inhibiting adipogenesis®* *°.

Several genetic models have further supported a critical role for mMTORCI1 activation in terminal
adipocyte differentiation, where it appears to be both necessary and sufficient. For instance, MEFs
lacking TSC1 or TSC2, which have sustained insulin-independent activation of mTORCI signaling,
exhibit an mTORC1-dependent enhanced capacity to differentiate into adipocytes, despite these cells
being severely resistant to insulin, a major adipogenic factor®’. Reciprocally, TSC2-deficient MEFs
expressing a phosphorylation-site mutant of TSC2 that blocks the ability of mMTORCI1 to be activated by
insulin and Akt signaling display reduced adipogenesis®’. The enhanced adipogenesis in mesenchymal
cells lacking the TSC tumor suppressors is likely to explain the common development of adipocyte-rich
renal angiomyolipomas in patients with tuberous sclerosis complex*. Consistent with an essential role for
mTORC1, RNAi knockdown of Raptor also blocks adipogenesis in preadipocytes®. Downstream of
mTORCI, genetic evidence suggests a role for both S6K and 4EBP in the control of adipogenesis. The
involvement of S6K in commitment of stem cells to preadipocytes was reinforced by the reduced size of
this progenitor cell population in S6K7 KO mice and a defect in the capacity of embryonic stem cells
from these mice to commit to the adipocyte lineage®'. Reciprocally, 4E-BP1/2 double-KO MEFs display
enhanced differentiation toward adipocytes”, suggesting that the ability of mTORC1 to both activate S6K

and inhibit 4E-BP contributes to its role in promoting adipogenesis. Interestingly, the S6K7 KO mice have
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a lean phenotype on both normal and high-fat diets®"”', while the 4£-BP1/2 double-KO mice are more
sensitive to diet-induced obesity than their wild type counterparts®. However, the differences in adiposity
in these systemic mouse models are likely to reflect multiple effects of mMTORCI signaling on lipid
synthesis and mobilization, discussed in a later section, in addition to its role in promoting the

development of adipose deposits.

The molecular mechanisms by which mTORCI1 and its downstream targets stimulate adipocyte
differentiation have yet to be fully defined. The temporal activation of two transcription factors, C/EBP-a
followed by peroxisome proliferator-activated receptor y (PPARY), the master regulator of terminal
adipocyte differentiation, is responsible for inducing the final stages of differentiation’>. mTORC]1
signaling has been shown to increase PPARYy transcript and protein levels, as well as its transactivating

activity in various studies®”*"****

, albeit through unknown mechanisms. Cell culture experiments have
suggested that regulation of the final differentiation steps are primarily independent of S6K and are likely
to be dependent on 4E-BP inhibition downstream of mTORC1*>*°. However, a recent study has indicated
that PPARY activation can also be suppressed by hyperactive mTORCI signaling through its negative
feedback effects on insulin signaling”. These findings indicate that there are likely to be mTORC]I-

dependent and independent inputs into PPARYy activation and adipocyte differentiation downstream of

insulin signaling, with more in vivo experiments needed.

1.2.4 Lipolysis

In addition to its role in stimulating lipogenesis through SREBP, mTORCI1 signaling is believed
to promote the storage of fatty acids in lipid stores by inhibiting lipolysis. Neutral lipids, in the form of
monoacylglyceride (MAG), DAG, and TAG inside the cell are subject to lipolysis in order to mobilize
free fatty acids for energy production or remodeling into new lipid species, including specific membrane
and signaling lipids. Patients treated with rapamycin frequently exhibit dyslipidemia, one facet of which

is elevated levels of plasma free fatty acids, which could reflect an increase in lipolysis in adipose
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tissue’™”’. Mice treated with rapamycin exhibit a reduction in adipocyte size and overall adiposity, and
rapamycin stimulates lipolysis in cultured adipocytes™ '*. Genetic manipulations of mTORC]1 signaling
in several mouse models have reinforced the link between mTORCT activation and an inhibition of
lipolysis. The adipose tissue of 4E-BP1/2 double-KO mice exhibits decreased lipolysis®, and S6K7 KO
mice are leaner with elevated rates of lipolysis’'. However, mice with adipose-specific Raptor KO, while
also lean with reduced adiposity, do not display an obvious increase in lipolysis*. This suggests that the
lipolysis phenotypes observed in the whole-body 4E-BP and S6K1 KO models could be due to systemic
effects, rather than those intrinsic to the adipocyte. Interestingly, adipose-specific Azg7 (autophagy-related
7)-KO mice, which have a defect in autophagy, display decreased adipocyte lipolysis'®', suggesting that
the inhibitory effects of mMTORCI on lipolysis could be, at least in part, through its attenuation of

autophagy.

Although the molecular mechanisms of lipolytic regulation by mTOR are not fully understood,
mTORCI signaling has been found to influence three distinct lipases: adipose triglyceride lipase (ATGL),

hormone-sensitice lipase (HSL) and lipoprotein lipase (LPL)'*

. In adipocytes, ATGL catalyzes the
lipolysis of TAGs to DAGs within lipid droplets. HSL then converts the DAGs to MAGs. In 3T3-L1
adipocytes, mTORCI suppression increases the transcription of ATGL, which parallels the enhanced
lipolysis induced by rapamycin or siRNA knockdown of Raptor”. The phosphorylation of HSL at S563,
an established PKA site, is associated with an increase in its lipase activity. A decrease in HSL
phosphorylation correlates with mTORC1 activation and the diminished release of free fatty acids'®.
However, like ATGL transcriptional suppression, how mTORCI signaling negatively affects HSL
phosphorylation on this PKA site is currently unknown. Similar to mTORCI1 inhibition, adipocyte-
specific Rictor KO also leads to the phosphorylation of HSL at S563'®. In addition to adipocyte lipolysis,
mTORCI has been implicated in the control of the extracellular lipase LPL. LPL is a water-soluble lipase

present in plasma, as well as on the surface of endothelial cells, primarily in muscle and adipose tissue. It

hydrolyzes TAG in circulating very low density lipoprotein (VLDL) to promote conversion to
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intermediate density lipoprotein (IDL) and low density lipoprotein (LDL), which facilitates the uptake of
lipoprotein into tissues'*™. Systemic rapamycin treatment has been found to decrease LPL activity in
mouse adipose tissue and mouse and human plasma, albeit through an unknown mechanism'®'%®. The
collective studies in patients treated with rapamycin and a variety of cell and mouse models suggest that
mTORCI activation, which occurs in metabolic tissues after feeding, promotes the synthesis and storage
of lipids. In contrast, mMTORCI inhibition, such as during fasting, stimulates lipolysis and the release of

free fatty acids into the circulation.

1.2.5 B-Oxidation and ketogenesis

Consistent with the inhibition of mMTORCI signaling promoting fatty acid release and
consumption, there is growing evidence that mTORC1 suppresses the -oxidation of fatty acids for
energy or ketogenesis. Rapamycin has been found to increase -oxidation in rat hepatocytes, and this has
been attributed to increased expression of f-oxidation enzymes, including very long-chain acyl-CoA
dehydrogenase and carnitine acyltransferase®®'"”. This effect of rapamycin could be due to the induction
of autophagy, which appears to promote the B-oxidation of fatty acids from TAGs in hepatocytes'*.
However, genetic evidence suggests that autophagy has inhibitory effects on -oxidation in adipose
tissue'’"'””. Mice with whole-body KO of S6K appear to have enhanced B-oxidation, as evidenced by
increased levels of carnitine palmitoyltransferase 1(CPT1) transcript in isolated adipocytes’'. Consistent
with mTORCI1 signaling attenuating f-oxidation, myoblasts isolated from S6K1/S6K2 double-KO mice
also display enhanced B-oxidation of fatty acids''’. However, this phenotype was attributed to indirect
effects from energy stress and AMPK activation in this setting. Like the S6K7 KO and S6K1/S6K?2
double-KO mice, mice with adipose-specific Raptor KO are lean, with adipocytes displaying increased
mitochondrial uncoupling, which could allow them to rapidly burn lipids without generating ATP**"!1°,
Somewhat paradoxically, mTORCI activation has also been linked to increased mitochondrial biogenesis

in some settings'''. This could explain the decrease in oxidative capacity of muscle'''™""* and Jurkat T

cells''* following the inhibition or complete loss of mTORC1 signaling. However, further studies are
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needed to determine how the observed changes in mitochondrial gene expression and oxygen
consumption in these settings influence the B-oxidation of fatty acids. The collective data suggest that
mTORCI signaling inhibits fatty acid oxidation, while also promoting mitochondrial biogenesis in some

settings.

The acetyl-CoA released from B-oxidation can either enter the tricarboxylic acid (TCA) cycle or,
under fasting conditions in the liver, be converted to ketone bodies. Genetic evidence suggests that
mTORCI signaling in the liver, which is respectively inhibited and activated by fasting and feeding,
suppresses ketogenesis'"°. Mice with liver-specific Tsc/ KO, which exhibit sustained mTORC] signaling
under fasting, have a defect in ketogenesis, while mice with liver-specific Raptor KO display an increase
in fasting-induced ketogenesis. mMTORCI1 appears to suppress the expression of ketogenic enzymes

through its regulation of nuclear receptor co-repressor 1 (N-CoR1) and PPARa'"

, through a mechanism
likely to be dependent on S6K2''°. These inhibitory effects on PPARa and its transcriptional targets could
also explain the negative regulation of fatty acid oxidation by mTORCI. The repression of -oxidation

and ketogenesis by mTORCI is likely to act in concert with its stimulation of lipogenesis, further

promoting the flux of acetyl-CoA towards lipid synthesis and storage.
1.2.6 Lipid transport

Several lines of evidence suggest a role for mTORCI signaling in the control of lipid
mobilization and transport. As stated above, patients treated with mTORCI inhibitors frequently suffer
from a dyslipidemia consisting of hypertriglyceridemia and hypercholesterolemia, as well as increased
levels of plasma free fatty acids’’. The source of the elevated circulating lipids in these patients is
unknown. However, TAG and cholesterol transport out of the liver involves their packaging into
apolipoprotein complexes, and plasma levels of both ApoB-100 and ApoC-III have been found to be
increased in patients treated with rapamycin®. A study in guinea pigs revealed that the increase in

circulating TAGs observed in response to rapamycin correlates with an increase in VLDL, the primary
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mode of TAG export from the liver'"”. In cultured hepatocytes, the ability of insulin to repress the
expression of both ApoB and ApoAS5 is sensitive to rapamycin, suggesting that the increase in
apolipoproteins observed upon rapamycin treatment in vivo might be due to direct effects on

hepatocytes' "', How mTORCI negatively regulates the expression or protein levels of specific
apolipoproteins is unknown and could be secondary to changes in apolipoprotein uptake or degradation.
Conversely, mTORCI1 signaling appears to upregulate the LDL receptor (LDLR), which facilitates the
uptake of cholesterol-rich LDL from the plasma into the liver and peripheral tissues. LDLR gene
expression is controlled by SREBP'* and would, therefore, be predicted to be stimulated by insulin in an
mTORCI1-dependent manner. In addition, mTORCI1 signaling downstream of the insulin receptor in the
liver has been found to repress the expression of PCSK9 (proprotein convertase subtilisin/kexin type 9), a
known negative regulator of LDLR protein levels'*'. Consequently, rapamycin treatment decreases LDLR
levels in a PCSK9-dependent manner, thereby reducing LDL uptake and increasing its circulating levels.
Combined with the rapamycin-stimulated increase in lipolysis and apolipoprotein levels, these effects on
the LDLR suggest a mechanistic basis for the dyslipidemia observed in patients treated with mTORCI1

inhibitors.

1.2.7 mTORCI1 in physiology, obesity, and diabetes

The global effects of the mTORC1-mediated regulation of lipid metabolism detailed above would
be predicted to promote the systemic flux of carbon into lipids and their storage as TAGs within adipose
tissue (Figure 1.7). The postprandial increase in both glucose and insulin stimulates the acute activation of
mTORCI1 within metabolic tissues, where mTORC1 plays contextual roles in controlling lipid
metabolism. In the liver, and likely in adipose tissue, mTORC1 activation induces lipogenesis. At the
same time, mMTORCI is likely to block the B-oxidation of fatty acids in the liver, adipose, and perhaps
muscle, instead promoting the utilization and storage of glucose in these tissues. TAGs and cholesterol

produced in the liver facilitate the packaging and release of VLDL into circulation. mTORC1 signaling
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Figure 1.7. The increase in insulin levels following a meal alters hepatic and adipose lipid
metabolism, at least in part, through mTORCI1 signaling (a working model).

In the liver, mTORC1 promotes lipid synthesis through SREBP1c activation. In addition, mnTORCI
signaling blocks lipid catabolism by blocking B-oxidation and ketogenesis in the liver. Consequently,
mTORCI activation in the liver promotes the synthesis of TAGs and, perhaps, cholesterol, which are
incorporated into VLDL for transport to peripheral tissues. Evidence suggests that mTORCI signaling
can positively influence LPL activity, which promotes lipid delivery to peripheral tissues by hydrolyzing
VLDL to IDL, which is then converted to LDL. Lipoprotein-bound TAGs are taken up by tissues,
including adipocytes, through the LDLR. Both the expression and stability of LDLR, at least in the liver,
are likely promoted by mTORCI activation. In response to insulin, mMTORCI1 has been suggested to
inhibit lipolysis in adipocytes by down-regulating ATGL and HSL. Therefore, the systemic effects of
postprandial mMTORCI1 activation are to promote the flux of carbon from glucose to toward TAG storage

in adipose tissue. See text for details regarding the evidence underlying this model.
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might enhance uptake of lipids by peripheral tissues through the activation of LPL, which hydrolyzes
VLDL to IDL, and an increase in the levels of LDLR. In adipose tissue, the insulin-stimulated activation
of mTORCI is predicted to contribute to the inhibition of lipolysis, further promoting the storage of
TAGs, either mobilized from the liver or produced de novo, within the adipocytes.

While mTORCI is activated transiently within metabolic tissues by normal feeding, conditions of
nutrient overload and obesity can lead to chronically elevated mTORC1 signaling in these tissues”"'*.
The mechanism by which obesity leads to hyperactivation of mMTORCI is unknown but is likely through a
combination of hyperglycemia and hyperinsulinemia under these conditions. Furthermore, evidence
suggests that increased circulating levels of branch-chain amino acids, which are known to activate
mTORC], correlates with the development of obesity and insulin resistance'>. In addition to potentially
exacerbating obesity by further promoting lipid storage in adipose depots, chronic mMTORCI activation
under such conditions is believed to contribute to the development of insulin resistance, which frequently
accompanies obesity. Increased mTORCI1 signaling can trigger a number of distinct feedback
mechanisms, which in a cell autonomous manner, dampens the cellular response to insulin. The in vivo
contribution of these feedback mechanisms to insulin resistance is well illustrated by loss and gain of
function mouse models of mTORCI signaling. For instance, S6K/ KO mice have enhanced peripheral
insulin sensitivity’', whereas mice with liver-specific Tsc/ KO display hepatic insulin resistance with
greatly reduced Akt signaling™. Therefore, under conditions of obesity, nTORC]1 activation in metabolic
tissues is likely to both perpetuate obesity and promote insulin resistance, thereby expediting the

progression to type-2 diabetes.

The fundamental role of mMTORCI1 in regulating whole-body lipid homeostasis, paired with its
frequent upregulation in obesity and type-2 diabetes, suggests that mTOR inhibitors might offer some
therapeutic benefit in metabolic diseases. In theory, mTORC1-specific inhibitors should suppress lipid
synthesis and promote lipolysis and lipid catabolism, in addition to blocking mTORC1-dependent

feedback mechanisms to resensitize tissues to insulin. However, important caveats arise from the use of
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mTORCI inhibitors to combat obesity and diabetes. First, prolonged treatment with rapamycin can
disrupt mTORC?2 and, therefore, Akt activation downstream of the insulin receptor, further exacerbating
the insulin resistant phenotype®. Second, patients treated with rapamycin frequently exhibit increased
levels of circulating TAGs, cholesterol and free fatty acids’’. Therefore, while rapamycin treatment might
help mobilize lipids and deplete fat stores, lipid clearance offers an additional pathological challenge.
Targeting mTORCI] signaling indirectly might offer a more promising avenue. AMPK is a potent
negative regulator of mMTORCI, blocking its function through phosphorylation of both the TSC

13,23

complex'** and Raptor**. Therefore, nTORC]1 signaling is blocked upon activation of AMPK, which is
stimulated by a large variety of natural and synthetic compounds, including metformin, resveratrol, and
aspirin'>*. Importantly, metformin is the most widely prescribed anti-diabetes drug in the world. Whether

any of the beneficial metabolic effects of metformin are attributed to its inhibition of mTORCI1 signaling

is one of several important outstanding questions.

1.3 CANCER METABOLISM

1.3.1 Overview

Most cells in the human body are differentiated and are under tight regulation to ensure that they
do not proliferate. However, cancer cells, as a result of unrepaired genetic alterations, bypass this
regulation and gain the ability to proliferate uncontrollably. Unlike normal cells, rapidly proliferating
cancer cells have a higher demand for cellular building blocks, because lipids, DNA, and many proteins
need to be duplicated for every cell division. Moreover, solid tumors may not be able to obtain sufficient
amounts of these macromolecules from the circulation, due to their limited diffusion in poorly
vascularized regions. One of the hallmarks of cancer cells is an altered metabolic state, which is often
reflected by an increase in anabolic metabolism'>. It is perhaps not surprising that mTORC1 signaling is

frequently activated in cancer, since it activates anabolic processes to promote cell growth. Our
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understanding of cancer metabolism has grown drastically over the last few decades, and has revealed the

complex rewiring of metabolic pathways in cancer.
1.3.2 Lipid synthesis

Lipid synthesis has been studied in great detail in the context of the liver and adipocytes, but
much less is known about the role of lipid synthesis in cancer. Elevated rates of de novo lipid synthesis
were first reported in tumor tissue more than 60 years ago'*®. Further work in Ehrlich ascites tumor cells
estimated that 93% of tumor cell lipids were produced from glucose through the de novo synthesis
pathway'?’. This result was particularly surprising given that most normal cells in the body acquire lipids
from the circulation and not from de novo synthesis. The overexpression of FASN and other fatty acid
synthesis enzymes in many types of cancer provided an initial clue as to how cancer cells upregulate lipid
synthesis'** ">, but the complete mechanism connecting cancer-causing mutations to increased de novo

lipid synthesis remained a mystery.
1.3.3  Glycolysis and the Warburg effect

Glycolysis is the metabolic process through which cells convert glucose to pyruvate in the
cytosol. In addition to generating two ATP molecules, many of the intermediates of glycolysis can be
used by anabolic processes (Figure 1.8)"'. For example, glucose-6P can be diverted into the oxidative
pentose phosphate pathway by G6PD, to generate NADPH (an important molecule in the de novo
synthesis of lipids and nucleotides) and ribose-5P (a substrate for de novo nucleotide synthesis).
Similarly, dihydroxyacetone phosphate (DHAP) can be converted by glycerol-3-phosphate
dehydrogenase (GPDH) into glycerol-3P, which serves as a backbone for glycerophospholipid synthesis.
Additionally, 3-phosphoglycerate can be used for the synthesis of serine, glycine, and cysteine, and
contributes one-carbon units to the tetrahydrofolate cycle. Lastly, alanine can be produced from pyruvate
by alanine transaminase. Lactate dehydrogenase (LDH), through its conversion of pyruvate to lactate,

regenerates NAD" to maintain flux through glycolysis. No oxygen is required for glycolysis, which
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Figure 1.8. Metabolic pathways and their contributions to macromolecule synthesis.

Diagram showing the key intermediates of glycolysis, the pentose phosphate pathway, and the TCA
cycle. These pathways provide carbons and reducing power, in the form of NADPH, to the de novo
synthesis of lipids and nucleotides. The synthesis of amino acids other than glutamate and glutamine are
not shown, but are described in the text. Metabolic enzymes mentioned in the text are shown in red.

Adapted from Lunt, ef al."
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differs from the oxygen-dependent oxidative phosphorylation. Consequently, glycolysis becomes an
important source of ATP and metabolic intermediates when intracellular oxygen concentrations are low.
In response to hypoxia and increased HIF-1a levels, flux through glycolysis is increased by the HIF-1a-

mediated transcription of glucose transporters and many key glycolytic enzymes.

Early work by Otto Warburg on cancer metabolism demonstrated that cancer cells had an atypical
upregulation of acrobic glycolysis regardless of oxygen levels, now referred to as the Warburg effect'*”.
This finding conflicted with the work of Pasteur, who had found that fermentation, the bacterial
equivalent of glycolysis, was inhibited by oxygen'*’. Cancer cells were initially believed to upregulate
glycolysis to generate ATP and compensate for defects in mitochondrial oxidative phosphorylation.
However, it has become clear that mitochondria and oxidative phosphorylation are functional in cancer

cells"****. The reason for the elevated glycolytic metabolism of cancer cells is still a matter of debate, but

is believed to be for the production of key glycolytic intermediates involved in biosynthetic processes'".

In cancer cells, elevated glycolytic flux is maintained through several mechanisms. Although
HIF-1a is normally degraded under normoxic conditions, cancer cells have developed ways to bypass this
regulation and create a pseudo-hypoxic state'*®. For example, nTORC1 increases the levels of HIF-1a
through mRNA translation, which leads to increased transcription of its target genes in normoxia® .
Other signaling pathways frequently activated in cancer can also increase flux through glycolysis. Akt can
promote glucose uptake by increasing GLUT1 expression and activity, albeit through undefined
mechanisms"”’ "% Alternatively, Akt can stimulate glycolytic flux through the phosphorylation of

glycolytic enzymes'"'*. By increasing flux through glycolysis, cancer cells increase the availability of

key glycolytic intermediates that are used for biosynthetic processes.

1.3.4 TCA cycle

Through a series of oxidation reactions, the TCA cycle produces NADH and FADH,, which

donate electrons to oxidative phosphorylation. Unlike glycolysis, oxidative phosphorylation requires
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oxygen as an electron acceptor to generate ATP. In addition to ATP production, the TCA cycle also

provides key intermediates used for biosynthetic reactions (Figure 1.8)"*'

. Citrate is an important TCA
cycle intermediate, since ATP citrate lyase (ACLY) can convert cytosolic citrate to acetyl-CoA, a key
substrate for the de novo synthesis of fatty acids and sterols. Likewise, oxaloacetate can be used to

produce aspartate and arginine, while a-ketoglutarate can be used to produce glutamate and glutamine.

These four amino acids can be incorporated into proteins, or, in the case of aspartate and glutamine,

incorporated into the purine or pyrimidine ring during de novo nucleotide synthesis.

Several anaplerotic reactions exist to replenish the TCA cycle after intermediates are used up by
biosynthetic processes. Carbons from glucose can be used to replenish the TCA cycle through the
conversion of pyruvate into the TCA cycle intermediate oxaloacetate by pyruvate carboxylase. In certain
cancer settings, glutamine has emerged as a major source of carbon and nitrogen, and can help maintain
redox homeostasis'**. After conversion of glutamine to glutamate in the cytosol, glutamate dehydrogenase
produces a-ketoglutarate, which can enter the TCA cycle. Amino acids can be used in anaplerotic
reactions to replenish the TCA cycle, which could contribute to their emerging role as an important

143,144

source of biomass . By refueling the TCA cycle through uptake of glucose, glutamine, and amino

acids, cancer cells provide biosynthetic precursors that help support their rapid growth. Importantly,

145-147 149-152

cancer cells can take up acetate , proteins'*®, and lipids , although the cellular fate of these

molecules is not fully understood.

1.3.5 Metabolic enzymes of the TCA cycle as tumor suppressors and oncogenes

Most of the work on cancer metabolism has identified broad metabolic changes driven by
mutations in non-metabolic genes, like those that activate mTORC1. However, there are a few instances
of cancer-causing mutations in metabolic enzymes, including fumarate hydratase (FH), succinate
dehydrogenase (SDH), isocitrate dehydrogenase 1 (IDH1), and isocitrate dehydrogenase 2 (IDH2). Both

FH and SDH are mitochondrial enzymes in the TCA cycle that catalyze the reversible conversion of
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fumarate to malate and of succinate to fumarate, respectively. Mutations in FH have been identified in

153,154

leiomyoma and renal cell carcinoma , whereas SDH mutations occur in paraganglioma or

'35 These loss of function mutations cause a build-up in succinate and fumarate,

phaeochromocytoma
which are thought to promote oncogenesis by inhibiting a-KG-dependent dioxigenases. In particular, they
stabilize HIF-1a, through inhibition of HIF prolyl hydroxylases, and affect epigenetic gene regulation,

through inhibition of DNA and histone demethylases'>®'**, However, the reasons for the tissue specificity

of FH and SDH mutations have yet to be determined.

IDH1 and IDH2 catalyze the conversion of isocitrate to a-ketoglutarate, which generates NADPH
(Figure 1.9A). Both enzymes function as homodimers, with IDH1 localized in the cytosol and IDH2 in
the mitochondrial matrix. IDH3 is a tetrameric mitochondrial enzyme complex of the same function, but
produces NADH instead of NADPH and is unrelated in structure to IDH1 and IDH2. Both IDH1 and
IDH2 can also catalyze the reductive carboxylation of a-ketoglutarate to isocitrate in conditions of
hypoxia or mitochondrial dysfunction (Figure 1.9B)'* ', The direction of the reversible isocitrate

13 This substrate-level

dehydrogenase reaction is determined by the ratio of citrate to a-ketoglutarate
regulation of IDH1 allows it to respond to cellular needs by either producing NADPH or facilitating the

flux of carbons from glutamine to citrate.

Unlike FH and SDH mutations which inhibit enzyme function, IDH mutations are neomorphic.
IDH1 mutations occur in 70% of low grade gliomas and mutations in IDH1 or IDH2 occur in 20% of
acute myeloid leukemias'®*'®. The vast majority of IDH1 mutations disrupt Argl32, whereas IDH2
mutations disrupt Arg140 or Arg172'°>'% The neomorphic IDH mutations allow them to convert a-
ketoglutarate to the oncometabolite D-2-hydroxyglutarate (D-2-HG) (Figure 1.9C)'*"'%. In normal cells,
2-HG is produced at low levels as a byproduct of metabolic reactions, and D/L-2-HG dehydrogenases
(D2HGDH and L2HGDH) prevent a rise in 2-HG levels by converting D-2-HG or L-2-HG to a-
ketoglutarate, respectively'®'”". However, these two enzymes are unable to keep up with the rapid

production of D-2-HG by the mutant IDH1 protein, resulting in very high levels of circulating and tumor
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D-2-HG in patients with these mutations. The oncometabolite 2-HG was identified to be the driver of
tumorigenesis, at least in part through its competitive binding to o-ketoglutarate-dependent enzymes'”"'”2.
D-2-HG increased cancer cell proliferation through its activation of a-ketoglutarate-dependent EGLN

prolyl hydroxylases, which in turn destabilized HIF-1a'""

. Although most cancer cells benefit from HIF-
la activation, certain cell types including embryonic stem cells and brain tumor cells are actually
inhibited by HIF-1a'"". Similarly, D-2-HG produced by mutant IDH1 inhibits prolyl hydroxylases
involved in collagen maturation, which leads to impaired basement membrane formation and ER stress'”.
Elevated 2-HG levels also promote dedifferentiation of cancer cells by reducing DNA methylation'’*. 2-
HG inhibits TET methylcytosine dioxygenases, which convert 5-methylcytosine to 5-
hydroxymethylcytosine, a required step for DNA demethylation. Analogously, elevated 2-HG levels
inhibit the Jumanji family of histone demethylases'”>'”°. These changes in DNA and histone methylation
in response to 2-HG affect chromosome topology and cause the aberrant regulation of many genes'”’.

With the identification of D-2-HG as a potent oncometabolite, pharmacological inhibitors of mutant IDH1

and 2 have been developed and are currently in clinical trials with promising results'’®.
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Figure 1.9. Metabolic functions of wild-type and mutant IDH1.

(A) Conversion of isocitrate to a-ketoglutarate by wild-type IDH1 produces cytosolic NADPH. (B)
Certain conditions, including hypoxia and mitochondrial dysfunction, cause the wild-type IDH1 enzyme
to catalyze the reductive carboxylation of a-ketoglutarate to isocitrate, which consumes NADPH. This
reductive carboxylation reaction is thought to facilitate the flux of carbons from glutamine to de novo
lipid synthesis. (C) Neomorphic mutations in IDH1, like the R132C mutation, cause the enzyme to

produce the oncometabolite 2-hydroxyglutarate from a-ketoglutarate and NADPH.
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1.4 SPECIFIC AIMS AND OVERVIEW OF THE DISSERTATION

Since the first observation of altered cellular metabolism in cancer cells in the 1920s, our
understanding of tumor metabolism has greatly expanded. At the same time, a complex network of
oncogenic signaling pathways has been uncovered. However, the intersection of cancer signaling
pathways and cellular metabolism is still poorly understood. In particular, little is known about the
regulation of lipid metabolism by oncogenic signaling pathways. In this dissertation, I uncover novel

mechanisms through which mTORC1 and SREBP regulate cellular metabolism in cancer.

In Chapter 2, I establish a major mechanism through which two of the most commonly mutated
oncogenes in cancer stimulate de novo lipid synthesis. Although lipid metabolism has been studied in
great depth in the liver, much less is known about its regulation in cancer. I demonstrate that expression
of oncogenic PI3K and K-Ras in isogenic breast epithelial cells or in a panel of genetically diverse breast
cancer cell lines promotes lipid synthesis through mTORC1 and SREBP. Consistent with the regulation
of SREBP by mTORCI1, expression of these oncogenes activate both SREBP1 and SREBP2, which
increase the expression of de novo lipogenesis enzymes. Elevated mTORCI1 signaling in breast cancer
patient tumor samples is also associated with high expression of SREBP targets in vivo. Importantly,
depletion of SREBP proteins in breast cancer cells reduces the growth factor-independent proliferation of
breast cancer cells and of oncogene-expressing epithelial cells. These data provide a mechanism through
which oncogenic PI3K and K-Ras coordinate de novo lipid synthesis with the production of proteins and
nucleotides by converging on mTORCI. In addition, I provide a mechanism to explain the increase in

lipogenic enzymes and de novo lipogenesis observed in many cancers over the past 60 years.

In Chapter 3, I show that IDH1 transcription is activated by SREBP across a broad range of
cancer lineages. Consistent with the role of SREBP targets in de novo lipogenesis, IDH1 facilitates de
novo lipid synthesis from glutamine, but not from glucose or acetate. This regulation of IDH1 by SREBP

provides a novel mechanism for the coordination of de novo lipid synthesis enzyme expression with
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supporting processes that ensure sufficient carbon availability. Moreover, my data demonstrate that
SREBP can activate expression of the oncogenic mutant-IDH1, and that it can regulate 2-HG production
in IDH1-mutant cells. These results provide a novel regulatory mechanism for the production of 2-HG by

mutant IDH1.

Together, my work highlights the important role of SREBP in different cancer settings through its
control of canonical lipid synthesis genes as well as its new metabolic target, IDH1. I finish by discussing
the therapeutic implications of these findings and by suggesting future experiments to address some of the

unresolved aspects of my work.
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CHAPTER 2:
ONCOGENIC PI3K AND K-RAS STIMULATE DE NOVO LIPID SYNTHESIS

THROUGH mTORC1 AND SREBP

This chapter is adapted from:

Ricoult SJH, Yecies JL, Ben-Sahra I, Manning BD. Oncogenic PI3K and K-Ras stimulate de novo lipid
synthesis through mTORC1 and SREBP. Oncogene 2016; 35:1250-1260.



2.1 ABSTRACT

An enhanced capacity for de novo lipid synthesis is a metabolic feature of most cancer cells that
distinguishes them from their cells of origin. However, the mechanisms through which oncogenes alter
lipid metabolism are poorly understood. We find that expression of oncogenic PI3K™*™® or K-Ras"?" in
breast epithelial cells is sufficient to induce de novo lipogenesis, and this occurs through the convergent
activation of the mechanistic target of rapamycin complex 1 (mTORC1) downstream of these common
oncogenes. Oncogenic stimulation of mTORCI1 signaling in this isogenic setting or a panel of eight breast
cancer cell lines leads to activation of the sterol regulatory element binding proteins (SREBP1 and
SREBP2), which are required for oncogene-induced lipid synthesis. The SREBPs are also required for the
growth factor-independent growth and proliferation of oncogene-expressing cells. Finally, we find that
elevated mTORCI signaling is associated with increased mRNA and protein levels of canonical SREBP
targets in primary human breast cancer samples. These data suggest that the mTORC1-SREBP pathway is
a major mechanism through which common oncogenic signaling events induce de novo lipid synthesis to

promote aberrant growth and proliferation of cancer cells.

2.2 INTRODUCTION

The genetic events underlying cancer development are accompanied by the induction of a
metabolic program, distinct from most normal cells, that facilitates the uncontrolled growth of cancer
cells. However, the key molecular connections between the most commonly activated oncogenic
pathways in human cancers and this metabolic reprogramming are poorly defined. One long-known, but
poorly understood, alteration in cellular metabolism frequently observed in cancer is the activation of de
novo lipid synthesis', a process that only minimally contributes to the lipid content of normal non-

proliferating cells. While normal cells generally rely on the uptake of lipids from the circulation, cancer
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cells often acquire the ability to make their own, which is believed to be required to meet an increased

demand for membrane biogenesis during cell proliferation™”.

The expression of genes encoding lipogenic enzymes, including acetyl-CoA carboxylase
(ACACA), fatty acid synthase (FASN) and steroyl-CoA desaturase (SCD), has been found to be elevated
in a variety of cancers™*’. In normal, lipid-producing tissues, such as the liver, these and most other
enzymes involved in de novo sterol and fatty acid synthesis are induced by the SREBP family of
transcription factors, SREBP1 and 2°. The SREBPs are produced as inactive precursors, which reside as

transmembrane proteins in the endoplasmic reticulum (ER)" "'

. When sterols or unsaturated fatty acids
become depleted, the membrane-bound SREBP traffics to the Golgi, where it is sequentially cleaved by
two site-specific proteases. The N-terminal fragment of SREBP, representing the active transcription
factor (referred to as the mature form), is released and can enter the nucleus to activate target genes with

SREs in their promoters. Through transcriptional activation of its lipogenic target genes, SREBP is able to

induce the de novo synthesis of sterols, fatty acids, and their neutral lipid derivatives.

In addition to its regulation by lipids, SREBP isoform processing and activation have been found
to be stimulated by insulin and growth factor signaling through mTORC1'%. Activation of mTORC]1
signaling induces SREBP activation in cell culture models and in the liver, leading to the accumulation of
mature processed SREBP, expression of SREBP target genes, and increased de novo lipid synthesis''°.
The molecular mechanism by which mTORCI1 activates SREBP remains unknown but likely involves
multiple direct downstream targets. Independent groups have shown that mTORC1 can promote SREBP
processing through the mTORC1-regulated protein kinase S6K1 in various settings'>'” . 4E-BP1, an
inhibitor of cap-dependent translation that is blocked by mTORCI1 signaling, has also been implicated in
the regulation of SREBP downstream of mTORC1'**'. In addition, phosphorylation of the phosphatidic
acid phosphatase Lipinl by mTORCI1 has been shown to promote accumulation of mature SREBP in the

nucleus through an unknown mechanism®. An important feature of mTORC]1 signaling that influences

studies on its regulation of SREBP is that the downstream targets of mTORCI1 are differentially sensitive
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to mTOR inhibitors. S6K 1 phosphorylation and activation is completely inhibited by rapamycin, while
4E-BP1 and Lipin] phosphorylation and inhibition are only partially sensitive to rapamycin®**. As such,
it is useful to use both rapamycin, an allosteric inhibitor of mMTORCI1, and mTOR kinase inhibitors, which

completely inhibit both mTORC1 and mTORC2, in such studies.

In normal cells and tissues, mMTORCI activity is tightly controlled by growth factors through the
convergence of multiple upstream signaling pathways on a protein complex comprised of the tuberous
sclerosis complex (TSC) tumor suppressors, TSC1 and TSC2, and the TBC1D7 protein (the TSC
complex)™?°. The TSC complex acts as a GTPase-activating protein (GAP) for Rheb, a Ras-related small
G-protein that potently activates mTORC1 when it is GTP-bound”’. While loss of function mutations
affecting the TSC complex lead to growth factor-independent activation of mTORC1 and are the genetic
cause of the tumor syndromes TSC and lymphangioleiomyomatosis (LAM)**, mutations in the complex
components are more rare in sporadic cancers. Nonetheless, aberrant activation of mTORCI is a frequent
event in human cancers, across nearly all lineages®. Two of the most commonly activated pathways in

cancer, the PI3K-Akt and the Ras-Erk pathways, converge on the TSC complex to activate mTORC1>*>*.

Here, we find that expression of oncogenic PI3K or K-Ras in normal cells induces de novo
lipogenesis and that inhibition of mTORCI1 or depletion of the SREBPs blocks this induction. We also
find that this is a primary mechanism driving lipid synthesis in a panel of genetically-defined breast
cancer lines. We find that depletion of the SREBPs hinders the viability and growth of cells with
oncogenic activation of mTORCT1 signaling. Lastly, we show an association between mTORC1 activation
and expression of lipogenic targets of SREBP in primary human breast cancer samples. These findings
identify the mTORCI1-SREBP pathway as a major molecular link between oncogenic signaling events

and the common increase in de novo lipid synthesis observed in human cancers.
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2.3 MATERIALS AND METHODS

Cell culture

All cell lines were obtained from ATCC and maintained in RPMI-1640 with 10% fetal bovine
serum (FBS) at 37°C and 5% CO,. Lipid-reduced FBS was made by mixing with fumed silica (20 mg/ml)
(S5130, Sigma) for 3 hours. Pools of MCF10A cells stably expressing pBabe-Puro-vector, -PI3KCA™ *"®
(Addgene #12524)”, or K-Ras“"?" (Addgene #9052), via retroviral transduction, were selected and
cultured in DMEM-F12 with 5% horse serum, EGF (20 ng/ml), hydrocortisone (0.5 mg/ml), cholera toxin
(100 ng/ml), Insulin (10 pg/ml), and puromycin (1 pg/ml) at 37°C and 5% CO,. Rapamycin (553210,

Calbiochem), PP242 (4257, Tocris), and Torinl (4247, R&D Systems) were used to inhibit mTOR.
Plasmids and siRNAs

The pLKO mouse SREBP2 plasmid (Addgene #32018,) was a gift from David Sabatini*.
SREBP2 shRNAs from the RNAi consortium were used: shSREBP2#1 (TRCN0000020665),
shSREBP2#2 (TRCN0000020667), shNSREBP2#3 (TRCN0000020666), shSREBP2#4
(TRCNO0000020668). All siRNA experiments used ON-TARGET-plus SMARTpool siRNAs (30 nM;
Dharmacon/GE) transfected using Lipofectamine RNAIMAX (Invitrogen), according to the
manufacturer’s instructions for reverse transfection. For Raptor and Rictor knockdowns, siRNAs were
transfected on two consecutive days to achieve efficient knockdown. Each siRNA and shRNA targeting
SREBP2 recognized a unique sequence in SREBF?2, with at least 5 mismatches toward any sequence in

SREBF1, and vice versa.

Immunoblotting

Cells were lysed in 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 B-glycerophosphate; 50 mM

NaF; 0.5 mM orthovanadate) containing Protease Inhibitor Cocktail (Sigma) and 1 mM DTT. Nuclear
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isolation was performed with a Nuclear Extract Kit (40010, Active Motif), with 10 ug/ml ALLN (208719,
Millipore) treatment 20 min prior to isolation, and ALLN added to the hypotonic and lysis buffers. The

nuclear fraction was washed with hypotonic buffer prior to lysis.

Antibodies used for immunoblots recognized SREBP1 (sc-8984, Santa Cruz), SREBP2 precursor
and processed C-terminus (557037, BD), SREBP2 mature N-terminus (30682, Abcam), Actin (A5316,
Sigma), and from Cell Signaling Technologies: ACC1 (3676), FASN (3180), SCD (2438), HA (2367), P-
Akt-T308 (9275), P-Akt-S473 (4051), Total-Akt (4691), P-S6K 1-T389 (9234), Total-S6K1 (2708), P-S6-
S240/S244 (2215), Total-S6 (2217), 4E-BP1 (9644), Ras (3965), P-Erk1/2-T202/Y204 (9106), Total-

Erk1/2 (9102), Lamin A/C (2032), Histone H3 (4499).
De novo lipid synthesis

Cells grown in 6-well plates were serum starved 16-18 h, with 5 pCi/mL 1-"*C-acetate
(NEC084HO001MC, Perkin Elmer) added to the media for the final 4 h. Cells were washed twice with PBS
prior to lysis in 0.5% Triton X-100. Lipids were extracted with 2:1 (v/v) chloroform/methanol (500 pl)
followed by low-speed centrifugation (1000 rpm, 20 min). '*C-labeled lipid in the denser fraction was
quantified in duplicate samples using a LS6500 scintillation counter (Beckman Coulter), and normalized

to protein concentration for MCF10a and cell number for breast cancer cells.

mRNA expression analysis

RNA was isolated using the RNeasy Mini Kit (Qiagen). cDNA was synthesized using the
Superscript 111 First Strand Synthesis System (Invitrogen) and quantified using SYBR-Green for qRT-
PCR (Applied Biosystems 7300 Real Time PCR System). Each condition was run in triplicate and
normalized to RPLP0 (F-cagattggctacccaactgtt, R-gggaaggtgtaatccgtctecc) mRNA levels. Primer
sequences: SREBFI (F-tgcattttctgacacgctte; R-ccaagctgtacaggctctee), SREBF2 (F-tggcttctctecctacteea, R-

gagaggcacaggaaggtgag), ACACA (F-atgtctggcttgcacctagta, R-ccccaaagegagtaacaaattet), FASN (F-
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aaggacctgtctaggtttgatge, R-tggcttcataggtgacttcca), SCD (F-cccagetgtcaaagagaagg, R-

caagaaagtggcaacgaaca).

Cell proliferation, size and death

Cell number and size were measured in solution, following trypsinization, using a Z2 Coulter
Counter (Beckman Coulter). Medium was replaced every 24 h. For cell death, adherent and non-adherent
cells were combined, washed in PBS, and resuspended in annexin buffer (10 mM HEPES; 140 mM NacCl;
2.5 mM CaCl,, pH 7.4) prior to incubation with Annexin-V/FITC conjugate (A13199, Invitrogen) for 15
min. Cells for each sample were resuspended in annexin buffer containing propidium iodide (PI; P4170,
Sigma) before analyzing by flow cytometry (FACS Calibur, BD). Percent cell death was calculated by

dividing the sum of the cells positive for PI, Annexin-V, or both by the total number of cells.

Analysis of TCGA data

Reverse-phase protein array and gene expression data were downloaded from cBioPortal’®>*.
Samples with P-S6-S240 levels greater than one standard deviation above average were classified as
“High Phospho-S6”, whereas those greater than one standard deviation below average were classified as

“Low Phospho-S6”.

Breast cancer patient lysate arrays

Breast cancer patient lysate arrays (PMA2-001-L, Protein Biotechnologies) were blotted
following the manufacturer’s instructions. Colloidal gold staining (170-6527, BioRad) was used to
determine total protein content. Signal from 40 of 55 samples was detectable for FASN and 37 of 55
samples for SCD. Dot intensity was measured with ImageJ™. “High Phospho-S6” samples had a fold
change in P-S6 levels between the tumor and normal tissues greater than log,(0.5), whereas “Low

Phospho-S6” were those lower than log,(-0.5).
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Statistical analysis

All data were analyzed with GraphPad Prism. P-values were calculated by an unpaired two-tailed

Student’s t-test, where appropriate.

2.4 RESULTS

2.4.1 Oncogenic PI3K and K-Ras are sufficient to induce de novo lipid synthesis and do so in an

mTORCI1-dependent manner

Since both the PI3K and Ras pathways are frequently activated in cancer and converge to activate
mTORCI (Figure 2.1A), we asked whether activating mutants commonly found in human cancer
(PIK3CA"™® and K-Ras®'?") were sufficient to stimulate lipogenesis. We generated an isogenic set of
cell lines stably expressing either empty vector or one of these two oncogenic mutants in MCF10a cells, a
non-transformed human breast epithelium cell line. The oncogene-expressing cells exhibited growth-
factor independent activation of mTORCI, as detected by phosphorylation of its downstream targets,
S6K1 and 4E-BP1, and the S6K target ribosomal S6, which were sensitive to rapamycin and the mTOR
kinase inhibitor Torinl (Figure 2.1B). Consistent with these oncogenes activating mTORC1 primarily
through distinct pathways, the PIK3CA™'**® cells displayed activated Akt but not Erk, whereas the K-
Ras®"?Y cells had activated Erk with minimal activation of Akt. To measure specific effects on de novo
lipid synthesis, cells were labeled with '*C-acetate in order to avoid established effects of these oncogenes
on glucose uptake. Importantly, both oncogenic PI3K and K-Ras stimulated an increase in the
incorporation of acetate into lipid (Figure 2.1C). Rapamycin significantly reduced this oncogene-induced
lipogenesis, and treatment with two structurally distinct mTOR kinase inhibitors***, PP242 *or Torin],

led to a further reduction.
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Figure 2.1. Oncogenic PI3K and K-Ras promote de novo lipogenesis through mTORCT1 activation.
(A) Model of the convergent regulation of mTORCI through the PI3K and K-Ras pathways and the
action of different classes of mTOR inhibitors. (B) Growth-factor independent activation of mTORC1
signaling by oncogenes. MCF10a cells stably expressing empty vector, PIK3CA™*’® or K-Ras®"*" were
serum starved for 16 h in the presence of vehicle, rapamycin (20 nM), or Torinl (250 nM). Immunoblots

are of proteins and phosphorylated (P) proteins in the cytosolic fraction, with phosphorylation of 4E-BP1

detected by mobility shift.
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Figure 2.1 (Continued)

(C) Oncogene and mTORC1-dependent induction of de novo lipid synthesis in MCF10a cells.
Incorporation of 1-[14C]-acetate into the lipid fraction was measured in the cells from B in the presence
of vehicle, rapamycin (20 nM), PP242 (2.5 uM), or Torinl (250 nM). Representative data are shown as
mean + s.e.m. relative to vector-expressing cells (white bar), n=4. (D,E) Effects of Raptor and Rictor
depletion on signaling and de novo lipogenesis. The cells in B were transfected with siRNAs targeting
Raptor or Rictor. Cells were lysed 72 h post-transfection following 16 h serum starvation, to analyze
signaling (D) or lipid synthesis, as measured and presented in C (E). Representative data are shown as
mean + s.e.m. relative to vector-expressing cells (white bar), n=3. (C,E) #P-value < 0.05 compared to

vector-expressing cells; *P-value < 0.05 compared to vehicle-treated cells expressing the same oncogene.
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To determine whether the effects of mTOR inhibitors on the induction of lipid synthesis by
oncogenic PI3K and K-Ras were through inhibition of mMTORC1 or mTORC2 (Figure 2.1A), siRNAs
targeting either mTORC1, through Raptor knockdown, or mTORC2, through Rictor knockdown, were
introduced into these cells (Figure 2.1D). In both oncogene-expressing lines, Raptor knockdown
decreased S6K 1 phosphorylation. Rictor knockdown had the strongest effect on S6K 1 phosphorylation in
the PIK3CA"™® cells, where the mTORC?2 target Akt lies upstream of mTORC1. Importantly, de novo
lipogenesis in the oncogene-expressing cells mirrored effects of these siRNAs on mTORCT1 signaling,
with Raptor knockdown inhibiting in both lines and Rictor knockdown having more pronounced effects
in the PIK3CA"*® cells (Figure 2.1E). Therefore, oncogenic PI3K and K-Ras are sufficient to stimulate

de novo lipid synthesis and do so through the common downstream activation of mMTORCI.

2.4.2 Activation of SREBP downstream of mMTORC1 is required for oncogene-induced lipid

synthesis

Given that mMTORCI1 has been found previously to stimulate de novo lipid synthesis through

13,14 .
>4 we assessed the effects of oncogenic

activation of the SREBP transcription factors in other settings
PI3K and K-Ras on SREBP isoforms and canonical gene targets. Following cellular fractionation to
detect the cytosolic, inactive precursor (P) and nuclear, active mature (M) forms of SREBP1 and 2, we
found that levels of the SREBP1 precursor were modestly elevated in the oncogene-expressing lines,
whereas the SREBP2 precursor was increased only in the oncogenic K-Ras cells (Figure 2.2A). These
increases matched closely with differential changes in the transcript levels of the genes encoding these
proteins, SREBF'1 and SREBF?2 (Figure 2.2B). Consistent with previous findings suggesting that
mTORC] signaling promotes the processing of SREBP'**°, the nuclear mature forms of both SREBP1
and 2 were elevated in the oncogene-expressing cells, and treatment with either rapamycin or Torinl

blocked this increase (Figure 2.2A). The oncogene-mediated activation of SREBP was reflected in

elevated transcript (Figure 2.2B) and protein (Figure 2.2A) levels of three canonical SREBP targets,
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Figure 2.2. mTORCI1 is required for activation of SREBP1 and SREBP2 by PI3K and K-Ras.

(A) Regulation of SREBP isoforms by oncogenes and mTORC1. MCF10a cells stably expressing empty
vector, PIK3CA™*™® or K-Ras®'*" were serum starved for 16 h in the presence of vehicle, rapamycin (20
nM), or Torinl (250 nM). Cytosolic and nuclear fractions were collected to detect the cytosolic precursor
(P) and the nuclear mature (M) forms of SREBP1 and 2. * denotes a cross-reacting band. (B) Oncogene
and mTORC1-dependent induction of ACACA, FASN, SCD, SREBF1, and SREBF?2 gene expression.
RNA was isolated from cells treated as in A for analysis by qRT-PCR. Representative data are shown as
mean + s.e.m. relative to vector-expressing cells (white bar), n=2. # P-value < 0.05 compared to vector-

expressing cells; * P-value < 0.05 compared to vehicle-treated cells expressing the same oncogene.

62



ACCI1, FASN and SCD. While the transcript levels of ACC1, FASN and SCD were all sensitive to
mTORCI inhibitors, only SCD was decreased at the protein level following overnight treatment,

reflecting the long-lived nature of the ACC1 and FASN proteins***'.

To determine whether the oncogene-induced increase in expression of lipogenic genes and
stimulation of de novo lipid synthesis were through this mMTORC1-dependent activation of SREBP
1soforms, we used siRNAs to knock down SREBP1, SREBP2, or both. Consistent with redundant
regulation of lipogenic gene targets by SREBP1 and 2, the double knockdown resulted in the strongest
decrease in FASN and SCD protein (Figure 2.3A) and transcript levels (Figure 2.3B). While the transcript
levels of ACC1 were affected by SREBP knockdown, especially in the PIK3CA™"'*® cells (Figure 2.3B),

13,42,43
, We

ACCI1 protein levels were largely unaffected (Figure 2.3A). As observed in previous studies
found that SREBP2 knockdown, with siRNA sequences that do not directly target SREBP1, decreases
SREBF 1 transcript levels (Figure 2.3B), and this is also reflected in SREBP1 protein levels (Figure 2.3A).
This cross-regulation likely reflects the presence of functional SREs in the SREBFI gene promoter™.
Importantly, as with mTORCI1 inhibitors, oncogene-induced de novo lipogenesis was eliminated with

siRNA-mediated knockdown of SREBP isoforms, with SREBP2 playing the dominant role in these cells

(Figure 2.3C).

Given that treatment with mTOR inhibitors for 16 h is sufficient to block oncogene-driven
lipogenesis (Figure 2.1C), but only SCD protein levels, not ACC1 or FASN, are decreased in this time
frame (Figure 2.2A), we determined whether inhibition of SCD could explain these inhibitory effects on
lipogenesis. Indeed, siRNA-mediated knockdown of SCD significantly reduced de novo lipogenesis, with
a more pronounced effect in the PI3K™'*® cells, where the decrease mimicked SREBP1/2 knockdown
(Figures 2.3D and 2.3E). Therefore, oncogenic PI3K and K-Ras can stimulate lipogenesis through the
mTORCI1-mediated activation of SREBP and its subsequent induction of SCD, the enzyme responsible

for generating the mono-unsaturated fatty acids (MUFAs) prevalent in membrane phospholipids.
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Figure 2.3. SREBP and SCD are required for activation of de novo lipogenesis by PI3K and K-Ras.
(A-C) Effects of SREBP1 and SREBP2 knockdown on SREBP targets and de novo lipogenesis. MCF10a
cells stably expressing empty vector, PIK3CA™™™® or K-Ras“'?" were transfected with siRNAs targeting
SREBP1, SREBP2, or both. Cells were lysed 72 h post-transfection following 20 h serum starvation for
immunoblotting of the cytosolic fraction (A) or RNA extraction for qRT-PCR analysis (B).
Representative data are shown as mean + s.e.m. relative to vector-expressing cells (white bar), n=3. (C)
Incorporation of 1-['*C]-acetate into the lipid fraction was measured in these cells, with data shown as
mean * s.e.m. relative to vector-expressing cells (white bar), n=2. (D,E) Effects of SREBP and SCD
knockdown on lipogenesis. The cells in A were transfected with siRNAs targeting SREBP1 and SREBP2,
or SCD. Cells were lysed as in A for immunoblotting (D). Incorporation of 1-['*C]-acetate into the lipid
fraction was measured in these cells (E). Data are shown as mean + s.e.m. relative to vector-expressing
cells (white bar), n=2. (B,C,E) # P-value < 0.05 compared to vector-expressing cells; * P-value < 0.05

compared to cells expressing the same oncogene transfected with nontargeting siRNA.
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Figure 2.3 (Continued)
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2.4.3 mTORCI1 and SREBP drive de novo lipid synthesis in breast cancer cells

To determine whether mTORCI signaling also promotes de novo lipid synthesis in the more
complex genetic setting of cancer cells, we profiled a panel of eight genetically-defined breast cancer cell
lines of luminal and basal subtype that, among other mutations, have oncogenic activation of the PI3K or
Ras signaling pathways (Table 2.1). Consistent with the presence of these mutations leading to activation
of the upstream pathways, all eight cell lines displayed growth-factor independent activation of mTORC1
signaling, which was sensitive to rapamycin, PP242 or Torinl (Figure 2.4). De novo lipogenesis was also
constitutively active in these cells, and was significantly reduced by rapamycin in all cases, with mTOR
kinase inhibitors leading to a further reduction in some lines (Figure 2.4). Inhibition of mTOR decreased
the transcript levels of SREBF'1, SREBF2, FASN, and SCD in these lines (Figure 2.5A). Similar to the
oncogene-expressing MCF10a cells, mTOR inhibitors had little effect on levels of SREBP precursors, but
the mature forms of both SREBP1 and 2 were reduced by rapamycin and Torinl in three representative
lines from this panel (Figure 2.5B). As a control, we confirmed that the SREBP precursor and mature
forms detected by these antibodies are reduced by siRNA-mediated knockdown of SREBP1 and 2 in
these cells (Figure 2.5C). SCD protein levels were also reduced by mTOR inhibitors (Figure 2.5B),
whereas a substantial decrease in FASN levels were not observed until 96 h of treatment (Figure 2.5D),

despite effects on its transcript levels at 18 h (Figure 2.5A).

To determine the role of SREBP in the induction of lipogenesis in breast cancer cells, SREBP1,
SREBP2, or both were knocked-down using siRNAs in these three lines, which we confirmed by
measuring SREBF1, SREBF2, and SCD transcript levels (Figure 2.6A). Depletion of SREBP2 alone or in
combination with SREBP1 attenuated the ability of these cells to synthesize lipids de novo (Figure 2.6B).
Therefore, aberrant mTORCI signaling and its activation of SREBP isoforms underlie the lipogenic

property of heterogeneous breast cancer cell lines.
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Table 2.1. Breast cancer cell lines used in this study with known mutations upstream of mTORCI.

# Cell Line Mutations Subtype®
! MDA-MB-468 PTEN p.V85_splice Basal
2 HCC1937 PTEN del/del Basal
3 MCF-7 PIK3CA E545K Luminal
4 BT-483 PIK3CA E542K Luminal
> T-47D PIK3CA H1047R Luminal
1 MDA-MB-453 | PIK3CA H1047R (PTEN®) | Luminal
7 Hs578T HRAS G12D Basal
8 MDA-MB-134-VI KRAS GI2R Luminal

* Subtype is based on the gene expression signature published by Neve et al.*

® PTEN mutation with undefined effect.
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Figure 2.4. Breast cancer lines depend on mTORCI1 for de novo lipogenesis.

Signaling and de novo lipogenesis in response to mTOR inhibition. Eight breast cancer cell lines were
serum starved for 18 h in the presence of vehicle, rapamycin (20 nM), PP242 (2.5 uM), or Torinl (250
nM). Note: phosphorylation of S6 and, via mobility shifts, 4E-BP1 are shown as markers of mTORC1
activation. Incorporation of 1-['*C]-acetate into the lipid fraction was measured. Representative data are

shown as mean =+ s.e.m. relative to vehicle-treated cells, n=2. * P-value < 0.05 compared to vehicle-

treated cells.
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Figure 2.5. mTOR inhibitors decreases the expression of SREBP and its target genes in breast
cancer cells.

(A) mTORCI1-dependent FASN, SCD, SREBF 1, and SREBF?2 expression in breast cancer cells. The cell
lines, numbered as in Table 1, were serum starved for 18 h in the presence of vehicle, rapamycin (20 nM),
or Torinl (250 nM). RNA was isolated for analysis by qRT-PCR, with transcript levels shown as mean +
s.e.m. relative to vehicle-treated cells. * P-value < 0.05 compared to vehicle-treated cells. (B)
Dependence of SREBP processing on mTORCI in breast cancer cells. MDA-MB-468, MDA-MB-453
and Hs578T were treated as A and fractionated into nuclear and cytosolic fractions for immunoblotting.
The SREBP full-length precursor (P), processed C-terminus (C) and nuclear mature (M) isoforms were
detected. * denotes a cross-reacting band. (C) Immunoblots demonstrating the specificity of SREBP1 and
SREBP2 antibodies. MDA-MB-468, MDA-MB-453, and Hs578T cells were transfected with siRNAs
targeting SREBP1 and SREBP2 for 72 h. Cytosolic and nuclear fractions were collected after 18 h serum
starvation to detect the cytosolic precursor (P) and the nuclear mature (M) forms of SREBP1 and 2, and
the C-terminal cleaved form of SREBP2 (C). (D) Effect of long-term mTOR inhibition on FASN and
SCD levels. MDA-MB-453 cells were serum starved for 96 h and rapamycin (20 nM) or Torinl (250 nM)

was added in 24 h increments.

69



A B
SREBF1 468 453 578T

S 150
] Rap - + - - + - - 4 -
& Torint - - + - - + - - +
5 1.00 - SREBP1 (P) s o s s s 5 o
i SREBP2 (P) Sesees gaesss sssss | o
2050 SREBP2 (C) S = Miees B .5
£ FASN smem e amemem oo 8
& 0.00 SCD === @~ @& - |5
VRT VRT VRT VRT VRT VRT VRT VRT ACtin we we en w o - -
1 2 345 6 7 8 SREBPI (M) & @~ E & |z
SREBF2 P 1|8
£ 1.25 - * SREBP2 (M) #% s L L~ B
'% Histone-H3 == e -« sn o & = o o |2
£ 1.00 -
e *
G.0.75 | * .
I C
Y 0.50 - o
e M0 468 453 578
® 025 . H SISREBP1+2 - + - + - +
& 0.00 LU LT AN JAN SREBP1 (P) mm v wme =
VRT VRT VRT VRT VRT VRT VRT VRT SREBP2 (P) #% &t e - o
12345678 SREBP2(C) = - @™ & |3
£ 1.25 - FASN FASN e ee esoe o S
.g' SCD élhes em+* = &
»1.00 - ACtin ewwe emay =
™
8075 |- |I7 |« . SREBP1 (M) ¥ L z
W 50 . N H SREBP2 (M) @ v %% - #% o
= « M * Laminin == == ese= o |2
2o L A
&0-00 r\mr\vm\||||||r\|\\|\\!\ LI L
VRT VRT VRT VRT VRT VRT VRT VRT D
1 2 3 4 5 6 7 8
c1.25 . scD MDA-MB-453 MDA-MB-453
2 Rap (H) 0 24487296 Torin1 (H) 0 24487296
100 - P-S6K e P-S6K e
—
S0.75 - « |, Y] QY —— Y] [ P ——
W50 | I 1, s FASN i o o == == FASN s o o
2 x . SCD @ — o SCD & -
s 0.25 1 , H i Actin = = v v v Actin == s v v
mooo \\rll\\\\\llllll\\ \\\\-\*I*\ L
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Figure 2.6. Effect of SREBP1 or SREBP2 knockdown on de novo lipogenesis in breast cancer cells.

(A) Effect of SREBP knockdown on expression of SREBF'1, SREBF2, and SCD. Breast cancer cells were

transfected with siRNAs targeting SREBP1, 2 or both. RNA was extracted for qRT-PCR analysis 72 h

after transfection, following 18 h serum starvation. Representative data are shown as mean + s.e.m.

relative to vehicle-treated cells, n=2. * P-value < 0.05 compared to cells with control siRNAs. (B) SREBP

knockdown attenuates de novo lipogenesis in breast cancer cells. The cells were transfected as in A with

siRNAs targeting SREBP1, SREBP2, or both. Cells were lysed 72 h post-transfection following 16 h

serum starvation to analyze lipid synthesis by measuring the incorporation of 1-['*C]-acetate into the lipid

fraction. Data are shown as mean + s.e.m. relative to cells transfected with non-targeting siRNA, n=2. *

P-value < 0.05.



2.44 The SREBPs support oncogene-induced cell proliferation and growth

We next determined the importance of downstream activation of SREBP on the growth properties
of breast cancer cells with activated mTORCI. The proliferation of MDA-MB-468, MDA-MB-453, and
Hs578T grown in full serum was significantly reduced by combined knockdown of SREBP1 and 2, with
the Hs578T cells being equally sensitive to SREBP2 knockdown alone (Figure 2.7A). To determine the
influence of exogenous lipids on these responses, proliferation was also measured in lipid-depleted serum.
While the overall responses to SREBP isoform knockdown were similar, reducing serum lipids greatly
sensitized the MDA-MB-468 cells to the knockdown of SREBP2 (Figure 2.7B). Exogenous expression of
mouse SREBP2, which is resistant to the siRNAs targeting human SREBP2 and, thereby, restores FASN
and SCD expression, rescued the inhibitory effects of SREBP2 knockdown on the proliferation of these
cells (Figure 2.7C). As further confirmation of the specificity of these effects, four different shRNA
sequences targeting SREBP2 were tested. The inhibition of proliferation with these ShRNAs closely
matched the degree of decrease in FASN and SCD protein levels elicited by the individual shRNAs
(Figure 2.7D). The knockdown of SREBP isoforms also led to a reduction in cell size, with the double
knockdown having the strongest effect in all three cell lines tested (Figure 2.8A). The differential effects
of SREBP1 and SREBP2 depletion on the proliferation and growth of these cell lines were also observed
for measurements of cell death, with the double knockdown most strongly decreasing viability (Figure
2.8B). Therefore, SREBP plays a key role in supporting cell growth, proliferation and survival in these

breast cancer cells.

To better define the cellular role of SREBP as a downstream effector of oncogenic signaling
pathways, we compared the PIK3CA"'*"™® and K-Ras“'*"-expressing MCF10a cells to the isogenic
vector-expressing cells. When grown in full serum, the proliferation rate of the vector control cells was
comparable to the oncogene-expressing cells (Figure 2.9A), and knocking down SREBP isoforms,
particularly SREBP2, only modestly reduced proliferation in the oncogene-expressing lines (Figure

2.9B). To better distinguish between the control cells, which exhibit growth-factor dependent mTORC1
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Figure 2.7. Effects of SREBP1 and SREBP2 depletion on the proliferation of breast cancer cells.

(A,B) Effect of SREBP1 and SREBP2 depletion on proliferation in breast cancer cells. MDA-MB-468,

MDA-MB-453 and Hs578T cells were transfected with siRNAs targeting SREBP1, SREBP2, or both and

were either (A) cultured in full serum or (B) switched to lipid-reduced serum 24 h after the knockdown (t

=0 h). For all proliferation graphs, data are shown as mean + s.e.m., n=3. * P-value < 0.05 compared to

control cells at the final time point. (C) Rescue of human SREBP2 knockdown with mouse SREBP2

expression. MDA-MB-468 cells stably expressing mouse SREBP2 were transfected with siRNA targeting

human SREBP2. Cells were lysed for immunoblotting 72 h post-transfection, following 16 h serum

starvation. To measure proliferation, cells were cultured in lipid-reduced serum and counted every 24 h.
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Figure 2.7 (Continued)

(D) Effects of SREBP2 shRNA on SREBP target expression and proliferation. MDA-MB-468 cells stably

expressing four different shRNA sequences targeting SREBP2 were either serum starved for 16 h for

immunoblot analysis or cultured in lipid-reduced serum to measure proliferation.
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Figure 2.8. The SREBPs support growth and survival in breast cancer cell lines.

(A) Effects of SREBP knockdown on cell size. Cell diameter was measured at 48 h in cells from Figure
2.7B, in solution. Color-coded P-values, compared to cells with control siRNAs, correspond to the color-
coding in the legend (>1000 cells measured for each). (B) Effect of SREBP knockdown on breast cancer
cell viability. Percent cell death was determined by counting Annexin-V and/or propidium iodide positive

cells treated as in Figure 2.7B by flow cytometry 72 h after siRNA transfection. Data are shown as mean

+ s.e.m. relative to cells transfected with non-targeting siRNA, n=2. * P-value < 0.05.
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Figure 2.9. Effects of oncogene expression and SREBP depletion on cell growth and proliferation in
MCF10a cells.

(A,C) Proliferation of PIK3CA™' "R and K-Ras“"*"-expressing MCF10a cells compared to vector-
expressing cells cultured in full growth medium (A) or in low serum conditions (C) starting 24 h post-
knockdown (t = 0 h). For all proliferation graphs, time points are shown as mean + s.e.m., n=3. * P-value
< 0.05 compared to control cells at the final time point. (B,D) Effect of SREBP depletion on proliferation
of oncogene-expressing MCF10a cells. Cells from a and ¢ cultured in full serum (B) or low serum (D)
were counted every 24 h following the siRNA-mediated knockdown of SREBP1, SREBP2, or both. (E,F)
Oncogene- and SREBP-dependent effects on cell growth. The diameters of the cells treated as in C (E)
and D (F) were measured at 48 h, following trypsinization. Color-coded P-values, compared to cells with

control siRNAs, correspond to the color-coding in the legend (>1000 cells measured for each).

76



activation, and the oncogene-expressing lines, with constitutive mTORCI activation (Figure 2.1B),
proliferation was also measured in low serum and growth factor conditions, where both the PI3K and K-
Ras cells exhibit a proliferation advantage over the controls (Figure 2.9C). Under these conditions,
SREBP2 knockdown arrested the proliferation of both oncogene-expressing lines, an effect enhanced
when combined with SREBP1 knockdown (Figure 2.9D). The oncogene-expressing cells also exhibited
an increase in cell size relative to the control cells (Figure 2.9E), and their size was significantly reduced
upon knockdown of SREBP2 alone or in combination with SREBP1 (Figure 2.9F). Collectively, these
findings reveal a requirement for SREBP in the aberrant, growth factor-independent growth and

proliferation of oncogene-expressing cells.

2.4.5 Association of mTORCI activation with the expression of SREBP targets in human breast

cancer

To determine whether the mTORCI1-SREBP pathway is activated in human breast cancers, we
analyzed the coupled gene expression and reverse phase protein array data from the breast invasive
carcinoma dataset of The Cancer Genome Atlas (TCGA)*®*>*. Using phosphorylation of ribosomal S6 (P-
S6) as an indication of mTORCI1 activation, the expression of canonical SREBP targets in cells with low
and high mTORCI signaling was compared. When compared to tumors with low P-S6 (n=116), those
with high P-S6 (n=112) displayed increased expression of the SREBP target genes FASN, SCD, LDLR,
and MVK (Figure 2.10A). To further assess a connection between mTORCI1 activation and increased
protein levels of SREBP targets, we used arrays of protein extracts from primary breast cancer samples
comprised of matched pairs of tumor and adjacent normal breast tissue from each patient (n=40),
comparing P-S6 levels to that of FASN and SCD. To validate the antibodies for this assay, we used dot
blots of MDA-MB-468 cell lysates and confirmed the decreased signal in lysates from Torinl-treated
cells (Figure 2.11). Examples of the array data with triplicate spots of normal and tumor tissue from each

of 6 patients are shown in Figure 2.10B. An association between the fold change in P-S6 levels in the
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Figure 2.10. Expression of SREBP targets is associated with mTORCI1 activation in human breast
cancer.

(A) Comparison of SREBP target gene expression and P-S6 levels in data from primary breast cancer
samples. Expression of FASN, SCD, LDLR, and MVK in breast carcinoma samples from the TCGA,
grouped by high (n=112) or low (n=116) P-S6-S240/244 levels. Data are shown as mean + s.e.m. relative
to low P-S6 samples. (B,C) Association of FASN and SCD protein levels with P-S6 levels in primary
human breast cancers. Dot blots of six different matched pairs of breast cancer and normal tissue are
shown, each spotted in triplicate (B). The log, fold change of P-S6 levels in paired tumor versus normal
tissue is graphed with log, fold change of either FASN (n=40) or SCD (n=37) (C), with the coefficient of
determination (R?) provided. (D) The data from C was grouped into high and low fold changes of P-S6

levels in tumor versus normal tissue and graphed for the fold-change in FASN and SCD protein levels.
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of protein extract from these cells were spotted onto nitrocellulose membranes and immunoblotted for the

indicated proteins.
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tumor samples relative to their matched normal tissue and the fold change in FASN and, especially, SCD
protein levels was evident in this analysis (Figure 2.10C). FASN and SCD protein levels were
significantly increased in tumor samples with elevated P-S6 compared to tumor samples with decreased
P-S6 (Figure 2.10D). Taken together with our isogenic and breast cancer cell data, these findings indicate
that the aberrant activation of mTORCI in cancer promotes a lipogenic program through the activation of

SREBP and its gene targets.

2.5 DISCUSSION

An important metabolic characteristic of cancer cells that distinguishes them from their cells of
origin is their enhanced capacity to synthesize, de novo, the major macromolecules needed to make new
cells, including proteins, nucleotides, and lipids*®. While there has been much progress in defining the
unique metabolic properties of cancer cells, how these properties are acquired over the course of
oncogenic transformation is less well understood. In this study, we demonstrate that mTORC1 activation
downstream of oncogenic PI3K and Ras signaling is a major mechanism by which cancer cells stimulate
aberrantly elevated rates of de novo lipid synthesis. Furthermore, we show that the SREBP family of
transcription factors, well-established promoters of lipid synthesis in physiological settings, such as the

liver®, are the key downstream effectors of mTORC1 promoting oncogene-induced lipid synthesis.

SREBP has emerged as a major effector of mMTORCI1 signaling. Porstmann ef al. were the first to
show that aberrant activation of an oncogene (Akt) could activate SREBP*, which was later found to be

through downstream activation of mTORC1"

. In a bioinformatics search for common cis-regulatory
elements in the promoters of mMTORC1-induced genes, we identified SREs, which are recognized by
SREBP, to be most prevalent, demonstrating the importance of SREBP as a primary downstream

transcriptional effector of mMTORC1". How mTORC] activates SREBP is unknown, although multiple

direct downstream targets of mMTORC]1 have been implicated'’. These distinct mechanisms are likely to
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underlie the differential sensitivity of SREBP1/2 processing and lipid synthesis to rapamycin and TOR
kinase inhibitors. It is now clear that the mTORC1-SREBP1c pathway represents a major route by which
insulin signaling activates physiological lipid synthesis in the liver>'*****, Recent studies have also
implicated an important role for the SREBPs in cancer cell viability*>** . We find that activation of the
mTORCI1-SREBP pathway underlies the elevated lipid synthesis observed in cancer cells, providing a
key link between oncogenic signaling and this metabolic process. Relative to SREBP1, SREBP2 appears
to have a stronger effect on de novo lipogenesis and proliferation in the cell settings used in this study. It
is not clear whether this is due to a specific function of SREBP2, which unlike SREBP1, is embryonic
lethal if knocked out in mice”', or whether it is due to the influence of SREBP2 on SREBP1 expression

13,42,43

detected here and in previous studies , resulting in a functional decrease in both isoforms upon

SREBP2 knockdown.

Lipogenic enzymes transcriptionally activated by the SREBPs have emerged as potential
therapeutic targets in cancer. Chemical inhibition or genetic knockdown of ATP citrate lyase (ACLY)**™,
FASN? and SCD>*° have been found to reduce proliferation and survival in a variety of cancer cells and
xenograft tumor models™. Recent studies have suggested that proliferating cells need to coordinate
protein synthesis with the synthesis of MUFAs, prevalent in membrane phospholipids, to prevent ER

42
stress*>’

, suggesting a potential selective pressure for the co-regulation of protein and lipid synthesis by
mTORCI. SCD is required for the production of MUFAs and is, therefore, particularly important for the
proliferation and survival of cancer cells®*>°. Blocking the mevalonate pathway downstream of SREBP,
which is responsible for isoprenoid and cholesterol production, has also been found to reduce cancer cell

viability**.

Despite the apparent importance of de novo lipogenesis in some cancer settings, it is unclear what
role lipid uptake plays and whether exogenous lipids become limiting for cancer cells in the tumor
microenvironment. In our study, depletion of serum lipids had little effect on the sensitivity of breast

cancer cells to knockdown of SREBP isoforms. However, in the oncogene-expressing MCF10a lines, a
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requirement for SREBP was only revealed under conditions of low serum, where oncogenic PI3K and K-
Ras exert a proliferation advantage. Interestingly, cancer cells cultured in hypoxic conditions have been
shown to be dependent on the uptake of exogenous lipids for sustained growth and survival, and this has
been attributed to the oxygen dependence of SCD for its production of endogenous MUFAs®"%.
Consistent with our findings that SCD is essential for the mTORC1- and SREBP-dependent stimulation
of de novo lipid synthesis downstream of oncogenes (Figure 2.3E), Kamphorst et a/* have demonstrated
that activated Akt stimulates the de novo production of MUFAs. In contrast, they found that oncogenic
Ras actually decreases cellular MUFA content and enhances the percentage of MUFAs acquired through
uptake of exogenous lipids. In addition to increasing lipid uptake®, we show in a distinct isogenic setting
that oncogenic K-Ras can also enhance de novo lipid synthesis under conditions where exogenous lipids
are not readily available. Interestingly, relative to cells expressing oncogenic PI3K, SCD was found to be
less critical for Ras-stimulated lipogenesis in our assays, consistent with these previous findings®. It is
important that we gain a better understanding of the balance between lipid synthesis and uptake in the
tumor microenvironment and how distinct oncogenic lesions influence this in different cancers. It is
interesting to note that a major physiological effect of systemic treatment with rapamycin is an increase in
circulating lipids®"®, likely resulting from the stimulation of lipolysis in adipose tissue® *. Such an

increase in the availability of exogenous lipids to growing tumors might overcome the suppressive effects

of mTORCI inhibition on de novo synthesis within the tumor.

Our data here suggest that oncogenic activation of mMTORC1 and its downstream induction of an
SREBP-driven lipogenic program are key elements to the transforming capacity of PI3K and K-Ras
signaling. Together with established downstream effectors of these pathways that promote cancer cell
survival and proliferation, activation of the mTORC1-SREBP pathway serves to enhance cell autonomous

growth.
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CHAPTER 3:
SREBP REGULATES THE EXPRESSION AND METABOLIC FUNCTIONS

OF WILD-TYPE AND ONCOGENIC IDH1

This chapter is adapted from:

Ricoult SJH, Asara JM, Manning BD. SREBP regulates the expression and metabolic functions of wild-
type and oncogenic IDH1. Under review at Molecular and Cellular Biology.



3.1 ABSTRACT

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 instance, by supplying reducing power in the form of
NAPDH or directing carbon flux into lipid precursors. Here, we characterize isocitrate dehydrogenase 1
(IDHT1) as a transcriptional target of SREBP across a spectrum of cancer cell lines and human cancers.
Like SREBP, IDH1 promotes the synthesis of lipids from glutamine-derived carbons. Neomorphic
mutations in IDH1 occur frequently in certain cancers, leading to the production of the oncometabolite 2-
hydroxyglutarate (2-HG). We find that SREBP induces expression of oncogenic IDH1 and influences its
ability to drive glucose flux into 2-HG. Treatment of cells with cholesterol or statins, which respectively
inhibit or activate SREBP, further demonstrates that SREBP regulates IDH1 expression and, in cells with

oncogenic IDH1, influences carbon flux into 2-HG.

3.2 INTRODUCTION

The 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' . 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 release of a mature, active SREBP transcription factor®’. The mature
SREBP then translocates to the nucleus and binds SRE-containing gene promoters to induce transcription.
The three SREBP isoforms are produced from two different genes, SREBF I, which encodes SREBP1a
and SREBP1c, and SREBF?2, which encodes SREBP2. While studies of isoform-specific functions of the

SREBPs in the liver have pointed to a role for SREBP1c¢ in fatty acid and triglyceride synthesis and

91



SREBP2 in cholesterol synthesis®, SREBP targets appear to be more redundantly regulated in other

settings™.

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®. Overexpression of mature, active SREBP in the liver of mice
increases the transcription of genes encoding glucose-6-phosphate dehydrogenase, 6-phosphogluconate
dehydrogenase, and malic enzyme 1, which are all major sources of NADPH production®'’. Similarly,
mature SREBP increases the expression of 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''

. IDH1 is another enzyme that can support lipogenesis
either through NADPH production or, through reductive carboxylation, facilitating flux of carbon to
lipids""". The IDHI 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'®.

However, the extent to which SREBP regulates IDH gene expression and the downstream consequences

were not determined.

IDHI1 catalyzes the reversible NADPH-dependent decarboxylation of cytosolic isocitrate to a-
ketoglutarate (a-KG). 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
carboxylation of 0-KG to isocitrate'®'"'**°. By bypassing the oxidative TCA cycle, reductive
carboxylation creates a more direct flux of glutamine-derived carbons to produce the cytosolic acetyl-
CoA required de novo lipogenesis. In addition, /DH1 and IDH?2 are oncogenes that are frequently mutated

in low grade gliomas and leukemias, respectively*'*

. The oncogenic mutations primarily affect the same
catalytic arginine residue in IDH1 (R132) and IDH2 (R172) and are neomorphic in nature. Oncogenic
IDH1 and IDH2 lose the ability to produce isocitrate and convert a-KG to 2-HG, the levels of which are

greatly elevated in the tumors and plasma of patients harboring these mutations®**. 2-HG is an
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oncometabolite that closely resembles a-KG and, therefore, inhibits a-KG-dependent enzymes, which
promotes tumor development through epigenetic changes influencing cellular differentiation” . Here,
we present evidence for the transcriptional activation of IDH1 by SREBP in both wild-type and mutant-

IDHI1 cells and human cancers and report on the metabolic effects of this regulation.

3.3 MATERIALS AND METHODS

Cell culture

Human cell lines derived from different cancer lineages (denoted) were obtained from the
American Type Culture Collection (ATCC). 786-0 (renal cell adenocarcinoma), A375 (melanoma),
HepG2 (hepatocellular carcinoma), HT 1080 (fibrosarcoma), PC3 (prostate adenocarcinoma), SKMEL28
(melanoma), SW1353 (chondrosarcoma), U20S (osteosarcoma), and US7MG (glioblastoma) cells were
cultured in DMEM (CellGro), whereas HCT116 (colorectal carcinoma), MDA-MB-468 (breast
adenocarcinoma), and MDA-MB-453 (breast carcinoma) cells were cultured in RPMI-1640, both
supplemented with 10% fetal bovine serum (FBS), at 37°C and 5% CO,. The isogenic IDHI"* and
IDHI®™?“"HCT116 cell lines were obtained from Horizon Discovery (HD 104-021, 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 1717 g for 15 min. Cells were cultured in 10% lipid-deficient
FBS for the duration of each experiment, or starting 24 hours after siRNA transfection for knockdown
experiments. All siRNA experiments used ON-TARGETplus SMARTpool siRNAs (30 nM)
(GE/Dharmacon) targeting human SREBF I (L-006891-00), SREBF2 (L-009549-00), or IDHI (L-008294-
01) for reverse transfection into cells using Lipofectamine RNAIMAX (Invitrogen), according to the
manufacturer’s instructions. 25-hydroxycholesterol (H1015), Atorvastatin (PZ0001), and Simvastatin

(S6196) were purchased from Sigma.
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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 B-glycerophosphate;
50 mM NaF; 0.5 mM orthovanadate) containing Protease Inhibitor Cocktail (P8340, Sigma) and 1 mM
DTT. The following antibodies were used for detection of proteins transferred to nitrocellulose
membranes after SDS-PAGE: Actin (A5316, Sigma), FASN (3180, Cell Signaling Technologies (CST)),
IDH1 (8137, CST), IDH2 (ab55271, Abcam), SCD (2438, CST), SREBP1 (sc-8984, Santa Cruz),
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

Complimentary DNA was synthesized with the Superscript III First Strand Synthesis System
(Invitrogen) from RNA isolated using the RNeasy Mini Kit (Qiagen). SYBR-Green (Applied Biosystems)
was used for qRT-PCR (Applied Biosystems 7300 Real Time PCR System). Each sample was run in
technical triplicates and normalized to RPLP0 expression. The following forward and reverse primer
sequences were used:

RPLPO (F 5'-CAGATTGGC TACCCAACTGTT-3', R 5'-GGGAAGGTGTAATCCGTCTCC-3'),
FASN (F 5'-AAGGACCTGTCTAGGTTTGATGC-3', R 5'-TGGCTTCATA GGTGACTTCCA-3),
IDHI (F 5’-ATAATGTTGGCGTCAAATGTGC-3’, R 5’-CTTGAACTCCTCAACCCTCTTC-3"),
IDH?2 (F 5’-CGCCACTATGCCGACAAAAG-3’, R 5’- ACTGCCAGATAATACGGGTCA-3),
LDLR (F 5°-TCTGCAACATGGCTAGAGACT-3’, R 5’-TCCAAGCATTCGTTGGTCCC-3"),
SCD (F 5'-CCCAGCTGTCAAAGAGAAGG-3', R 5'-CAA GAAAGTGGCAACGAACA-3"),
SREBFI (F 5'-TGCATTTT CTGACACGCTTC-3’, R 5'-CCAAGCTGTACAGGCTCTCC-3'),

SREBF2 (F 5'-TG GCTTCTCTCCCTACTCCA-3', R 5'-GAGAGGCACAGGAAGGTGAG-3").

De novo lipid synthesis
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Cells were cultured in low glucose (1 mM) DMEM containing 10% lipid-deficient FBS for 48 h
prior to extraction of lipids with 2:1 chloroform/methanol using the Folch method, as described
previously °. Cells were labeled for the final 4 h with 5 uCi/ml [1-'*CJ-acetate (NEC084H001MC, Perkin
Elmer) or [U-"*C]-glucose (NEC042V250UC, Perkin Elmer). Cells labeled with [U-"*C]-glutamine
(NEC451050UC, Perkin Elmer) were cultured similarly but in the absence of cold glutamine during the 4-
h labeling. Extracted '*C-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 2 independent experiments.
Analysis of TCGA data

TCGA gene expression data from the breast carcinoma (n=1100), 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) datasets were downloaded from
cBioPortal*® **. Mutation data from TCGA was used to identify samples in the lower grade glioma dataset
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. Average RNA expression for /IDH1, SCD, or IDH?2 was calculated for samples in each

category.
Metabolic flux analysis

Intracellular metabolites were extracted for LC-MS/MS analysis with -80°C methanol (80%) as
described previously’®"’. 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 following each centrifugation. Collected supernatants were dried under a steady

stream of nitrogen gas (N-EVAP, Organomation Associates, Inc). Dried pellets were resuspended in
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water just prior to injection 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). Peak area from the total ion current for each metabolite SRM transition was integrated using
MultiQuant v2.0 software (AB/SCIEX). Custom SRMs were created to detect incorporation of *C into 2-
HG using targeted LC-MS/MS [2-HG (m+2): Q1=149.1; Q3=130.7; Collision Energy=-17]. Cells used
for glucose flux analysis were washed with PBS prior to incubation for 20 min in media containing 4 mM

[U-"C]-glucose (CLM-1396-1, Cambridge Isotope Laboratories).
Statistical analysis

All data were analyzed with GraphPad Prism and shown as mean + s.e.m. P-values for qRT-PCR
were calculated by one-way ANOVA with a Tukey HSD post-hoc test. Significance for all other
experiments was calculated by an unpaired two-tailed Student’s t-test. In both cases, significance was
reached if p<0.05. The number of independent experiments (n) is provided in each figure legend, and

composite data from these experiments are graphically presented, unless otherwise noted.

3.4 RESULTS
3.4.1 [IDH1 expression is regulated by SREBP

To determine whether SREBP regulates IDH1, a panel of 11 cancer cell lines from distinct cancer
lineages was cultured in lipid-deficient media to activate 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, with the
relative contributions from SREBP1 and 2 varying between cell lines and the most pronounced decreases

arising from knockdown of both isoforms (Figures 3.1A, 3.2, and 3.3A). As we have found in other
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Figure 3.1. SREBP1/2 depletion decreases IDH1 expression in a panel of cancer cell lines.

(A) RNA isolated from cell lines 48 h post-transfection with nontargeting siRNAs or siRNAs targeting
both SREBP1 and SREBP2 was used for qRT-PCR. Transcript levels for IDHI, IDH2, and SCD
following SREBP1/2 knockdown are shown as mean + s.e.m. relative to cells transfected with
nontargeting siRNAs (siCtrl), n=2. *P>0.05. (B) Immunoblots of lysates from cells 72 h post-transfection
with siRNAs targeting SREBP1, SREBP2, or both are shown compared to control siRNAs (-), and are

representative of at least two independent experiments for each cell line.
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Figure 3.2. Expanded view of the effects of SREBP knockdown in six different cell lines, in support
of Figure 3.1A.

RNA from the given cell lines transfected with nontargeting siRNAs or siRNAs targeting SREBP1,
SREBP2, or both was subject to qRT-PCR analysis. Transcript levels are shown as mean + s.e.m. relative

to cells transfected with nontargeting siRNA (-), n=2. *P<0.05.
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Figure 3.3. Varying effects of SREBP knockdown between cell lines.

(A) RNA was isolated from the given cell lines 48 h post-transfection with nontargeting siRNAs (-) or
siRNAs targeting SREBP1, SREBP2, or both for analysis by qRT-PCR. Transcript levels are shown as
mean + s.e.m. relative to cells transfected with nontargeting siRNA, n=2. *P<0.05. (B) Cells transfected
with siRNAs as in (A) were lysed 72 h post-transfection for immunoblot analysis. Data shown are

representative of at least two independent experiments for each cell line.
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Figure 3.3 (Continued)
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cancer cells’, SREBP2 depletion significantly decreases expression of SREBP1 in a subset of cell lines
(Figures 3.1B, 3.2, and 3.3A,B), consistent with the existence of SREs in the promoter of the SREBF]
gene and cross regulation between these transcription factors®. SCD expression was significantly
decreased by SREBP-depletion in 10 of the 11 cell lines, whereas LDLR expression was significantly
decreased in only 6 of 11 lines. Consistent with /DH] being a shared target of SREBP1 and 2 in these
settings, transcript levels of IDH were significantly decreased by the combined knockdown of SREBP
isoforms in 7 of the 11 cell lines tested (Figures 3.1A, 3.2, and 3.3A). However, IDH?2 expression was not
affected by SREBP depletion in any of these cell lines. Corresponding to these transcriptional changes
were decreases in the protein level of IDH1, but not IDH2, following SREBP knockdown (Figures 3.1B
and 3.3B). Compared to the SCD protein, which turns over rapidly, the effects of SREBP depletion on
IDH1 protein levels were more modest but at least as pronounced as the canonical SREBP target fatty

acid synthase (FASN), which is very stable™”.

To assess whether IDH expression is associated with SREBP activation in human cancers, we
analyzed publicly available gene expression data from six different cancer lineages (breast, prostate,
colorectal, hepatocellular, lung, and melanoma) through The Cancer Genome Atlas (TCGA)*' . 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 5 of the 6 cancer settings, tumors with high mRNA
levels of canonical SREBP targets had significantly elevated expression of IDH1, as well as the
established SREBP target SCD, relative to those with low expression of canonical SREBP targets (Figure
3.4). However, IDH2 mRNA levels did not correlate with those of SREBP targets. These collective data
are consistent with /DH1 being a transcriptional target of SREBP in the majority of cancer cell lines and

human tumors.
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Figure 3.4. Expression of /DH1 in human cancers is associated with mRNA levels of canonical
SREBP targets.
IDH1, SCD, and IDH?2 expression in tumors from TCGA datasets for each given cancer, comparing

tumors with low and high expression of a defined set of established SREBP targets.
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3.4.2 SREBP and IDHI1 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 required for lipid
synthesis using carbons from exogenous acetate, glucose, or glutamine (Figure 3.5A). 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 U20S cells with '*C-acetate, '“C-glucose, or '*C-glutamine. As
expected, SREBP knockdown significantly decreased incorporation of '*C from all three carbon sources
into the lipid fraction, with the most pronounced effects on acetate and glutamine labeling (Figures 3.5B
and C). However, IDHI knockdown only decreased the incorporation of '“C-glutamine into lipids,
without decreasing lipid synthesis from acetate or glucose. Interestingly, '*C-glucose-derived lipids were
elevated by IDH1 depletion in the US7MG cells (Figure 3.5B). 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.

3.4.3 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
expression (Figure 3.6A). 25-Hydroxycholesterol (25-HC) potently inhibits SREBP processing, while
statins activate SREBP by reducing intracellular cholesterol through inhibition of 3-hydroxy-3-
methylglutaryl (HMG)-CoA reductase (HMGCR), a key enzyme in the sterol synthesis pathway*’.
Culturing three distinct cell lines (U87MG, U20S, and HCT116) in the presence of 25-HC for two days
suppressed expression of the canonical SREBP targets SCD and LDLR (Figures 3.6B and 3.7A),
consistent with the inhibition of SREBP processing (Figure 3.6C). Importantly, 25-HC also suppressed
the expression of /DH1 transcripts, without effects on I/DH2 expression (Figure 3.6B). A time course of

25-HC treatment demonstrated that protein levels of IDH1, but not IDH2, were substantially reduced by
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Figure 3.5. Effects of SREBP and IDH1 on de novo lipid synthesis from different carbon sources.
(A) Diagram of the distinct paths of carbon from acetate, glucose, and glutamine to the acetyl-CoA
required for lipid synthesis. (B,C) Incorporation of [1-'*C]-acetate, [U-"*C]-glucose, or [U-"*C]-glutamine
into the lipid fraction was measured in US7MG (B) and U20S (C) 72 h post-transfection with siRNAs
targeting SREBP1 and 2 or IDH1. Data are shown as mean + s.e.m. relative to cells transfected with

nontargeting control siRNAs (-), n=2. *P>0.05.

104



Figure 3.6. Reciprocal regulation of SREBP processing by 25-HC or statins respectively inhibits or
activates IDH1 expression.

(A) Diagram of the effects of cholesterol and statins on SREBP processing. (B) qRT-PCR analyses of
RNA from the given cells treated with 25-HC (1 pg/ml) for 48 h. (C) Cells were treated for 0, 1, 2, or 3
days with 25-HC prior to lysis for immunoblot analysis. (D,E) Cells were treated with (D) atorvastatin (5
uM) or (E) simvastatin (5 pM) for 48 h prior to qRT-PCR analysis. (F) Cells were treated for 0, 1, or 2
days with atorvastatin or simvastatin prior to lysis immunoblot analysis. (B-E) All transcript levels are
shown as mean =+ s.e.m. relative to untreated cells, n>2 (*P<0.05), and immunoblots shown are
representative of at least two independent experiments. (C,F) (P) Precursor, full-length SREBP2; (M)

Mature, active SREBP2.
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Figure 3.7. Effects of 25-HC and statins on SREBP and LDLR transcript levels, in support of Figure
3.6.

(A) Using the same samples as in Figure 3.6B, qRT-PCR analyses of RNA from the given cells treated
with 25-HC (1 pg/ml) for 48 h is shown. (B,C) Using the same samples as in Figures 3.6D and E, cells
were treated with (B) atorvastatin (5 uM) or (C) simvastatin (5 pM) for 48 h prior to qRT-PCR analysis

on isolated RNA. All transcript data are shown as mean + s.e.m. relative to untreated cells, n>2. *P<0.05.
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2 to 3 days, similar to FASN in these cell lines (Figure 3.6C). While the US7MG cells failed to respond
to statins (data not shown), treatment of U20S and HCT116 cells with either atorvastatin (Figures 3.6D
and 3.7B) or simvastatin (Figures 3.6E and 3.7C) induced SREBP processing (Figure 3.6F)and increased
expression of SCD and LDLR. Likewise, IDHI transcript levels were increased by both statins (Figures
3.6D and E). This effect was also reflected in increased IDH1 protein abundance starting 24 hours after
statin treatment (Figure 3.6F), with atorvastatin more potently inducing increases in both IDHI 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.

3.44 SREBP regulates oncogenic IDH1

We next wanted to determine whether SREBP also influenced expression of the IDHI oncogene.
Given that /[DHI mutations occur in more than 70% of low grade glioma, we analyzed publicly available
data to determine whether /[DH1 expression correlates with an SREBP activation gene signature in these
tumors>>*'. Consistent with data from other cancers (Figure 3.4), low grade glioma samples with high
mRNA levels of canonical SREBP targets had significantly higher IDHI and SCD expression relative to
those with low expression of SREBP targets (Figure 3.8A). Importantly, this association was also
observed when analyzing only those low grade glioma samples with known /DHI mutations (Figure
3.8B). In both analyses, I[DH2 mRNA levels did not correlate with levels of SREBP targets. These data

suggest that the activation state of SREBP might influence expression of the /DH1 oncogene.

Established glioma cell lines with IDH1 mutations are not readily available. Therefore, to
address whether SREBP can influence the expression of oncogenic IDH1, we used both a fibrosarcoma-
derived cell line with a naturally occurring IDH1""**“ mutation (HT1080) and an engineered HCT116 line
with a knock-in of the same mutation. As observed in IDH-wild-type cells, SREBP depletion decreased

SCD and LDLR transcript levels, with the strongest effect resulting from the combined SREBP1/2 double
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Figure 3.8. Expression of IDH]1 in low grade glioma is associated with mRNA levels of canonical
SREBP targets.

(A,B) IDHI, SCD, and IDH?2 expression in tumors from either (A) the entire lower grade glioma TCGA
dataset or (B) the subset of these with oncogenic mutations in /DH1, comparing tumors with low and high

expression of a defined set of established SREBP targets.
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knockdown (Figures 3.9A and 3.10A). IDH1 transcript levels were also decreased by SREBP knockdown
in these lines. Consistent with these mRNA changes, SREBP1/2 knockdown decreased IDH1 and SCD
protein levels, and to a lesser extent FASN levels (Figure 3.9B), without effects on IDH2. The effects of
SREBP depletion on the protein levels of these SREBP targets were more modest in the engineered
HCT116-IDH1®"**“" line. IDH2 transcript and protein levels were unchanged in the HCT116-IDH1®' ¥
cells and were significantly increased, rather than decreased, by SREBP1 knockdown in the HT 1080 cells

(Figures 3.9A,B and 3.10A).

To determine whether regulation of SREBP activation by sterols was also able to affect IDH1
expression in IDHI-mutant cells, HT1080 and HCT116-IDH1*"*2“" 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 (Figures 3.9C and 3.10B). IDH1 expression was likewise decreased by 25-HC, while IDH2
expression remained unchanged. As in other cellular settings (Figure 3.6), blocking SREBP processing
with 25-HC decreased SCD protein levels by 24 hours, whereas a decrease in FASN protein was only
detectable after 2 or 3 days (Figures 3.9D and 3.10C). 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 /DH] transcript levels, as well as SCD and LDLR, in the IDH1
mutant cell lines treated with either atorvastatin (Figures 3.9E and 3.10C) or simvastatin (Figures 3.9F
and 3.10D). Immunoblots confirmed that statin treatment increased SREBP processing and SCD protein
levels and in both cell lines, but FASN protein levels were only increased in the statin-treated HT1080
cells, not the HCT116-IDH1™*“" cells (Figure 3.9G). Similarly, IDHI 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 IDH1*"** 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 /DH/-mutant
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Figure 3.9. SREBP regulates IDH1 expression in IDH1*'**“-mutant cells.

(A) qRT-PCR analysis of RNA isolated from the given cells 48 h post-transfection with nontargeting
siRNAs or siRNAs targeting both SREBP1 and SREBP2. Transcript levels for IDH1, SCD, and IDH?2
following SREBP1/2 knockdown are shown as mean =+ s.e.m. relative to cells transfected with
nontargeting siRNA (siCtrl), n=2. (B) Cells transfected with nontargeting control siRNAs (-) or those
targeting SREBP1, SREBP2, or both were lysed 72 h post-transfection for immunoblot analysis. (C,D)
Cells were treated with 25-HC (1 pg/ml) for (C) 48 h prior to RNA isolation for analysis by qRT-PCR or
(D) 0, 1, 2, or 3 days prior to lysis for immunoblot analysis. (E-G) Cells were cultured in the presence of
(E) atorvastatin (5 uM) or (F) simvastatin (5 uM) for 48 h prior to RNA extraction for qRT-PCR analysis
or (G) for 0, 1, or 2 days prior to lysis for immunoblot analysis. (C,E,F) Transcript levels are shown as
mean + s.e.m. relative to untreated cells, n=3. *P<0.05. (B,D,G) Immunoblots shown are representative of

at least 2 independent experiments. (P) Precursor, full-length SREBP2; (M) Mature, active SREBP2.
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Figure 3.10. Expanded view of the effects of SREBP knockdown in IDHI-mutant cells lines, in
support of Figure 3.9.

(A) Using the same samples as in Figure 3.9A, RNA isolated from the given cells was used for qRT-PCR
analysis. (B) Using the same samples as in Figure 3.9C, qRT-PCR analysis of RNA from given cells
treated with 25-HC (1 pg/ml) for 48 h is shown. (C,D) Using the same samples as in Figures 3.9E and F,
RNA from given cells treated with atorvastatin (5 uM) (C) or simvastatin (5 uM) (D) were used for qRT-

PCR analysis. All transcript data are shown as mean + s.e.m. relative to untreated cells, n>2. *P<0.05.
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cells. We depleted SREBP1/2 or IDH1 using siRNAs in the /DHI-mutant HT1080 and HCT116 cells
(Figure 3.11A). To detect changes in 2-HG production, we used stable-isotope flux analysis to measure
incorporation of carbon from [U-">C]-glucose into 2-HG (Figure 3.11B). 2-HG derived from the labeled
glucose contains 2 labeled carbons, and the resulting 2-dalton change in mass can be measured by LC-
MS/MS. As confirmation that this approach is measuring oncogenic IDH]1 activity, the production of *C-
labeled 2-HG was significantly decreased by IDH1 knockdown in both cell lines, and flux into 2-HG was
nearly 30-fold higher in the HCT116-IDH1%"¥*“"" cells than their isogenic wild-type counterparts (Figures
3.11C and D). Depletion of SREBP1/2 in the HT1080 cells led to a significant decrease in glucose flux to
2-HG (Figure 3.11C). In this setting, the level of decrease in labeled 2-HG was proportional to IDH1
protein levels, which are more strongly reduced by knockdown of IDH1 than SREBP (Figure 3.11A).
However, despite SREBP knockdown having comparable effects on IDH1 protein levels in HT 1080 and
HCT116 cells (Figure 3.11A), SREBP knockdown did not decrease 2-HG production in the HCT116-
IDHI*?2Y" cells. To test whether regulation of SREBP processing by sterols could also influence 2-HG
production, we cultured HT1080 cells in the presence of 25-HC or atorvastatin for 2 days, to respectively
inhibit or activate SREBP, and measured incorporation of labeled carbon from [U-">C]-glucose into 2-
HG. Treatment with 25-HC significantly decreased the flux of glucose into 2-HG, whereas atorvastatin
treatment significantly increased it (Figure 3.11E). Taken together, these data suggest that the activation

state of SREBP can influence 2-HG production by oncogenic IDH]1 in some cellular settings.

3.5 DISCUSSION

The SREBP transcription factors have emerged as major drivers of lipid synthesis in the liver and
in cancer™®***. 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

115



1*32C mutant cells.

Figure 3.11. SREBP promotes 2-hydroxyglutarate production in IDH
(A) Cells were lysed for immunoblotting 72 h post-transfection with nontargeting siRNAs (-) or siRNAs
targeting SREBP1 and SREBP2 or IDH1. (B) Diagram of carbon flux from [U-">C]-glucose into *C-2-
HG (m+2). Filled and empty circles represent °C and "°C carbons, respectively, with m+6 and m+2
referring to the mass increase from the stable isotope carbons. (C,D) Normalized peak areas of "*C-
labeled 2-HG (m+2), measured in metabolite extracts by LC-MS/MS, from (C) HT1080 and (D) isogenic
HCT116 cells with wild-type (+/+) or mutant (R132C/+) IDH1 72 h post-transfection with nontargeting
control siRNAs (-) or siRNAs targeting SREBP1 and SREBP2 following a pulse label with [U-""C]-
glucose for 20 min. (E) Normalized peak areas of *C-labeled 2-HG (m+2) from HT1080 cells cultured
for 48 h in the presence of 25-HC (1 pg/ml) or atorvastatin (5 pM) and pulse labeled with [U-"C]-
glucose for 20 min. (C-E) Data are presented as mean + s.e.m. of biological triplicates and are
representative of at least two independent experiments, *P<0.05 relative to siCtrl (C,D) or untreated (E)

control cells, #P<0.05 relative to wild-type HCT116 cells. (F) Model of SREBP-mediated control wild-

type and oncogenic IDH1 and de novo lipid synthesis.
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processes. In this study, we demonstrate that SREBP activates IDH1 expression in a variety of cell
settings. We show that IDH1 supports de novo lipogenesis by facilitating the flow of carbons from
glutamine to lipids (Figure 3.11F). Furthermore, we reveal that, in /[DH/-mutant cells, SREBP can

activate expression of oncogenic /DH! and regulate the production of the oncometabolite 2-HG.

SREBP appears to regulate IDH1 expression in a contextual manner, suggesting other
transcription factors also impinging 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 was decreased in
livers lacking SCAP, which is required for SREBP activation'’. The transcription factors CHOP and
C/EBPp have been proposed to activate IDH1 expression in response to ER stress, although neither
affected basal IDH1 expression **. Another study found that the forkhead box O (FOXO) family
transcription factors can directly regulate IDH1 expression in certain settings, including the HT1080 cells
used in this study *. In addition to intracellular sterol levels, reported here, the differential regulation of
IDH1 expression is likely to be dictated by the status of upstream signaling networks in a given setting, as
SREBP and FOXO family members are generally activated at opposing 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 a-ketoglutarate drives the IDH1 reaction towards
production of NADPH***". However, in conditions of hypoxia or mitochondrial dysfunction, the IDH1
reaction is reversed, favoring the reductive carboxylation of o-ketoglutarate to produce isocitrate'®'”".
Here, we find that IDH]1 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*®, NADPH production by IDH1 does not appear to be a major contributor to
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lipogenesis in our experimental settings, given that glucose- and acetate-derived lipogenesis are

unaffected by IDH1 knockdown.

Oncogenic hotspot mutations in /DH1 disrupt its normal homeostatic role, since the mutant
enzyme is unable to catalyze the reductive carboxylation reaction and the alternative reaction producing
2-HG consumes NADPH>**’_ In line with previous work showing that transcriptional regulation of
oncogenic /DHI*”C can disrupt 2-HG production®, we show that SREBP activation and inhibition

reciprocally increase and decrease IDH1-dependent 2-HG production in IDH *3%¢

cells. With multiple
transcription factors converging on IDH1 expression, 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 expression in
these tumors. Given that IDH1 mutations only occur in a specific subset of cancers, it is perhaps not
surprising that the effects of SREBP on 2-HG production differ between the HT1080 fibrosarcoma cells
that have a spontaneous /DHI%7*“ 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 compete for the same pool of carbons, and SREBP controls both of these processes
(Figure 3.11F), which perhaps underlies these variable outcomes. 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 overexpression of mutant IDH1 in US7MG cells has been reported to

activate expression of SREBP and its targets®””'

. Likewise, in the isogenic HCT116 cells used here,
protein levels of SREBP targets, including IDH1 and FASN, were higher in the /DHI mutant cells than in
the wild-type (Figure 3.11A). These observations suggest that a feed forward loop between mutant IDH1
and SREBP might occur in certain settings, perhaps due to depletion of specific lipid species due to the

diversion of carbon flux or consumption of NADPH.

Our collective data show that SREBP can activate IDH1 expression and that this control can

influence lipid synthesis in /DH-wild-type cells and 2-HG production in /DH/-mutant cells. These
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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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CHAPTER 4:
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4.1 OVERVIEW

In this dissertation, I investigated the regulation and metabolic functions of SREBP in cancer
(Figure 4.1). First, I identified a critical role for mTORC1 and SREBP in activating de novo lipid
synthesis downstream of oncogenic PI3K and K-Ras, and revealed that the growth-factor independent
proliferation of breast cancer cells and breast epithelial cells expressing these oncogenes was dependent
on SREBP. Next, I demonstrated that SREBP can activate expression of IDH1, and that this regulation
provides a novel mechanism through which cells can coordinate the expression of de novo lipid synthesis
enzymes with carbon availability. Furthermore, I confirmed that SREBP activates the expression of
oncogenic IDH1*'"**“ and the production of the oncometabolite 2-HG in mutant IDH1 cells. Although
more experiments will be required to fully understand the complex regulation of cancer metabolism, my
data point to important differences in the lipid metabolism of cancer cells that may help identify novel

therapeutic targets.

4.2 LIPID METABOLISM IN CANCER

4.2.1 What signals converge on SREBP in cancer?

SREBP has emerged as a major effector of insulin and mTORCI1 signaling in non-cancer settings,
like the liver, where it promotes the expression of many lipid synthesis genes' . Disruption of mTORC1
signaling by expression aberrant Akt or deleting either TSC1 or 2>° leads to growth-factor independent
activation of mTORCI signaling and mTORC1-dependent activation of SREBP. Consistent with these
findings, I showed that expressing oncogenic PI3K or K-Ras in non-transformed breast epithelial cells
increased de novo lipogenesis, and that this increase was sensitive to mMTORCI] inhibition or SREBP
depletion. Expression of these two commonly mutated oncogenes stimulated the processing of both

SREBP1 and SREBP2 in an mTORC1-dependent manner, and increased the expression of de novo
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Figure 4.1. Graphical summary of the dissertation.
In cancer cells, activating mutations in oncogenes (e.g. PI3K and K-Ras) and loss-of-function mutations
in tumor suppressors (e.g. PTEN) increase mTORCI1 signaling and SREBP activity. SREBP promotes de
novo lipid synthesis through the transcriptional regulation of canonical lipogenic enzymes (e.g. ACC,
FASN, and SCD) and of its novel metabolic target, IDH1. IDH1 can either produce NADPH or facilitate
the flow of carbons to de novo lipid synthesis. SREBP can also regulate the expression of oncogenic
mutant IDH1, which produces the oncometabolite, 2-HG. In mutant IDH1 cells, modulating SREBP
activity with siRNA, statins, or cholesterol can affect 2-HG production. Since de novo lipogenesis is a
metabolic hallmark of cancer and 2-HG is an oncometabolite, this work demonstrates important functions

of SREBP in cancer.
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lipogenesis enzymes, including FASN, which are frequently upregulated in cancer’. Using breast cancer
patient tumor samples, I demonstrated that mTORCI1 signaling is associated with higher expression of
FASN and SCD in vivo. These experiments were the first to show that PI3K and K-Ras converge on

mTORCI and SREBP to increase de novo lipid synthesis, a metabolic hallmark of cancer.

Since mTORC] signaling is activated in at least 50% of cancers®, it is likely that SREBP will be
activated across many cancer types, beyond just breast cancer. Although we do not fully understand how
mTORCI regulates SREBP, several partial mechanisms have been proposed. In particular, the exact
mechanisms through which both S6K1 and Lipinl regulate SREBP downstream of mTORC1 have yet to
be determined and could be indirect. The regulation of SREBP by these multiple mechanisms
downstream of mMTORCI1 will likely vary between cancers due to differences in their genetic
heterogeneity and local microenvironment. We and others have observed rapamycin-sensitive SREBP
regulation in many cellular contexts”'’. However, the complexity of this regulation is exemplified by
glioblastoma cells expressing an active form of EGFR, which have growth-factor independent mTORCI1
signaling and rapamycin-insensitive activation of SREBP processing''. The differences in rapamycin-
sensitivity of mTORCI targets could be responsible for some of this variability. In particular, some of the
mTORCI targets involved in SREBP processing are sensitive to rapamycin (i.e., SOK1 and CRTC2),
while others are rapamycin-resistant and sensitive only to mTOR kinase inhibitors (i.e., Lipinl and 4E-
BP1) (Figure 1.5B). Future experiments will be needed to fully understand the regulation of SREBP by

mTORCI, and to define the role of these regulatory mechanisms in different cancer settings.

In addition to mTORCI signaling, other pathways regulate SREBP to control the expression of its
target genes. For example, Akt-mediated phosphorylation of GSK3p has been shown to prevent
ubiquitination of SREBP1 by the Fbw7 ubiquitin ligase, a target of GSK3p, and thus reduce SREBP1
proteasomal degradation'*". Likewise, mutations in the p53 tumor suppressor, which occurs in >50% of
cancers, have been shown to promote the expression of canonical SREBP2 targets, possibly through its

interaction with SREBP proteins'*. SREBP1 activity can also be inhibited or activated through poorly
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defined mechanisms involving direct phosphorylation by AMPK" and cyclin-dependent kinase 1
(CDK1)"S, respectively. It will be important to understand how regulation of SREBP by these independent
mechanisms affects the regulation of SREBP by intracellular sterols'’. Future studies will also need to
address how these different mechanisms, including those downstream of mTORCI1, are coordinated to

regulate SREBP activity in different cancer settings.

4.2.2 Whatis the role of exogenous lipids in cancer?

Since most of the work on lipid metabolism and cancer used cells in culture, the role and
availability of exogenous lipids in vivo is still an open question in cancer biology. Nevertheless, several
studies have found that cancer cells sometimes depend on exogenous lipids for growth and proliferation.
The uptake of unsaturated fatty acids was found to be particularly important for the growth of Ras-
transformed cancer cells cultured under hypoxia'®. This requirement is presumably caused by the inability
of these cells to produce unsaturated fatty acids, since oxygen is essential for the SCD-mediated
desaturation of saturated fatty acids. In addition, ovarian cancer preferentially metastasizes to the
omentum, an abdominal fat pad, where the cancer cells activate lipolysis within the omentum adipocytes
and use the released lipids for energy production via B-oxidation'. Outside of energy production, the
functions of these exogenous lipids are unclear, but fatty acids like palmitate and oleate could contribute
to the production of biomass™. While these examples suggest that exogenous lipids may be important in
certain cancer settings, it remains unclear why the dependency for exogenous versus de novo synthesized

lipids varies between cancers.

We showed that the proliferation of MDA-MB-468 cells was particularly sensitive to SREBP2
depletion in lipid-reduced conditions and that this sensitivity could be rescued by full FBS, which is rich
in lipids (Figures 2.7A,B). To determine whether serum lipids could rescue the anti-proliferative effects
of SREBP2 depletion in vivo, we tested the effects of SREBP2 knockdown on the growth of breast cancer

cells in tumor xenograft models. Stable expression of two different ShRNA sequences targeting SREBP2
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in MDA-MB-468 cells significantly reduced SREBP2 expression compared to the control cells (Figure
4.2A). We injected these cells into the flank of immunodeficient mice, and measured the size of the
ensuing tumors over an 8 week period. The growth of these tumors was slow and there were no
significant differences in tumor size between the SREBP2-depleted cells and the control cells after 8
weeks (Figure 4.2B). We then extracted the tumors and purified RNA for qRT-PCR analysis.
Interestingly, human SREBP2 expression in the two sets of shSREBP2 tumors was higher than in the
shGFP control tumors (Figure 4.2C). The inability of these cells to maintain the SREBP2 knockdown in
the presence of serum lipids suggests that SREBP2 expression is important for the proliferation of MDA -
MB-468 xenograft tumors in vivo. If SREBP2 had not been important to these cells, the knockdown of
SREBP2 should have been maintained for the duration of the experiment. Due to the adaptation of these
cells to the SREBP2 knockdown, we were unable to determine whether depletion of SREBP2 can reduce
tumor growth. Future in vivo experiments will be required to fully appreciate the contribution of
exogenous serum lipids to cancer cells, particularly in solid tumors, where the diffusion of oxygen and

lipids may be limited.

4.2.3 What s the role of SREBP and de novo lipogenesis in cancer cells?

We and others have reported that depletion of SREBP1®'"*"* or SREBP2* decreases the
proliferation and viability of cancer cells in various settings, especially in the absence of exogenous
lipids. While the anti-proliferative effects of SREBP depletion in lipid-reduced conditions could be
rescued by full serum in certain cell lines, others were equally sensitive to SREBP depletion in lipid-
reduced and full serum conditions (Figures 2.7A,B and 2.9B,D). These data suggest that SREBP, and
possibly de novo synthesized lipids, are important in certain cancer settings regardless of exogenous
serum lipid availability. Interestingly, depletion of SREBP2 had a stronger effect on proliferation and
survival than SREBP1 in breast cancer cells. This finding is consistent with the embryonic lethality of
SREBP2 knock-out mice, but not of SREBP1 knock-out mice*. Loss of SREBP2 has been shown to

cause a decrease in SREBP1 expression, most likely due to the autoregulation of the SRE in the SREBP1
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Figure 4.2. Effect of SREBP2 depletion in a xenograft tumor model.
(A) MDA-MB-468 cells were transduced with lentiviral shRNA targeting GFP or two different SREBP2
sequences. Following selection of these cells with puromycin, RNA was extracted for qRT-PCR analysis.
(B) Cells from A were resuspended in Matrigel and 2x10° cells were injected into the flanks of CB17-
SCID mice. The size of the tumors was measured twice a week for 8 weeks with a caliper. (C) qRT-PCR
analysis of RNA extracted from the tumors after 8 weeks. SREBF2 mRNA levels were measured using
primers for the human SREBF?2 gene (F 5'-TGGCTTCTCTCCCTACTCCA-3",R 5'-
GAGAGGCACAGGAAGGTGAG-3"). Transcript levels are shown as mean + s.e.m. relative to cells

transduced with shGFP. *P<0.05
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promoter’*>*>?_ Since there is overlap in the regulation of targets by SREBP1 and SREBP2, it is possible

that the stronger effect of SREBP2 depletion is due to the concurrent decrease in SREBP1 activity.

Alternatively, since SREBP2 was found to preferentially regulate the expression of steroidogenic
genes in the liver, the stronger effect of SREBP2 depletion on proliferation could be caused by a
dependence of cancer cells on de novo sterol synthesis. This idea is supported by the embryonic lethality
of HMGCR knock-out mice, which lack the rate limiting enzyme in de novo sterol synthesis®’.
Cholesterol plays an important role in influencing membrane fluidity and dynamics, as well as the
formation of lipid rafts in the plasma membrane. These lipid rafts are thought to facilitate interactions
between signaling molecules by bringing them closer together. In prostate cancer cells, the formation of
cholesterol-rich lipid rafts has been shown to be critical for activation of survival pathways*.
Interestingly, treatment of cancer cells or tumor-bearing mice with mevalonate increases proliferation and
tumor growth, while ectopic expression of HMGCR can promote cancer cell transformation®*’. In
support of this notion, cancer patients taking statins were found to have prolonged survival, but it remains
controversial whether statins play a preventative role’'**. In addition to cholesterol synthesis, the
mevalonate pathway can be used to produce farnesyl and geranyl, which are important for the function of
numerous signaling proteins, including Ras and Rheb (Figure 1.4). Farnesyl transferase and geranyl
transferase inhibitors have been shown to suppress tumor growth in mouse models, but have had limited

. .. . 33
success in clinical trials for cancer treatment”".

In addition to the effects of SREBP2 depletion, we and others have shown that depletion of
SREBPI can also decrease cancer cell proliferation™''*' >, Consistent with SREBP1 preferentially
activating the expression of fatty acid synthesis genes in the liver, inhibition of fatty acid synthesis
enzymes, such as ACLY, ACC, ELOVL7, or FASN, had detrimental effects on the proliferation and/or
survival of various cancer cells®*’. The de novo synthesis of saturated fatty acids in cancer cells has been
reported to increase the saturation of membrane lipids, making them more resistant to insults, such as

DNA damage and reactive oxygen species (ROS)*. Proper fatty acid desaturation also appears to be
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important, since cancer cells are sensitive to the inhibition of SCD****. Interestingly, the de novo
production of mono-unsaturated fatty acids appears to be a strict requirement for proliferating cancer
cells”**. Maintaining a balance between saturated and unsaturated fatty acids is particularly important
in the ER, where excessive amounts of saturated lipids result in ER stress, unfolded protein response
(UPR), ROS production, and apoptosis™*"“*****. Consistent with these reports, I showed that PI3K- and K-
Ras-induced de novo lipogenesis is significantly reduced by SCD depletion. This finding suggests that an
overabundance of saturated fatty acids may limit the synthesis of complex lipids or may disrupt ER
functions, like lipid synthesis. However, the importance and regulation of other lipid types such as
sphingolipids, phosphatidylethanolamines, and phosphatidylcholines remain a mystery. Given that fatty
acids are incorporated into a variety of lipid types, including membrane and signaling lipids, it is likely
that the synthesis of these complex lipids is also altered in cancer. Together, the dependence on different
fatty acids and mevalonate-derived lipids suggests that cancer cells depend on de novo lipid synthesis to
maintain a complex balance of lipids required for proliferation and survival. Due to the likely variation in
lipid composition of different cell types, it seems probable that different cancers would respond

differently to the disruption of specific lipid synthesis pathways.

To further investigate the role of SREBP in cancer cells, we tested the importance of the de novo
cholesterol synthesis pathway in MDA-MB-468 cells, which are particularly sensitive to SREBP2
knockdown in proliferation and cell death assays (Figures 2.7, 2.8). Using siRNA, we knocked down
SREBP2 in MDA-MB-468 cells and measured proliferation in media containing full serum or lipid-
reduced serum. Interestingly, the anti-proliferative effects of SREBP2 knockdown only occurred in lipid-
reduced conditions (Figure 4.3A). Since SREBP1 knockdown had little effect on the proliferation of the
MDA-MB-468 cells, we hypothesized that an exclusive SREBP2 target must be important for the
proliferation of these cells in lipid-reduced conditions. Unlike SCD mRNA levels, which were
redundantly regulated by SREBP1 and 2 in the MDA-MB-468 cells, levels of HMGCR transcript were

regulated by SREBP2 and not SREBP1 in these conditions (Figure 4.3B). Depleting HMGCR using
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Figure 4.3. MDA-MB-468 cells need cholesterol to proliferate.

(A) MDA-MB-468 cells were transfected with siRNAs targeting SREBP2 and were switched to media
containing full serum or lipid-reduced serum (Alipid FBS) after the knockdown (t=0 h). (B) RNA was
isolated from MDA-MB-468 cells transfected with siRNA targeting SREBP1, SREBP2, or both for
analysis by qRT-PCR. Primers targeting the human SCD (F 5'- CCCAGCTGTCAAAGAGAAGG-3’, R
5’- CAAGAAAGTGGCAACGAACA-3’) and HMGCR (F 5'-TGATTGACCTTTCCAGAGCAAG-3’,
R 5’-CTAAAATTGCCATTCCACGAGC-3") genes were used. * p<0.05 (C) MDA-MB-468 cells were
transfected with siRNAs targeting HMGCR and were switched to media containing 10% lipid-reduced
serum after the knockdown (t=0 h). (C) MDA-MB-468 cells were transfected with siRNAs targeting
SREBP2. After the knockdown (t=0 h), the cells were switched to media containing full serum, lipid-
reduced serum, or lipid-reduced serum supplemented with oleate (20 uM), cholesterol (13 uM), or

mevalonate (1 mM). Data are shown as mean + s.e.m.
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siRNA also reduced the proliferation of MDA-MB-468 cells, almost to the same extent as the SREBP2
knockdown (Figure 4.3C). Since HMGCR is the rate-limiting enzyme in the sterol synthesis pathway, we
attempted to rescue the cells with exogenous lipids. Addition of cholesterol to lipid-reduced media
rescued the proliferative defect of cells with SREBP2 knockdown (Figure 4.3D). However, addition of
exogenous mevalonate or oleate was unable to rescue the proliferation of these cells. Consistent with our
data, Guo, et al. reported that the combined disruption of exogenous cholesterol uptake by LDLR and of
de novo cholesterol synthesis decreased the viability of glioblastoma cells*®. These preliminary results
suggest that de novo cholesterol synthesis can be important for proliferation when exogenous lipids are
limiting. However, the reduced proliferation following the combined knockdown of SREBP1 and
SREBP2 in MDA-MB-468 cells was not rescued by full serum (Figure 2.7A,B). Likewise, exogenous
cholesterol (data not shown) or full serum (Figure 2.7A,B) was not able to rescue the reduced
proliferation of other breast cancer cell lines following the knockdown of SREBP1, SREBP2, or both.
This approach lays the groundwork for future experiments, which can use a combination of siRNA-
mediated knockdowns and complementation with different lipid species to explore the variable lipid

requirement and contribution of SREBP in different cell lines.

4.2.4 What other processes may SREBP control to promote cancer progression?

Although de novo lipogenesis has been shown to be important in cancer, it is possible that cancer
cells depend on SREBP for the activation of processes that are not directly related to lipid synthesis. Early
work on identifying novel SREBP targets found that three NADPH-producing enzymes, G6PD, PGD, and
MEI, could be activated by SREBP**"**. The regulation of these enzymes by SREBP is consistent with
its role as a major regulator of lipid synthesis, since NADPH is required for several key steps in de novo
lipid synthesis. NADPH is also required for the activation of antioxidants, like glutathione®. Changes in
the NADPH/NADP' ratio can affect intracellular ROS levels and the redox state of the cell. De Raedt, ez
al. reported that treatment of Ras-driven tumors with rapamycin sensitized them to ROS due to

glutathione depletion, which was caused by suppression of SREBP1 and decreased G6PD expression in
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response to rapamycin’’. In Chapter 3, I showed that SREBP could regulate the expression of IDHI,
which could further affect intracellular NADPH levels in some settings. IDH1 produces cytosolic
NADPH by converting isocitrate to a-KG. The IDH1-mediated reductive carboxylation of a-KG has also
been reported to decrease mitochondrial ROS, even though it consumes NADPH. In tumor spheroids,
IDH1-mediated reductive carboxylation was shown to be critical for providing citrate to IDH2, which
reduces mitochondrial ROS by producing mitochondrial NADPH®'. Since SREBP regulates both NADPH
producing and consuming enzymes, it is unclear what the effects of SREBP activation and inhibition are

on the intracellular NADPH/NADP" ratio in various cancer settings.

Additionally, four separate genome-wide chromatin immunoprecipitation (ChIP) experiments
found that SREBP bound to the promoters of genes involved in lipid synthesis, but also to those of many
non-lipid related genes>> >°. One of these studies found that SREBP bound the promoter of several
autophagy genes, and that knockdown of SREBP2 in serum starvation conditions prevented
autophagosome formation™. Consistent with the role of SREBP in regulating lipid synthesis genes,
autophagy can be used for the breakdown of lipid droplets®>*’. ATG7 deletion, which inhibits autophagy,
led to the accumulation of lipids in K-Ras-mutant p53-null lung tumor derived cells®®. Importantly,
autophagy has been shown to facilitate tumor progression in certain settings’®>’. We also showed that
SREBP could bind to the promoter of Nrfl (nuclear factor, erythroid 2-like 1), a transcription factor that
induces expression of all the subunits of the proteasome, and that SREBP was required for an increase in
proteasome levels in response to mTORC]1 activation™. This work is interesting given that proteasome

. . 2
levels are elevated in a number of cancer settings®

. Future experiments will likely reveal new targets
and cellular processes controlled by SREBP that might contribute to tumor development and progression.
Given the heterogeneity of tumors, in terms of their genetic makeup, anatomical location, and

microenvironment, it is likely that the role of SREBP and the regulation of these target genes will differ

between cancers.
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4.3 METABOLIC EFFECTS OF IDH1 TRANSCRIPTIONAL REGULATION BY SREBP

4.3.1 What are the effects of wild-type IDH1 transcriptional activation?

In Chapter 3, I demonstrated that IDH]1 is transcriptionally activated by SREBP in a variety of
cancer cell lines from different lineages. My findings were consistent with previous data from Shechter, et
al. identifying an SRE in the proximal promoter of IDH1, and finding that SREBP could bind this region
of the promoter in vitro and activate its expression in luciferase assays™. However, I found that the degree
of IDH1 regulation by SREBP varied between cancer cell lines. While we do not understand the reason
for this variability, it is possible that regulation of IDH1 by other factors may be dominant over SREBP in
certain settings. For example, FOXO transcription factors can directly regulate IDH1 transcription®, and
ER stress has been reported to increase IDH1 expression through CHOP and C/EBPB®. Interestingly,
SREBP knockdown has been shown to induce ER stress in certain settings>>, which could actually reduce
the effects of SREBP depletion on IDH1 expression. Since mTORCI1 signaling can activate SREBP, it is
also possible that mTORCI1 activation or inhibition may affect IDH1 expression in certain settings. Future

experiments will need to address how these different inputs are coordinated.

IDHI1 is a versatile enzyme that adapts to cellular needs by changing the direction of the IDH1
reaction. When the ratio of intracellular citrate to a-KG is high, IDH1 catalyzes the conversion of
isocitrate to 0-KG, which produces NADPH®. However, when citrate levels drop, IDH1 catalyzes the
reductive carboxylation of 0-KG to isocitrate®” . In addition to NADPH, de novo lipogenesis also
requires acetyl-CoA as a fundamental building block. Through the transcriptional regulation of ACSS2,
SLC25A1, and ACLY, SREBP can facilitate the synthesis of acetyl-CoA from acetate and citrate™>’" .
The regulation of IDH1 by SREBP is consistent with its role in promoting lipid synthesis, since IDHI1 can
produce either NADPH or acetyl-CoA, depending on the direction of the reaction (Figures 1.8A,B). We
found that IDH1 knockdown decreased lipid production from glutamine, but not glucose and acetate. This

result suggests that NADPH production by IDHI1 is less important for de novo lipogenesis than its role in
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facilitating flux from glutamine to lipids in this setting. Enzymes that increase the flux of different carbon
sources into lipid synthesis could be important points of regulation and potential therapeutic targets.
Future experiments should also explore the function of IDH1 in various settings, since IDH1 was shown

to have different roles in cells cultured in monolayer versus cells cultured in spheroids’’.
4.3.2 What are the effects of mutant-IDH]1 transcriptional regulation?

Mutations in IDH1 and IDH2 occur frequently in certain cancer types, including gliomas and

4,75
I However,

leukemias, and result in the production of the oncometabolite 2-HG by the mutant enzymes
little is known about the regulation of mutant IDH1-mediated production of 2-HG. Consistent with the
regulation of 2-HG levels by FOXO-mediated transcriptional activation of mutant IDH1%, T showed that
SREBP could also regulate mutant IDH1 levels and influence 2-HG production in mutant-IDH]1 cells.
Interestingly, 2-HG production in these mutant IDH1 cells was increased by statins, which deplete
intracellular sterols and induce SREBP activation. Given the wide use of statins as preventative agents for
cardiovascular disease, it remains to be determined whether statins could have a similar effect in patients
with mutant IDH1-driven cancers, perhaps exacerbating the tumor phenotype through enhanced 2-HG
production. In addition, the regulation of de novo lipogenesis by SREBP may also indirectly affect 2-HG
synthesis, since de novo lipogenesis enzymes and 2-HG-producing mutant IDH]1 likely compete for
sources of cytosolic carbon and NADPH. The proliferation of mutant IDH1 cells is hindered by the

inhibition of glutaminolysis without affecting 2-HG levels’*””. This finding could be explained by the

mutant IDH1 enzyme depriving growth-promoting cellular processes of carbons.

While I have shown that the flux of glucose into 2-HG is reduced by SREBP knockdown in the
HT1080 mutant IDH1 cell line, there are still several unanswered questions that I have begun to address.
To determine whether SREBP also affected 2-HG production from glutamine, I used stable-isotope flux
analysis to measure incorporation of carbons from [U-">C]-glutamine into 2-HG (Figure 4.4A). 2-HG

derived from the labeled glutamine contains 5 labeled carbons, a change in mass that can be measured by
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LC-MS/MS. In both the HT1080 and the HCT116-IDH1""**"* cells, knockdown of IDHI with siRNAs
significantly decreased the production of glutamine-derived 2-HG (m+5) (Figures 4.4B,C). As expected,
the HCT116-IDH1**“" cells produced much more 2-HG from glutamine than the wild-type HCT116
cells. Consistent with our glucose flux data, depleting SREBP1/2 in the HT1080 cells decreased
glutamine flux into 2-HG, albeit not significantly, whereas it had no effect on 2-HG production from
glutamine in the HCT116-IDH1®"**“* cells. 2-HG can also be produced from glutamine through a more
indirect route involving the oxidative TCA cycle, which produces 2-HG with 3 labeled carbons (m+3).
Since IDH1®'** is responsible for nearly all of the 2-HG production in these cells, the IDH1 knockdown
served as an internal control. Neither the (m+3) nor (m+4) 2-HG were decreased by IDH1 knockdown,
suggesting that these isotopomers are likely masked by another metabolite peak of nearly the same mass
in our LC-MS/MS analysis (Figure 4.4D). An analysis of the raw data confirmed the presence of another
peak masking the (m+3) 2-HG (data not shown). Interestingly, the (m+1) and (m+2) forms were much
more abundant than the (m+5) form, and were significantly reduced by both SREBP1/2 and IDH1
knockdown. However, it is not clear how these 2-HG isotopomers are produced from glutamine. One
possible path involves the entry of (m+5) glutamine into the TCA cycle as 0-KG to produce (m+4) citrate.
The (m+4) citrate can produce (m+3) pyruvate through ACLY and MEI, which can re-enter the
mitochondria to produce (m+2) acetyl-CoA, and (m+2) 2-HG by means of citrate and a-KG. However, it
is unclear how the (m+1) 2-HG is produced. Future experiments will be needed to confirm whether this
convoluted path is correct, and, if so, why the (m+1) and (m+2) forms are more abundant than (m+5) 2-

HG produced through a much more direct path.

Since IDH1 functions as a dimer, mutant IDH1 cells contain wild-type homodimers, mutant-
homodimers, and wild-type/mutant heterodimers. Wild-type IDH1 has been suggested to be required for
maximal 2-HG production by mutant-IDH1"®. Consistent with this idea, the heterodimer is believed to

facilitate 2-HG production by funneling a-KG and NADPH produced by the wild-type IDH1 enzyme
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Figure 4.4. Regulation of 2-HG production and steady state levels by SREBP.

(A) Diagram of carbon flux from [U-"C]-glutamine into 2-HG (m+5). Filled circles represent >C
carbons, with m+5 referring to the mass increase from the stable isotope carbons. (B,C) Normalized peak
areas of ’C-labeled 2-HG (m+5), measured in metabolite extracts by LC-MS/MS, from (B) HT1080 and
(C) isogenic HCT116 cells with wild-type (+/+) or mutant (R132C/+) IDH1 following a pulse label with
[U-"*C]-glutamine for 20 min. Cells were transfected with nontargeting control siRNAs (-) or siRNAs

targeting SREBP1+2 or IDH1 72 h prior to metabolite extraction.
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Figure 4.4 (Continued)

(D) Normalized peak areas of *C-labeled 2-HG isotopomers from HT 1080 cells in B. (E,F) Normalized
steady state peak areas, measured in metabolite extracts by LC-MS/MS, from (E) HT1080 and (F)
isogenic HCT116 cells 72 h post-transfection with nontargeting control siRNAs (-) or siRNAs targeting

SREBP1/2 or IDHI. * p<0.05

141



directly into the mutant IDH1 enzyme. These properties of IDH1 could explain the low (m+5) 2-HG
production measured in our experiments, relative to the other isotopomers (Figure 4.4D). The substrate
funneling in the heterodimer could hinder the entry of glutamine-derived a-KG into the enzyme complex,
thus reducing the production of (m+5) 2-HG by the heterodimer. Additionally, the decreased efficiency of
the mutant IDH1 homodimer, compared to the heterodimer’®, could further limit the 2-HG (m+5)

produced from glutamine-derived a-KG.

Another unanswered question concerns the effect of SREBP on total levels of 2-HG in mutant
IDHI1 cells. To measure steady state 2-HG levels, I knocked down SREBP1/2 or IDH1 in HT1080 or
HCT116-IDH1®"*" cells and extracted polar metabolites for analysis by LC-MS/MS. As expected,
depletion of IDH1 decreased steady state 2-HG levels in both cell lines (Figures 4.4E,F). However,
despite IDH1 protein levels being reduced, SREBP1/2 knockdown led to a small, yet insignificant,
increase in 2-HG levels in both cell lines. This result suggests that, even though 2-HG production from
glucose can be regulated by SREBP, other factors affect steady state 2-HG levels in response to SREBP
depletion. It is possible that depleting SREBP, which blocks de novo lipogenesis, increases the
availability of citrate-derived carbons and NADPH for the mutant IDH1 enzyme. These increased
substrate concentrations could overcome the reduced enzyme levels caused by SREBP1/2 knockdown.
Consistent with this idea, a-KG and citrate levels are elevated by SREBP1/2 knockdown (Figures
4.4E,F). These preliminary data reveal that we do not fully understand the relationship between SREBP,

lipid synthesis, and mutant IDH1-mediated production of 2-HG, and that further studies are required.

Even though the oncogenic role of 2-HG has been widely studied in the context of mutant
IDH1/2, IDH1/2-independent 2-HG production has also been found to be associated with other diseases.
Familial mutations in either D2HGDH or L2ZHGDH cause D- or L-2-hydroxyglutaric aciduria, which
results in cognitive deficiency, developmental delay, epilepsy, and dysmorphic features” ™. Interestingly,
there are no reports of cancer in these patients, possibly due to early morbidity. Mutations in the

mitochondrial citrate transporter (SLC25A1), which is an SREBP target, have also been linked to
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combined D- and L-2-hydroxyglutaric aciduria, although the mechanism is unknown and may be

indirect®"®

. In breast cancer, the promiscuous activity of phosphoglycerate dehydrogenase (PHGDH),
which is often amplified in this cancer type, leads to the conversion of a-KG to D-2-HG®. Similarly,
Intlekofer, et al. found that cancer cell lines cultured in hypoxia had elevated levels of L-2-HG, which
was dependent on LDHA and, to a lesser extent, malate dehydrogenase (MDH)*. Like PHGDH, the
promiscuous binding of a-KG to LDHA is believed to be responsible for this increase. The development

of more sensitive techniques to study cellular metabolism will likely continue to expand the role of

metabolic enzymes and of the two isoforms of 2-HG in different cancers.

4.4 DEVELOPMENT OF NOVEL CANCER THERAPIES TARGETING LIPID METABOLISM

Inhibition of de novo lipid synthesis has proved effective in killing cancer cells in a variety of
settings, but the therapeutic potential of targeting the enzymes of de novo lipogenesis in patients remains
an open question, particularly since hepatic de novo lipogenesis is thought to provide lipids to most
differentiated cells in the body. Knocking out ACLY®, ACACA™, FASN®’, HMGCR*, or SREBF2** in
mice proved to be unsuccessful due to the embryonic lethality of these homozygous deletions. Although
HMGCR deletion was lethal, HMGCR inhibitors (statins) are used in adults as preventative agents for
cardiovascular disease with limited side effects. This difference suggests that adults are more resistant to
inhibition of cholesterol synthesis, or that statin accumulation in the liver limits its harmful effects on
other organs. In addition, SCD-null asebia mice are viable and develop alopecia®. Consistent with the
mouse phenotype, SCD inhibitors, developed for the treatment of diabetes and dyslipidemia, caused skin
lesions and dry eyes in patients®. With the limited side effects of statins and SCD inhibitors, it seems
possible that a therapeutic window could be found for inhibitors of certain steps in the de novo

lipogenesis pathway in cancer.
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Cancers driven by mutations in IDH1 provide a unique setting to target SREBP or lipid synthesis.
Initial results using inhibitors of the mutant IDH1 protein have been successful in blocking 2-HG
production and cancer growth®, although the inhibitors do not kill the cancers cells. These inhibitors
sometimes have no effect on, or may even improve, the proliferation of mutant-IDH1 cells in certain

settings’"”?

, most likely due to the presence of other driving mutations. As mentioned previously, both 2-
HG production and lipid synthesis consume NADPH. Consistent with this idea and the important role of
NADPH in the antioxidant response, cells overexpressing mutant IDH1 had lower levels of NADPH and
of reduced glutathione, and were more sensitive to hydrogen peroxide”. Similarly, cells containing
mutant IDHI had decreased proliferation in response to complex I inhibitors™, and decreased viability
following treatment with ionizing radiation® or glutathione reductase inhibition’’, compared to wild-type
IDHI1 cells. Interestingly, all three of these conditions are known to increase intracellular ROS. The
sensitivity of mutant IDH1 cells to radiation was rescued by antioxidants’’. These findings suggest that
mutant IDH1 cells are more sensitive to ROS, and that activating both 2-HG and lipid synthesis could
further sensitize these cells to oxidative stress. The efficacy of SREBP in achieving this result will depend
on the amount of NADPH produced by G6PD, PGD, and ME1, three SREBP targets. Mutant IDH1 cells
have also been found to be particularly sensitive to NAD" depletion although the mechanism is still

unclear’’. Therefore, the combination of SREBP activators (e.g. statins) with glutaminase inhibitors or

ROS producing agents might be an effective therapy for the treatment of mutant IDH1 cancers.

4.5 FUTURE DIRECTIONS

The work in this dissertation provides a major mechanism through which commonly mutated
oncogenes induce de novo lipid synthesis. In cultured breast cancer cells and oncogene-expressing breast
epithelial cells, mMTORC1 and SREBP were required for the increase in lipid synthesis driven by

oncogenic PI3K and K-Ras. Although several models have been proposed, the mechanism through which
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mTORCI activates SREBP is still poorly understood. Future studies are required to improve our
understanding of this key point of regulation in different cancer settings. My work also adds to the
growing evidence that cancer cells in various settings are dependent on de novo lipogenesis for
proliferation and survival. Given the complicated balance between uptake of exogenous lipids and de
novo lipid synthesis, mouse tumor models will be required to determine the extent to which tumors

depend on de novo synthesized lipids in vivo.

In addition, understanding how SREBP1 and SREBP2 activate the transcription of their unique
and redundant targets will be crucial in populating a complete list of SREBP targets. As a starting point,
many of the putative SREBP targets identified in genome wide ChIP screens have not yet been verified.
In this dissertation, I have characterized the regulation of IDH1 by SREBP and have identified a novel
mechanism through which SREBP supports de novo lipid synthesis. This new regulatory mechanism also
affected expression of oncogenic IDH1®'**“ and the production of the oncometabolite 2-HG in mutant

IDHI1 cells.

The development of more sensitive techniques to study metabolism will be important to explore
new areas of tumor metabolism. I have been working with John Asara (Beth Israel Deaconess Medical
Center) to develop an unbiased LC-MS/MS lipidomics platform, which will measure the relative levels of
thousands of different lipids across different conditions. This new technique will provide a more complete
picture of the lipidome of a cancer cell, and will allow us to identify changes in specific lipid species that

are unique to cancer.

This dissertation has established SREBP as an important regulator of cancer metabolism in a
variety of cancer settings and has improved our understanding of how transcription can affect tumor
metabolism. We hope that this knowledge, together with the future studies proposed herein, will lead to

the development of novel and effective therapies to treat cancer.

145



4.6 REFERENCES

10

11

12

13

14

Brown NF, Stefanovic-Racic M, Sipula 1J, Perdomo G. The mammalian target of rapamycin
regulates lipid metabolism in primary cultures of rat hepatocytes. Metabolism 2007; 56: 1500—
1507.

Yecies JL, Zhang HH, Menon S, Liu S, Yecies D, Lipovsky Al ef al. Akt stimulates hepatic
SREBP1c and lipogenesis through parallel mMTORC1-dependent and independent pathways. Cel!
Metab 2011; 14: 21-32.

Li S, Brown MS, Goldstein JL. Bifurcation of insulin signaling pathway in rat liver: mTORC1
required for stimulation of lipogenesis, but not inhibition of gluconeogenesis. Proc Natl Acad Sci
USA 2010; 107: 3441-3446.

Owen JL, Zhang Y, Bae S-H, Farooqi MS, Liang G, Hammer RE et al. Insulin stimulation of
SREBP-1¢ processing in transgenic rat hepatocytes requires p70 S6-kinase. Proc Natl Acad Sci
USA42012;109: 16184—-16189.

Diivel K, Yecies JL, Menon S, Raman P, Lipovsky Al, Souza AL ef al. Activation of a metabolic
gene regulatory network downstream of mTOR complex 1. Mo/ Cell 2010; 39: 171-183.

Porstmann T, Santos CR, Griffiths B, Cully M, Wu M, Leevers S et al. SREBP activity is
regulated by mTORC1 and contributes to Akt-dependent cell growth. Cell Metab 2008; 8: 224—
236.

Kuhajda FP. Fatty-acid synthase and human cancer: new perspectives on its role in tumor biology.
Nutrition 2000; 16: 202-208.

Menon S, Manning BD. Common corruption of the mTOR signaling network in human tumors.
Oncogene 2008; 27: S43-51.

Ricoult SJH, Yecies JL, Ben-Sahra I, Manning BD. Oncogenic PI3K and K-Ras stimulate de novo
lipid synthesis through mTORC1 and SREBP. Oncogene 2016; 35: 1250-1260.

Ricoult SJH, Manning BD. The multifaceted role of mMTORCI1 in the control of lipid metabolism.
EMBO Rep 2013; 14: 242-251.

Guo D, Prins RRM, Dang J, Kuga D, Iwanami A, Soto H ef al. EGFR signaling through an Akt-
SREBP-1-dependent, rapamycin-resistant pathway sensitizes glioblastomas to antilipogenic
therapy. Sci Signal 2009; 2: ra82.

Punga T, Bengoechea-Alonso MT, Ericsson J. Phosphorylation and ubiquitination of the
transcription factor sterol regulatory element-binding protein-1 in response to DNA binding. J Biol
Chem 2006; 281: 25278-25286.

Sundqvist A, Bengoechea-Alonso MT, Ye X, Lukiyanchuk V, Jin J, Harper JW et al. Control of
lipid metabolism by phosphorylation-dependent degradation of the SREBP family of transcription
factors by SCFFbw7. Cell Metab 2005; 1: 379-391.

Freed-Pastor WA, Mizuno H, Zhao X, Langerad A, Moon S-H, Rodriguez-Barrueco R et al.

146



15

16

17

18

19

20

21

22

23

24

25

26

27

Mutant p53 disrupts mammary tissue architecture via the mevalonate pathway. Cell 2012; 148:
244-258.

LiY, Xu S, Mihaylova MM, Zheng B, Hou X, Jiang B et al. AMPK phosphorylates and inhibits
SREBP activity to attenuate hepatic steatosis and atherosclerosis in diet-induced insulin-resistant
mice. Cell Metab 2011; 13: 376-388.

Bengoechea-Alonso MT, Ericsson J. Cdk1/cyclin B-mediated phosphorylation stabilizes SREBP1
during mitosis. Cell Cycle 2006; 5: 1708-1718.

Jeon T, Osborne TF. SREBPs: metabolic integrators in physiology and metabolism. Trends
Endocrinol Metab 2011; 23: 65-72.

Kamphorst JJ, Cross JR, Fan J, de Stanchina E, Mathew R, White EP et al. Hypoxic and Ras-
transformed cells support growth by scavenging unsaturated fatty acids from lysophospholipids.
Proc Natl Acad Sci US4 2013; 110: 8882—8887.

Nieman KM, Kenny H a, Penicka C V, Ladanyi A, Buell-Gutbrod R, Zillhardt MR et al.
Adipocytes promote ovarian cancer metastasis and provide energy for rapid tumor growth. Nat
Med 2011; 17: 1498-503.

Hosios AM, Hecht VC, Danai L V., Johnson MO, Rathmell JC, Steinhauser ML et al. Amino
acids rather than glucose account for the majority of cell mass in proliferating mammalian cells.
Dev Cell 2016; 36: 540-549.

Lewis CA, Brault C, Peck B, Bensaad K, Grif B, Mitter R et al. SREBP maintains lipid
biosynthesis and viability of cancer cells under lipid- and oxygen-deprived conditions and defines
a gene signature associated with poor survival in glioblastoma multiforme. Oncogene 2015; 34:
5128-5140.

Griffiths B, Lewis CA, Bensaad K, Ros S, Zhang Q, Ferber EC et al. Sterol regulatory element
binding protein-dependent regulation of lipid synthesis supports cell survival and tumor growth.
Cancer Metab 2013; 1: 3.

Williams KJ, Argus JP, Zhu Y, Wilks MQ, Marbois BN, York AG ef al. An essential requirement
for the SCAP/SREBP signaling axis to protect cancer cells from lipotoxicity. Cancer Res 2013;
73: 2850-2862.

Shimano H, Shimomura I, Hammer RE, Herz J, Goldstein JL, Brown MS et al. Elevated levels of
SREBP-2 and cholesterol synthesis in livers of mice homozygous for a targeted disruption of the
SREBP-1 gene. J Clin Invest 1997; 100: 2115-2124.

Kidani Y, Elsaesser H, Hock MB, Vergnes L, Williams KJ, Argus JP ef al. Sterol regulatory
element—binding proteins are essential for the metabolic programming of effector T cells and
adaptive immunity. Nat Immunol 2013; 14: 489—499.

Amemiya-Kudo M, Shimano H, Yoshikawa T, Yahagi N, Hasty AH, Okazaki H et al. Promoter
analysis of the mouse sterol regulatory element-binding protein-1¢ gene. J Biol Chem 2000; 275:
31078-31085.

Ohashi K, Osuga JI, Tozawa R, Kitamine T, Yagyu H, Sekiya M ef al. Early embryonic lethality

147



28

29

30

31

32

33

34

35

36

37

38

39

40

41

caused by targeted disruption of the 3-hydroxy-3-methylglutaryl-CoA reductase gene. J Biol Chem
2003; 278: 42936-42941.

Zhuang L, Kim J, Adam R, Solomon K. Cholesterol targeting alters lipid raft composition and cell
survival in prostate cancer cells and xenografts. J Clin Invest 2005; 115: 959-968.

Clendening JW, Pandyra A, Boutros PC, El Ghamrasni S, Khosravi F, Trentin GA ef al.
Dysregulation of the mevalonate pathway promotes transformation. Proc Natl Acad Sci U S A
2010; 107: 15051-15056.

Duncan RE, El-Sohemy A, Archer MC. Mevalonate promotes the growth of tumors derived from
human cancer cells in vivo and stimulates proliferation in vitro with enhanced cyclin-dependent
kinase-2 activity. J Biol Chem 2004; 279: 33079-33084.

Nielsen SF, Nordestgaard BG, Bojesen SE. Statin use and reduced cancer-related mortality. N
Engl J Med 2012; 367: 1792—-1802.

Brown AJ. Cholesterol, statins and cancer. Clin Exp Pharmacol Physiol 2007; 34: 135-141.

Sebti SM, Hamilton AD. Farnesyltransferase and geranylgeranyltransferase I inhibitors and cancer
therapy: lessons from mechanism and bench-to-bedside translational studies. Oncogene 2000; 19:
6584—6593.

Swinnen J V, Brusselmans K, Verhoeven G. Increased lipogenesis in cancer cells: new players,
novel targets. Curr Opin Clin Nutr Metab Care 2006; 9: 358-365.

LiY, He K, Huang Y, Zheng D, Gao C, Cui L ef al. Betulin induces mitochondrial cytochrome c
release associated apoptosis in human cancer cells. Mol Carcinog 2010; 49: 630-640.

Fritz V, Benfodda Z, Rodier G, Henriquet C, Iborra F, Avances C ef al. Abrogation of de novo
lipogenesis by stearoyl-CoA desaturase 1 inhibition interferes with oncogenic signaling and blocks
prostate cancer progression in mice. Mol Cancer Ther 2010; 9: 1740-1754.

Zaidi N, Royaux I, Swinnen J V, Smans K. ATP-citrate lyase (ACLY)-knockdown induces growth
arrest and apoptosis through different cell- and environment-dependent mechanisms. Mo/ Cancer
Ther 2012; 11: 1925-1935.

Menendez JA, Lupu R. Fatty acid synthase and the lipogenic phenotype in cancer pathogenesis.
Nat Rev Cancer 2007; 7: 763-777.

Tamura K, Makino A, Hullin-Matsuda F, Kobayashi T, Furihata M, Chung S et al. Novel
lipogenic enzyme ELOVL7 is involved in prostate cancer growth through saturated long-chain
fatty acid metabolism. Cancer Res 2009; 69: 8133—-8140.

Rysman E, Brusselmans K, Scheys K, Timmermans L, Derua R, Munck S ef al. De novo
lipogenesis protects cancer cells from free radicals and chemotherapeutics by promoting
membrane lipid saturation. Cancer Res 2010; 70: 8117-8126.

Minville-Walz M, Pierre A-S, Pichon L, Bellenger S, Févre C, Bellenger J et al. Inhibition of

stearoyl-CoA desaturase 1 expression induces CHOP-dependent cell death in human cancer cells.
PLoS One 2010; 5: ¢14363.

148



42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

Mason P, Liang B, Li L, Fremgen T, Murphy E, Quinn A ef al. SCD1 inhibition causes cancer cell
death by depleting mono-unsaturated fatty acids. PLoS One 2012; 7: €33823.

Borradaile NM, Han X, Harp JD, Gale SE, Ory DS, Schaffer JE. Disruption of endoplasmic
reticulum structure and integrity in lipotoxic cell death. J Lipid Res 2006; 47: 2726-2737.

Wei Y, Wang D, Topczewski F, Pagliassotti MJ. Saturated fatty acids induce endoplasmic
reticulum stress and apoptosis independently of ceramide in liver cells. Am J Physiol Endocrinol
Metab 2006; 291: E275-281.

Ariyama H, Kono N, Matsuda S, Inoue T, Arai H. Decrease in membrane phospholipid
unsaturation induces unfolded protein response. J Biol Chem 2010; 285: 22027-22035.

Guo D, Reinitz F, Youssef M, Hong C, Nathanson D, Akhavan D ef al. An LXR agonist promotes
glioblastoma cell death through inhibition of an EGFR/AKT/SREBP-1/LDLR-dependent pathway.
Cancer Discov 2011; 1: 442-456.

Amemiya-kudo M, Shimano H, Hasty AH, Yahagi N, Yoshikawa T, Matsuzaka T et al.
Transcriptional activities of nuclear SREBP-1a, -1c, and -2 to different target promoters of
lipogenic and cholesterogenic genes. J Lipid Res 2002; 43: 1220-1235.

Shimomura I, Shimano H, Korn BS, Bashmakov Y, Horton JD. Nuclear sterol regulatory element-
binding proteins activate genes responsible for the entire program of unsaturated fatty acid
biosynthesis in transgenic mouse liver. J Biol Chem 1998; 273: 35299-35306.

Reed DJ, Fariss MW. Glutathione depletion and susceptibility. Pharmacol Rev 1984; 36: 255~
33S.

De Raedt T, Walton Z, Yecies JL, Li D, Chen Y, Malone CF et al. Exploiting Cancer Cell
Vulnerabilities to Develop a Combination Therapy for Ras-Driven Tumors. Cancer Cell 2011; 20:
400-413.

Jiang L, Shestov AA, Swain P, Yang C, Parker SJ, Wang QA et al. Reductive carboxylation
supports redox homeostasis during anchorage-independent growth. Nature 2016; : 1-16.

Horton JD, Shah NA, Warrington JA, Anderson NN, Park SW, Brown MS et a/. Combined
analysis of oligonucleotide microarray data from transgenic and knockout mice identifies direct
SREBP target genes. Proc Natl Acad Sci USA 2003; 100: 12027-12032.

Seo Y-K, Jeon T-I, Chong HK, Biesinger J, Xie X, Osborne TF. Genome-wide localization of
SREBP-2 in hepatic chromatin predicts a role in autophagy. Cell Metab 2011; 13: 367-375.

Reed BD, Charos AE, Szekely AM, Weissman SM, Snyder M. Genome-wide occupancy of
SREBP1 and its partners NFY and SP1 reveals novel functional roles and combinatorial regulation
of distinct classes of genes. PLoS Genet 2008; 4: ¢1000133.

Seo Y-K, Chong HK, Infante AM, Im S-S, Xie X, Osborne TF. Genome-wide analysis of SREBP-
1 binding in mouse liver chromatin reveals a preference for promoter proximal binding to a new

motif. Proc Natl Acad Sci U S A 2009; 106: 13765-9.

White E. Deconvoluting the context-dependent role for autophagy in cancer. Nat Rev Cancer

149



57

58

59

60

61

62

63

64

65

66

67

68

69

2012; 12: 401-410.

Singh R, Kaushik S, Wang Y, Xiang Y, Novak I, Komatsu M ef al. Autophagy regulates lipid
metabolism. Nature 2009; 458: 1131-1135.

Guo JY, Karsli-Uzunbas G, Mathew R, Aisner SC, Kamphorst JJ, Strohecker a. M et al.
Autophagy suppresses progression of K-ras-induced lung tumors to oncocytomas and maintains
lipid homeostasis. Genes Dev 2013; 27: 1447-1461.

Zhang Y, Nicholatos J, Dreier JR, Ricoult SJTH, Widenmaier SB, Hotamisligil GS et al.
Coordinated regulation of protein synthesis and degradation by mTORCI1. Nature 2014; 513: 440—
443.

Chen L, Madura K. Increased proteasome activity, ubiquitin-conjugating enzymes, and eEF1 A
translation factor detected in breast cancer tissue. Cancer Res 2005; 65: 5599-5606.

Pilarsky C, Wenzig M, Specht T, Saeger HD, Griitzmann R. Identification and validation of
commonly overexpressed genes in solid tumors by comparison of microarray data. Neoplasia
2004; 6: 744-750.

Kumatori A, Tanaka K, Inamura N, Sone S, Ogura T, Matsumoto T et al. Abnormally high
expression of proteasomes in human leukemic cells. Proc Natl Acad Sci U S A 1990; 87: 7071—
7075.

Shechter I, Dai P, Huo L, Guan G. IDH1 gene transcription is sterol regulated and activated by
SREBP-1a and SREBP-2 in human hepatoma HepG?2 cells: evidence that IDH1 may regulate
lipogenesis in hepatic cells. J Lipid Res 2003; 44: 2169-2180.

Charitou P, Rodriguez-colman M, Gerrits J, Triest M Van, Groot M, Hornsveld M et al. FOXOs
support the metabolic requirements of normal and tumor cells by promoting IDH1 expression.
EMBO Rep 2015; 16: 456-466.

Yang X, Du T, Wang X, Zhang Y, Hu W, Du X et al. IDH1, a CHOP and C/EBPB-responsive
gene under ER stress, sensitizes human melanoma cells to hypoxia-induced apoptosis. Cancer Lett
2015; 365: 201-210.

Fendt S-M, Bell EL, Keibler MA, Olenchock BA, Mayers JR, Wasylenko TM et al. Reductive
glutamine metabolism is a function of the a-ketoglutarate to citrate ratio in cells. Nat Com 2013; 4:
2236.

Mullen AR, Wheaton WW, Jin ES, Chen P-H, Sullivan LB, Cheng T et al. Reductive
carboxylation supports growth in tumour cells with defective mitochondria. Nature 2011; 481:
385-388.

Wise DR, Ward PS, Shay JES, Cross JR, Gruber JJ, Sachdeva UM et al. Hypoxia promotes
isocitrate dehydrogenase-dependent carboxylation of a-ketoglutarate to citrate to support cell
growth and viability. Proc Natl Acad Sci USA 2011; 108: 19611-19616.

Filipp F V, Scott DA, Ronai ZA, Osterman AL, Smith JW. Reverse TCA cycle flux through

isocitrate dehydrogenases 1 and 2 is required for lipogenesis in hypoxic melanoma cells. Pigment
Cell Melanoma Res 2012; 25: 375-383.

150



70

71

72

73

74

75

76

77

78

79

80

81

82

&3

Metallo CM, Gameiro PA, Bell EL, Mattaini KR, Yang J, Hiller K ef al. Reductive glutamine
metabolism by IDH1 mediates lipogenesis under hypoxia. Nature 2011; 481: 380-384.

Luong A, Hannah VC, Brown MS, Goldstein JL. Molecular characterization of human acetyl-CoA
synthetase, an enzyme regulated by sterol regulatory element-binding proteins. J Biol Chem 2000;
275: 26458-26466.

Infantino V, lacobazzi V, De Santis F, Mastrapasqua M, Palmieri F. Transcription of the
mitochondrial citrate carrier gene: Role of SREBP-1, upregulation by insulin and downregulation
by PUFA. Biochem Biophys Res Commun 2007; 356: 249-254.

Sato R, Okamoto A, Inoue J, Miyamoto W, Sakai Y, Emoto N et al. Transcriptional regulation of
the ATP citrate-lyase gene by sterol regulatory element-binding proteins. J Biol Chem 2000; 275:
12497-12502.

The Cancer Genome Atlas Network -. Genomic and epigenomic landscapes of adult de novo acute
myeloid leukemia. N Engl J Med 2013; 368: 2059-2074.

Yan H, Parsons W, Jin G, McLendon R, Rasheed A, Yuan W et al. IDH1 and IDH2 mutations in
gliomas. N Engl J Med 2009; 360: 765-773.

Seltzer MJ, Bennett BD, Joshi AD, Gao P, Thomas AG, Ferraris D V. et al. Inhibition of
glutaminase preferentially slows growth of glioma cells with mutant IDH1. Cancer Res 2010; 70:
8981-8987.

Mohrenz IV, Antonietti P, Pusch S, Capper D, Balss J, Voigt S et al. Isocitrate dehydrogenase 1
mutant R132H sensitizes glioma cells to BCNU-induced oxidative stress and cell death. Apoptosis
2013; 18: 1416-1425.

Jin G, Reitman ZJ, Duncan CG, Spasojevic I, Gooden DM, Rasheed BA ef al. Disruption of wild-
type IDH1 suppresses D-2-hydroxyglutarate production in IDH1-mutated gliomas. Cancer Res
2013; 73: 496-501.

Rzem R, Veiga-da-Cunha M, Noél G, Goffette S, Nassogne M-C, Tabarki B ef al. A gene
encoding a putative FAD-dependent L-2-hydroxyglutarate dehydrogenase is mutated in L-2-
hydroxyglutaric aciduria. Proc Natl Acad Sci U S 4 2004; 101: 16849-16854.

Struys EA, Salomons GS, Achouri Y, Van Schaftingen E, Grosso S, Craigen WJ et al. Mutations
in the D-2-hydroxyglutarate dehydrogenase gene cause D-2-hydroxyglutaric aciduria. Am J Hum
Genet 2005; 76: 358-360.

Nota B, Struys E a, Pop A, Jansen EE, Fernandez Ojeda MR, Kanhai W a et al. Deficiency in
SLC25A1, encoding the mitochondrial citrate carrier, causes combined D-2- and L-2-
hydroxyglutaric aciduria. Am J Hum Genet 2013; 92: 627-631.

Edvardson S, Porcelli V, Jalas C, Soiferman D, Kellner Y, Shaag A et al. Agenesis of corpus
callosum and optic nerve hypoplasia due to mutations in SLC25A1 encoding the mitochondrial

citrate transporter. J Med Genet 2013; 50: 240-245.

Fan J, Teng X, Liu L, Mattaini K, Looper R, Vander Heiden MG et al. Human phosphoglycerate
dehydrogenase produces the oncometabolite D-2-hydroxyglutarate. ACS Chem Biol 2014; 10:

151



84

&5

86

87

88

&9

90

91

92

93

94

95

510-516.

Intlekofer AM, Dematteo RG, Venneti S, Finley LWS, Lu C, Judkins AR ef al. Hypoxia induces
production of L-2-hydroxyglutarate. Cell Metab 2015; : 1-8.

Beigneux AP, Kosinski C, Gavino B, Horton JD, Skarnes WC, Young SG. ATP-citrate lyase
deficiency in the mouse. J Biol Chem 2004; 279: 9557-9564.

Abu-FElheiga L, Matzuk MM, Kordari P, Oh W, Shaikenov T, Gu Z ef al. Mutant mice lacking
acetyl-CoA carboxylase 1 are embryonically lethal. Proc Natl Acad Sci U S A 2005; 102: 12011
12016.

Chirala SS, Chang H, Matzuk M, Abu-Elheiga L, Mao J, Mahon K ef al. Fatty acid synthesis is
essential in embryonic development: fatty acid synthase null mutants and most of the
heterozygotes die in utero. Proc Natl Acad Sci U S 4 2003; 100: 6358—6363.

Zheng Y, Eilertsen KJ, Ge L, Zhang L, Sundberg JP, Prouty SM et al. SCD1 is expressed in
sebaceous glands and is disrupted in the asebia mouse. Nat Genet 1999; 23: 268-270.

Oballa RM, Belair L, Black WC, Bleasby K, Chan CC, Desroches C et al. Development of a liver-
targeted stearoyl-CoA desaturase (SCD) inhibitor (MK-8245) to establish a therapeutic window
for the treatment of diabetes and dyslipidemia. J Med Chem 2011; 54: 5082—5096.

Rohle D, Popovici-Muller J, Palaskas N, Turcan S, Grommes C, Campos C et al. An inhibitor of
mutant IDH1 delays growth and promotes differentiation of glioma cells. Science 2013; 340: 626—
630.

Tateishi K, Wakimoto H, lafrate AJ, Tanaka S, Loebel F, Lelic N ef al. Extreme vulnerability of
IDH1 mutant cancers to NAD+ depletion. Cancer Cell 2015; 28: 773-784.

Suijker J, Oosting J, Koornneef A, Struys EA, Gajja S, Schaap FG et al. Inhibition of mutant
IDH1 decreases D-2-HG levels without affecting tumorigenic properties of chondrosarcoma cell
lines. Oncotarget 2015; 6: 12505-12519.

Shi J, Zuo H, Ni L, Xia L, Zhao L, Gong M et al. An IDH1 mutation inhibits growth of glioma
cells via GSH depletion and ROS generation. Neurol Sci 2014; 35: 839-845.

Grassian AR, Parker SJ, Davidson SM, Divakaruni AS, Green CR, Zhang X ef al. IDH1 mutations
alter citric acid cycle metabolism and increase dependence on oxidative mitochondrial
metabolism. Cancer Res 2014; 74: 3317-3331.

Li S, Chou AP, Chen W, Chen R, Deng Y, Phillips HS et al. Overexpression of isocitrate

dehydrogenase mutant proteins renders glioma cells more sensitive to radiation. Neuro Oncol
2013; 15: 57-68.

152



