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Abstract
Aberrant activation of the mammalian target of rapamycin complex 1 (mTORC1) is a common
molecular event in a variety of pathological settings, including genetic tumor syndromes, cancer,
and obesity. However, the cell intrinsic consequences of mTORC1 activation remain poorly
defined. Through a combination of unbiased genomic, metabolomic, and bioinformatic
approaches, we demonstrate that mTORC1 activation is sufficient to stimulate specific metabolic
pathways, including glycolysis, the oxidative arm of the pentose phosphate pathway, and de novo
lipid biosynthesis. This is achieved through the activation of a transcriptional program affecting
metabolic gene targets of hypoxia-inducible factor (HIF1α) and sterol regulatory element-binding
protein (SREBP1 and SREBP2). We find that SREBP1 and 2 promote proliferation downstream
of mTORC1, and the activation of these transcription factors is mediated by S6K1. Therefore, in
addition to promoting protein synthesis, mTORC1 activates specific bioenergetic and anabolic
cellular processes that are likely to contribute to human physiology and disease.

INTRODUCTION
The mammalian target of rapamycin (mTOR) is an evolutionarily conserved Ser/Thr kinase
that has been implicated in a diverse array of physiological processes and pathological
states. Aberrantly elevated mTOR activity is a common molecular defect detected in the
majority of human cancers (Menon and Manning, 2009), under conditions of obesity (Dann
et al., 2007), and in genetic syndromes with a high incidence of cognitive deficits and autism
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spectrum disorders (Ehninger et al., 2009). While this increased activation of mTOR is
believed to contribute to the development and progression of these diseases, the downstream
consequences of mTOR activation at the molecular, cellular, and organismal levels are
poorly understood.

The mTOR kinase exists within two physically and functionally distinct protein complexes,
mTORC1 and mTORC2, which differ in their regulation, downstream targets, and
sensitivity to the allosteric mTOR inhibitor rapamycin (Guertin and Sabatini, 2009).
mTORC1 consists of the core essential components mTOR, Raptor, and mLST8 and is
acutely sensitive to rapamycin. Pharmacological and genetic studies have demonstrated that
mTORC1 activation increases cell growth (i.e., an increase in cell mass) in diverse
organisms from yeast to human (Wullschleger et al., 2006). However, mTORC1 inhibition
using rapamycin causes most mammalian cells to arrest in the G1 phase of the cell cycle,
thereby demonstrating that mTORC1 activity also promotes cell proliferation. While the
molecular mechanisms by which mTORC1 promotes anabolic cell growth and proliferation
are not fully understood, two classes of direct downstream targets of mTORC1 have been
well characterized. Specifically as part of mTORC1, mTOR directly phosphorylates the
ribosomal protein S6 kinases (S6K1 and S6K2) and the eukaryotic initiation factor 4E
(eIF4E)-binding proteins (4E-BP1 and 4E-BP2), both of which control specific steps in the
initiation of cap-dependent translation (Ma and Blenis, 2009). Phosphorylation of the S6Ks
downstream of mTORC1 leads to their activation, whereas phosphorylation of the 4E-BPs
lead to their inhibition and release from eIF4E at the 5' cap of mRNAs. mTORC2 is
comprised of the core essential components mTOR, Rictor, mSIN1, and mLST8. Within this
complex, mTOR is not directly inhibited by rapamycin, but mTORC2 assembly is blocked
by prolonged exposure to this compound (Sarbassov et al., 2006). The known downstream
targets of mTORC2 are all AGC family kinases, including Akt, SGK1, and PKCα (Guertin
and Sabatini, 2009). The focus of this current study is on downstream events specific to
mTORC1 signaling.

The aberrant increase in mTORC1 signaling detected in a variety of human disease states is
due to genetic or environmental factors leading to frequent misregulation of upstream
signaling pathways that, in large part, converge on a small G protein switch essential for the
proper control of mTORC1 activation. In its GTP-bound state, the Ras-related GTPase Rheb
is a potent and essential activator of mTORC1 (Avruch et al., 2006; Huang and Manning,
2008). Rheb is tightly regulated by a GTPase-activating protein (GAP) called TSC2 (or
tuberin). Along with its binding partner TSC1 (or hamartin), TSC2 is encoded by a tumor
suppressor gene mutated in the genetic tumor syndrome tuberous sclerosis complex (TSC;
Crino et al., 2006). TSC2 has specific GAP activity toward Rheb, which is greatly enhanced
by binding to TSC1, thereby inactivating Rheb and, in turn, mTORC1. As a key regulator of
anabolic growth and proliferation, mTORC1 is exquisitely sensitive to cellular growth
conditions, such as the presence or absence of growth factors, nutrients, energy, and stress.
Many of the signaling pathways that relay the status of these conditions to mTORC1 do so,
at least in part, through specific phosphorylation events on the TSC1–TSC2 complex that
affect the ability of this complex to act as a GAP for Rheb (Huang and Manning, 2008).
Reciprocal to its inhibitory effects on mTORC1, the TSC1–TSC2 complex promotes the
activation of mTORC2 through an as yet unknown mechanism that can be separated from its
effects on Rheb and mTORC1 (Huang et al., 2008; Huang et al., 2009).

Importantly, genetic loss of either TSC1 or TSC2 leads to constitutive activation of
mTORC1 that is largely insensitive to perturbations in cellular growth conditions (Huang
and Manning, 2008). This is most obvious under conditions of growth factor withdrawal,
where mTORC1 signaling is attenuated in normal cells but remains fully stimulated in cells
lacking a functional TSC1–TSC2 complex or overexpressing Rheb (e.g., Jaeschke et al.,
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2002; Kwiatkowski et al., 2002; Tee et al., 2003; Zhang et al., 2003). Consistent with its role
in the activation of mTORC2, TSC-deficient cells exhibit defects in mTORC2 activity, even
in the presence of growth factors (Huang et al., 2008; Huang et al., 2009). In this study, we
take advantage of these major differences in mTOR signaling between Tsc1 and Tsc2 null
cells and their wild-type counterparts to isolate mTORC1 activity from mTORC2 and other
growth factor-stimulated signaling pathways. By comparing TSC-deficient cells to wild-type
cells in the absence of growth factors, we have an mTORC1 gain-of-function model that,
when combined with rapamycin, can be used to reveal cellular processes that mTORC1
activation is sufficient to induce. Through a combination of genomic, metabolomic, and
bioinformatic analyses, we find that mTORC1 activation on its own can stimulate a gene
network that alters specific metabolic pathways.

RESULTS
A genomic approach to identify transcriptional targets downstream of mTORC1

Cells lacking TSC1 or TSC2 exhibit growth-factor independent activation of mTORC1
(Figure 1A). In order to identify mTORC1-dependent transcriptional changes, we compared
wild-type MEFs to Tsc1−/− and Tsc2−/− MEFs following serum starvation, where mTORC1
signaling is off in wild-type cells and fully active in TSC-deficient cells (P-S6K1; Figure
1B). Importantly, under these conditions, mTORC2 targets are off in all of these cell lines,
as Akt-S473 phosphorylation is lost and SGK1 protein levels are nearly undetectable. All
cell lines were serum-starved for 24 h, and the Tsc1−/− and Tsc2−/− cells were treated with a
time course of rapamycin prior to the isolation of mRNA for microarray analysis. The use of
both Tsc1 and Tsc2 null cells provides an added degree of stringency and controls for non-
specific differences in these independently derived lines (Kwiatkowski et al., 2002; Zhang et
al., 2003). In order to be classified as an mTORC1-regulated transcript in this study, a gene
probe must meet four independent criteria at a P-value<0.01: 1) different in Tsc1−/− versus
wild-type; 2) different in Tsc2−/− versus wild-type; 3) reverted toward wild-type levels by
rapamycin in Tsc1−/−; 4) reverted toward wild-type levels by rapamycin in Tsc2−/− (Figure
1C). Strikingly, only 239 of the 39,000 gene probes analyzed, representing 205 genes, met
these conditions (Table S1). These are shown in the scatter plot in Figure 1D (blue dots) in
relation to all others (gray dots). These 205 genes include those that are decreased in TSC1-
and TSC2-deficient cells and stimulated by rapamycin (75 mTORC1-repressed genes) and
those that are increased in these cells and inhibited by rapamycin (130 mTORC1-induced
genes). The rapamycin time course revealed that the majority of these mTORC1-regulated
genes were responsive to rapamycin at 6 to 12 h of treatment in both Tsc2−/− (Figure 1E)
and Tsc1−/− (Figure S1) cells.

mTORC1 induces genes encoding the enzymes of specific metabolic pathways
To identify functional groups that are enriched amongst the mTORC1-regulated genes, a
gene set enrichment analysis (GSEA) was performed on a larger set of genes meeting the
above criteria for being induced or repressed by mTORC1 signaling at a P-value<0.05
(Table S2). Interestingly, within the top 20 mTORC1-induced gene sets are specific
metabolic pathways, including the pentose phosphate pathway (P<7×10−8), fatty acid
biosynthesis (P<5×10−6), glycolysis (P<0.0002), and cholesterol biosynthesis (P<0.0031).
Indeed, a survey of mTORC1-induced genes found many encoding the enzymes of
glycolysis (Figure 2A), the pentose phosphate pathway (Figure 2B), and sterol and fatty acid
biosynthesis (Figure 2C) to be elevated in both Tsc1−/− and Tsc2−/− cells and rapamycin
sensitive (Table S3). The mTORC1-dependent induction of many of these genes was
verified by qRT-PCR (representative genes shown in Figures 2D–F). In addition, the
regulation of representative genes from these metabolic pathways was further confirmed in
three independent genetic settings of mTORC1 activation, including Tsc2−/− MEFs
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reconstituted with empty vector or human TSC2 (Figure S2A), HeLa cells with a stable
shRNA-mediated knockdown of TSC2 (Figure S2B), and HEK-293 cells overexpressing
Rheb (Figure S2C). In all three systems, activation of mTORC1 signaling led to increased
expression of genes of glycolysis, the pentose phosphate pathway, and lipid/sterol
biosynthesis and rapamycin reversed this effect. Finally, consistent with these genes being
downstream of mTORC1, withdrawal of the essential amino acid leucine from Tsc2−/− cells
led to a repression of these metabolic genes similar to that seen with rapamycin (Figure
S2D).

Due to sustained mTORC1 signaling, cells lacking the TSC1–TSC2 complex can proliferate
in the absence of growth factors (Zhang et al., 2006; see below). This raises the possibility
that the differences in metabolic gene expression between wild-type and TSC-deficient cells
are due to differences in proliferation. This was addressed by arresting the proliferation of
Tsc2−/− cells through a standard double thymidine block (DTB). The DTB had a more
pronounced effect on proliferation than rapamycin in these cells, but did not inhibit
mTORC1 signaling (Figure S2E). While the DTB-mediated arrest of Tsc2−/− cells led to a
modest decrease in the expression of representative metabolic genes, their expression
remained significantly higher than in wild-type cells and fully sensitive to rapamycin
(Figure 2D–F). Therefore, the mTORC1-induced expression of these metabolic genes is
independent of cell proliferation.

mTORC1 activation is sufficient to induce specific metabolic processes
As depicted in Figure 3A, mTORC1 signaling activates the expression of genes encoding
nearly every step of glycolysis and the pentose phosphate pathway, as well as critical
enzymes in the de novo synthesis of sterols, isoprenoids, and fatty acids. To investigate
whether these transcriptional changes are also reflected by changes in cellular metabolism,
we measured effects on both specific metabolic processes and global metabolites. Consistent
with the gene expression profile, Tsc2−/− cells exhibit a rapamycin-sensitive increase in
glucose uptake (Figure 3B), lactate secretion (Figure 3C), and de novo lipid biosynthesis
(Figure 3D). To obtain a more global and unbiased analysis of mTORC1-mediated changes
in intracellular metabolites, a liquid chromatography mass spectrometry (LC-MS)-based
metabolomics approach was employed. As with our genomic study, we compared littermate-
derived wild-type and Tsc2−/− MEFs under growth factor-free conditions, where mTORC1
signaling is off in wild-type cells but fully active and rapamycin sensitive in the Tsc2 null
cells. Only 21 of the 119 metabolites measured showed a pattern consistent with mTORC1-
induced changes (i.e., elevated in Tsc2−/− cells relative to Tsc2+/+ and decreased by
rapamycin; Figure S3 and Table S4). Of these, only the intermediates of glycolysis and the
pentose phosphate pathway showed a pathway-specific pattern of increase by mTORC1
signaling (Figure 3E).

To determine whether the steady state increase in these intermediates reflects an increase in
flux through these pathways, we measured metabolite levels following a 15 min pulse of
[1,2-13C]-glucose. Indeed, we found increased 13C-labeling of glycolytic and pentose
phosphate pathway intermediates in Tsc2−/− cells, which was blocked by rapamycin
treatment (Figure 3F and G). The use of doubly labeled [1,2-13C]-glucose allowed us to
determine whether the increase in ribulose 5-phosphate and ribose 5-phosphate was the
result of increased flux through the oxidative (glucose 6-phosphate dehydrogenase (G6PD)-
mediated) or non-oxidative branches of the pentose phosphate pathway. If ribulose 5-
phosphate and ribose 5-phosphate are singly labeled, they are produced through the
oxidative arm, as phosphogluconate dehydrogenase (PGD) catalyzes decarboxylation and
loss of the 1 carbon as CO2, whereas doubly labeled intermediates could only come from the
non-oxidative branch. Consistent with the mTORC1-dependent increase in expression of
G6PD and PGD, there was a rapamycin-sensitive increase in singly labeled ribose and
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ribulose in the Tsc2−/− cells, while there was no difference in levels of doubly labeled
pentose phosphate pathway intermediates (Figure 3G). These data demonstrate that the
mTORC1-induced expression of genes encoding the enzymes of glycolysis and the
oxidative arm of the pentose phosphate pathway is accompanied by increased flux through
these pathways.

Identification of enriched transcription factor-binding elements in mTORC1-regulated
genes

To identify candidate transcription factors downstream of mTORC1, we used a previously
described unbiased bioinformatic approach (MotifADE; Mootha et al., 2004; Ma et al.,
2008) to detect transcription factor-binding motifs enriched in the promoters of mTORC1-
regulated genes from the expression array study. This approach identifies over-represented
cis regulatory elements present in the promoters of specific gene sets. An analysis of all
genes sensitive to rapamycin at 24 h revealed that binding motifs for only four transcription
factors are significantly enriched (q-value>0.01) in the data from both Tsc1−/− and Tsc2−/−

cells (Table 1). Interestingly, two of these factors, sterol regulatory element-binding protein
(SREBP) and c-Myc are well known to regulate specific aspects of cellular metabolism. C-
Myc has been estimated to regulate up to 15% of all genes, including the genes of glycolysis
(Dang et al., 2006). However, the c-Myc protein is very unstable and following 24 h of
serum deprivation, as performed in our gene expression analysis, it is not detectable in the
TSC-deficient cells (e.g., Figure S4A). Importantly, the transcription factor hypoxia-
inducible factor (HIF1) stimulates the same genes of glycolysis and, like c-Myc, is a basic
helix loop helix (bHLH) transcription factor that recognizes an overlapping promoter-
binding element (Table 1; Gordan et al., 2007; Semenza, 2003).

HIF1α is responsible for the glycolytic response downstream of mTORC1
Given that known targets of HIF1 involved in glycolysis are elevated in an mTORC1-
dependent manner in the TSC-deficient cells, we analyzed 26 previously characterized HIF1
targets in our expression array data. These genes all demonstrated a pattern of induction by
mTORC1, as they were elevated in both Tsc1 and Tsc2 null cells and rapamycin sensitive
(Figure 4A and Table S3). These genes included those encoding the enzymes of glycolysis
as well as non-metabolic targets, several of which were in our most stringent dataset. The
HIF1 transcription factor is a heterodimer comprised of the constitutively expressed HIF1β/
ARNT subunit complexed with either HIF1α or HIF2α/EPAS1 (Gordan et al., 2007;
Semenza, 2003). The HIFα subunit appears to dictate the target specificity of the HIF1
heterodimer (Hu et al., 2003), and TSC-deficient cells display mTORC1-dependent
transcriptional upregulation of targets specific to HIF1α(e.g., glycolysis genws), as well as
those shared between HIF1α and HIF2α (e.g., VEGF).

As we are focused here on the metabolic genes, we examined the mechanism leading to
upregulation of the HIF1αsubunit, which activates the genes of glycolysis (Hu et al., 2003;
Semenza et al., 1994). Consistent with the global upregulation of HIF1α targets and the
findings from a previous study (Brugarolas et al., 2003), both Tsc1−/− and Tsc2−/− cells
have elevated levels of HIF1α protein relative to their wild-type counterparts (Figure 4B).
Similar to its transcriptional targets, this increase is blocked following 2 to 6 h of rapamycin
treatment. The upregulation of HIF1α is specific to mTORC1 and not affected by the status
of mTORC2 in these cells. Unlike Tsc2−/− MEFs, Rictor−/− MEFs do not show elevated
levels of HIF1α (Figure S4B), and the increased HIF1α in Tsc2−/− cells is sensitive to
siRNAs targeting Raptor but not Rictor (Figure S4C). Through studies using rapamycin,
mTORC1 signaling has been implicated in the activation of HIF1(e.g., Hudson et al., 2002;
Zhong et al., 2000), in part through selective control of translation from the 5'-untranslated
region (UTR) of the HIF1α mRNA (Laughner et al., 2001; Thomas et al., 2006). To test
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whether mTORC1 activation alone was sufficient to stimulate translation from the HIF1α 5'-
UTR, we utilized a bicistronic reporter in which the translation of Renilla luciferase is under
control of the HIF1α 5'-UTR and firefly luciferase is translated from an internal ribosomal
entry sequence (IRES; Figure 4C). Tsc2−/− MEFs showed enhanced translation from the
HIF1α 5'-UTR, and this was rescued by expression of human TSC2 or rapamycin treatment.
Expression of a dominantly active 4E-BP1 mutant lacking two mTORC1 inhibitory
phosphorylation sites (4E-BP1-T37A/T46A) blocked this selective translation (Figure 4C),
whereas expression of wild-type 4E-BP1 resulted in a partial decrease (Figure S4D). We
found no effect of siRNAs targeting S6K1 and S6K2 on translation from the HIF1α 5'-UTR
(Figure S4E), but S6K1 knockdown led to a modest decrease in HIF1α protein levels
(Figure S4F). These data suggest that mTORC1 activation is sufficient to stimulate an
increase in HIF1α protein levels, at least in part, through mTORC1-mediated inhibition of
4E-BP1 and subsequent activation of 5'-cap-dependent translation. However, we cannot rule
out further contributing effects from gene expression, as both Hif1α (Figure 4D) and Hif2α
(data not shown) mRNA levels are increased in an mTORC1-dependent manner (i.e.,
sensitive to rapamycin or siRNAs targeting Raptor) in Tsc2-deficient cells.

To determine whether HIF1α is the transcription factor downstream of mTORC1 in the
control of glycolytic genes, the expression of representative genes was analyzed following
the introduction of siRNAs targeting either Raptor or HIF1α (Figure 4E). Indeed, HIF1α
knockdown reduced the mRNA levels of Glut1, Pfkp, and Pdk1 in Tsc2−/− cells to wild-type
levels, similar to Raptor siRNAs or rapamycin treatment. In this experiment and those
described below, transient knockdown of Raptor generally elicits a weaker inhibitory effect
than rapamycin, and this is reflected in an incomplete block of mTORC1 signaling by
Raptor siRNAs in the Tsc2−/− cells (Figure S4G). Consistent with the increase in HIF1α and
its targets being responsible for the mTORC1-dependent increase in glycolysis observed,
siRNA-mediated knockdown of HIF1α in Tsc2−/− cells significantly blocked the increase in
glucose uptake (Figure 4F).

SREBP is responsible for the increase in lipid biosynthesis, the pentose phosphate
pathway, and cell proliferation downstream of mTORC1

The DNA-binding element recognized by SREBP was found to be the most highly enriched
motif in the promoters of rapamcyin-sensitive genes in our expression array study (Table 1).
Importantly, SREBP1 and SREBP2 are master transcriptional regulators of genes involved
in de novo lipid and sterol biosynthesis genes (Espenshade and Hughes, 2007). Full-length
SREBPs reside as inactive, transmembrane precursors in the endoplasmic reticulum and are
activated by trafficking to the Golgi where they are processed by proteases. The active
processed form then translocates to the nucleus to turn on its target genes. Interestingly, a
recent study found that overexpression of an activated version of Akt leads to a rapamycin-
sensitive increase in the processed form of SREBP1 (Porstmann et al., 2008). To gain
insights into how mTORC1 activation might increase the transcription of a large number of
known SREBP targets, we compared the protein levels of full length and processed SREBP1
in littermate-derived wild-type and either Tsc1−/− or Tsc2−/− cells. While modest increases
in the levels of full length SREBP1 could be detected, larger differences were seen in the
processed active form of SREBP1, which were elevated in the TSC-deficient lines relative
to their wild-type counterparts (Figure 5A). This is reflected by an increase in the ratio of
processed to full length SREBP1 in these cells that is sensitive to rapamycin. The increased
levels of processed SREBP1 are specific to mTORC1 and not affected by the status of
mTORC2 in these cells. Unlike Tsc2−/− MEFs, Rictor−/− MEFs do not show elevated levels
of processed SREBP1 (Figure S4B), and the increase in Tsc2−/− cells is sensitive to siRNAs
targeting Raptor but not Rictor (Figure 5B). However, as with Hif1α and Hif2α, rapamycin-
sensitive increases in Srebp1 and Srebp2 transcript levels are detected in Tsc2-deficient cells
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(Figures S5A and B) or HEK-293 cells overexpressing Rheb (Figures S5C and D).
Interestingly, siRNAs specific to Srebp1 strongly down-regulate the transcript levels of
Srebp2. These data suggest that the mTORC1-dependent increase in Srebp1 and Srebp2
transcript levels are due to their transcriptional activation by processed SREBP1. In support
of this idea, we found that overexpressing the processed form of SREBP1 in HEK-293 cells
can increase the endogenous transcript levels of both SREBP1 and SREBP2 (Figure S5C and
D). Furthermore, unlike Rheb overexpression, this effect is resistant to rapamycin, indicating
that the processed form of SREBP1 acts downstream of mTORC1.

To confirm that the mTORC1-driven expression of fatty acid and sterol biosynthesis genes
is dependent on the SREBP transcription factors, the expression of representative gene were
analyzed following siRNA-mediated knockdown of Srebp1 and/or Srebp2. Similar to Raptor
knockdown, siRNAs targeting one or both of these transcription factors blocked the
expression of genes encoding enzymes involved in de novo fatty acid biosynthesis (e.g.,
Scd1 and Acsl3, Figure 5C). Knockdown of either Srebp1 or Srebp2 also blocked the
expression of genes involved in sterol and isoprenoid biosynthesis (e.g., Mvk and Sc5d,
Figure 5D), with SREBP2 playing a more dominant role in the regulation of these genes.
Therefore, the SREBP1 and SREBP2 transcription factors are required for the mTORC1-
induced expression of fatty acid and sterol biosynthesis genes.

The unbiased genomic and metabolomic profiling described above revealed that mTORC1
signaling stimulates the oxidative pentose phosphate pathway. To gain insight into the
regulation of this pathway by mTORC1, we used siRNAs targeting a number of candidate
transcription factors and measured effects on the mRNA levels of G6pd, encoding the rate-
limiting enzyme in the oxidative phase of the pentose phosphate pathway. Interestingly, we
found that siRNA-mediated knockdown of SREBP1 decreased the rapamycin-sensitive
expression of G6pd in Tsc2-deficient cells (Figure 5E). Furthermore, overexpression of the
processed form of SREBP1 could induce G6PD expression in HEK-293 cells (Figure 5F).
Unlike Rheb overexpression, the effects of SREBP1 on G6PD transcript levels were largely
resistant to rapamycin, suggesting that the processed form of SREBP1 is downstream of
mTORC1 for the regulation of this gene.

We next determined the role of SREBP in mTORC1-dependent cellular processes. The
transcriptional activation of SREBP targets encoding the key enzymes of fatty acid
biosynthesis (FASN) and the pentose phosphate pathway (G6PD) leads to a rapamycin-
sensitive increase in the level of these enzymes in Tsc2−/− cells (Figure S5E). Importantly,
we found that the mTORC1-dependent increase in de novo lipid biosynthesis observed in
Tsc2−/− cells was dependent on SREBP, but not HIF1α, with Srebp1 knockdowns reducing
the levels to that of wild-type cells and Srebp1/2 double knockdowns reducing it further
(Figure 5G). Unlike rapamycin, knockdown of neither HIF1α nor SREBP1 and 2 affected
mTORC1 signaling. Interestingly, the growth factor-independent, mTORC1-dependent
proliferation of the Tsc2−/− cells was blocked by siRNAs targeting both Srebp1 and Srebp2,
displaying similar effects to that of rapamycin (Figures 5H and S5F). Knocking down
Srebp1 alone decreased proliferation to a lesser extent, whereas knocking down Hif1α alone
or in combination with Hif2α had only marginal effects on this phenotype. These findings
indicate that the SREBP-dependent activation of a lipogenic program is required for
mTORC1-driven cell proliferation.

mTORC1 activates SREBP1 through S6K1
Once processed and released from the Golgi, the active form of SREBP1 is susceptible to
proteasomal degradation (Espenshade and Hughes, 2007). To gain insight into how
mTORC1 signaling leads to elevated levels of processed SREBP1, we examined the stability
of this active form. Following cyclohexamide treatment, the processed form of SREBP1 was

Düvel et al. Page 7

Mol Cell. Author manuscript; available in PMC 2011 July 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



degraded with similar kinetics in the presence or absence of TSC2 (Figure S6). This
suggests that the mTORC1-dependent accumulation of processed SREBP1 in Tsc1−/− and
Tsc2−/− cells is not due to increased protein stability. To further examine potential
differences in SREBP1 degradation, we tested the effects of a proteasome inhibitor (ALLN)
on this regulation. While ALLN treatment substantially increased the overall levels of
processed SREBP1, this active form remained higher in the Tsc2−/− cells and, compared to
untreated cells, was equally sensitive to rapamycin (Figure 6A). Finally, as GSK3-mediated
phosphorylation of SREBP1 has been found to target it for degradation (Sundqvist et al.,
2005), we examined a potential role for GSK3. Efficient knockdown of GSK3α and β did
not alter the levels or rapamycin sensitivity of processed SREBP1 in Tsc2−/− cells (Figure
6B). Collectively, these data suggest that mTORC1 signaling exerts a regulatory input into
the processing step of SREBP1.

In order to identify the mTORC1-proximal signaling component responsible for the
regulation of SREBP1 processing, we tested the effects of siRNAs targeting S6K1 and
S6K2. Interestingly, knockdown of S6K1 or both S6K1 and 2 lead to a substantial decrease
in the levels of processed SREBP1 in Tsc2−/− cells, even in the presence of the proteasome
inhibitor (Figure 6B). The inhibitory effects of S6K1 knockdown on the levels of active
SREBP1 is also reflected by a decrease in the expression levels of several of its
transcriptional targets, including both lipid biosynthesis and pentose phosphate pathway
genes (6C). Finally, loss of S6K1 leads to a partial but significant attenuation of the
enhanced lipid biosynthesis phenotype of Tsc2−/− cells (6D). Therefore, S6K1 is the major
downstream target of mTORC1 stimulating the activation of SREBP1.

DISCUSSION
The cell lines and conditions chosen for this study were designed to isolate mTORC1
signaling from mTORC2, upstream branching pathways, parallel pathways, and feedback
mechanisms that all accompany mTORC1 activation downstream of growth factors. While
studies using rapamycin alone can reveal functions for which mTORC1 is necessary,
combining rapamycin with an mTORC1 gain-of-function approach can identify those
processes and pathways for which mTORC1 activity is both necessary and sufficient.
Previous studies have profiled the effects of rapamycin on gene expression in lymphocytes
(Grolleau et al., 2002; Peng et al., 2002), and these studies have identified individual genes
of glycolysis and lipid biosynthesis that were also classified as mTORC1-regulated
transcripts in our study. Our study demonstrates that the genes of glycolysis, the pentose
phosphate pathway, and sterol and lipid biosynthesis are amongst the most prominently
induced by mTORC1. Interestingly, the set of mTORC1-regulated transcripts indentified in
this study has substantial overlap with gene sets from two independent studies that have
profiled transcriptional changes induced by forced expression of membrane-targeted Akt
(myr)-Akt, which is constitutively active and potently affects many downstream pathways,
including the TSC-mTORC1 pathway (Majumder et al., 2004; Porstmann et al., 2005). One
of these studies concluded that myr-Akt induces most of the genes of glycolysis through
increased HIF1α (Majumder et al., 2004), while the other found that myr-Akt induces many
genes involved in lipid and cholesterol biosynthesis through increased SREBP1 and
SREBP2 (Porstmann et al., 2005). We find that mTORC1 signaling alone is sufficient to
activate these transcription factors and their many downstream targets.

Perhaps the most striking finding from our unbiased analyses of mTORC1-regulated
transcripts is the specificity of the effects of mTORC1 activation on HIF1 and SREBP,
relative to other transcription factors. However, the mechanism by which mTORC1 activates
these two sets of transcription factors appears to be quite different (see model in Figure 6E).
Our data support previous studies using rapamycin alone, which have concluded that
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mTORC1 signaling increases HIF1α protein levels by promoting mRNA translation from its
5'UTR (Laughner et al., 2001; Thomas et al., 2006), and we find that this induction requires
the inhibitory phosphorylation of 4E-BP1. However, we also find an mTORC1-dependent
increase in Hif1α and Hif2α/Epas1 transcript levels, indicating either autoregulation of Hifα
transcripts or additional mTORC1-dependent inputs into their regulation. Our data regarding
the mTORC1-driven activation of SREBP1, on the other hand, suggests that transcriptional
and translational control have only minor effects and that the induction involves a specific
increase in the processed active form of SREBP1. This finding is consistent with that of a
recent study on cells overexpressing myr-Akt (Porstmann et al., 2008). While we find a
modest, but reproducible, increase in the full-length inactive form of SREBP1 in TSC-
deficient cells, this appears to reflect transcriptional autoregulation. Importantly, mTORC1
signaling does not alter the stability of active SREBP1, suggesting that this regulation is at
the level of SREBP1 processing. This is also supported by our finding that exogenous
expression of the processed form of SREBP1 renders its gene targets resistant to rapamycin.
Our data indicate that S6K1 is required for the mTORC1-driven increase in processed
SREBP1 and downstream activation of its transcriptional targets. Therefore, S6K1 promotes
the processing of SREBP1 through an, as yet, unknown molecular mechanism.

In addition to enhancing the de novo synthesis of lipids through SREBP-dependent
induction of the relevant enzymes, our studies demonstrate that mTORC1 activity is
sufficient to increase metabolic flux through both glycolysis and the oxidative arm of the
pentose phosphate pathway. Consistent with previous studies (Hu et al., 2003; Semenza et
al., 1994), we find that HIF1α, but not HIF2α, regulates glucose uptake and glycolysis
downstream of mTORC1. Interestingly, knockdown of SREBP1 led to an attenuation of the
mTORC1-dependent increase in the expression of G6pd, which encodes the rate-limiting
enzyme in the oxidative phase of the pentose phosphate pathway. The promoter regions of
both the rodent and human genes encoding G6PD contain predicted sterol regulatory
elements, and SREBP1 has been shown to be capable of driving transcription from the rat
version of this promoter (Amemiya-Kudo et al., 2002). Furthermore, data from Srebp1
transgenic and knockout mice indicate that SREBP1c is involved in the induction of G6pd
expression in liver (Liang et al., 2002; Shimano et al., 1999; Shimomura et al., 1998).
Therefore, mTORC1 signaling increases flux through the oxidative pentose phosphate
pathway, at least in part, through activation of SREBP1. A large amount of NADPH is
needed for reducing power during de novo lipid biosynthesis, perhaps explaining the
regulation of G6PD by SREBP1. In addition, it is likely that this connection between
mTORC1 and the pentose phosphate pathway, leading to the production of NADPH needed
for many biosynthetic processes and ribose needed for the synthesis of nucleotides,
contributes to the promotion of anabolic cell growth and proliferation downstream of
mTORC1. To this end, knocking down the expression of SREBP1 and SREBP2 has the
same effect as rapamycin for blocking the proliferation of Tsc2−/− cells, suggesting an
essential role for lipid biosynthesis and, perhaps, the pentose phosphate pathway.

mTORC1 activation rarely occurs in isolation, but rather cooperates with many other
signaling events to alter cell physiology. There is a growing appreciation that cell intrinsic
alterations in nutrient and energy metabolism underlie multiple disease states, including
cancer, diabetes, and neurological disorders. mTORC1 has been implicated in all of these
pathological conditions and is a key component in a signaling network that regulates
metabolism. Together with recent genetic approaches to understand the role of mTORC1 in
integrated physiology (Bentzinger et al., 2008; Polak et al., 2008), we are gaining important
insights into the contributions of mTORC1 to the metabolic reprogramming of cells in
response to the physiological or pathological activation of upstream signaling pathways.
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MATERIALS AND METHODS
Cell culture, constructs, and RNAi

Cell lines were maintained in Dulbecco's Modified Eagle Medium (DMEM) with 4.5 g/L
glucose containing 10% fetal bovine serum (FBS) prior to the described experiments in
serum-free DMEM. Immortalized littermate-derived pairs of wild-type and null Tsc1 (3T3
immortalized) and Tsc2 (p53−/−) MEFs were provided by Dr. D.J. Kwiatkowski
(Kwiatkowski et al., 2002; Zhang et al., 2003). The stable pools of Tsc2−/− MEFs
reconstituted with human TSC2 or empty vector were described previously (Zhang et al.,
2006). Previously described pcDNA3-based constructs encoding FLAG-tagged versions of
the processed nuclear form of SREBP1a (gift of Dr. T. Osborne (Toth et al., 2004)) and
Rheb (Tee et al., 2003) were transfected into HEK293 cells using Lipofectamine 2000
(Invitrogen), according to the manufacturer's protocol. The HA-4E-BP1 constructs and
HIF1α-5'UTR bicistronic reporter were gifts of Dr. J. Blenis, and the corresponding methods
were described previously (Choo et al., 2008). HeLa cells stably expressing shRNAs
targeting firefly luciferase or TSC2 were described elsewhere (Huang et al., 2008). All
siRNA-mediated knockdown experiments were carried out with ON-TARGETplus or
siGENOME SMARTpool siRNAs (40 nM; Dharmacon). Cells were transfected using
Lipofectamine RNAiMAX (Invitrogen), according to the manufacturer's protocol for reverse
transfection.

Gene expression array and bioinformatic analyses
MEFs were grown to 70% confluence in 10 cm plates and were serum starved for 24 h in the
presence of vehicle (DMSO) for 24 h or rapamycin (20 nM) for 2, 6, 12, or 24 h. All
vehicle-treated samples (0 h time points) were plated in triplicate and all rapamycin time
course samples were plated in duplicate. For each replicate, expression analysis was
performed by hybridization to an Affymetrix Mouse 430_2 oligonucleotide microarray chip.
The complete microarray data set is available at www.ncbi.nlm.nih.gov/geo (accession
number GSE21755). Detailed protocols describing this analysis and the subsequent
bioinformatic approaches, including GSEA and MotifAde, are provided with the
supplemental materials.

Metabolic Assays and Metabolomic profiling
To measure the intracellular levels of metabolites, extracts were prepared and then analyzed
using LC-MS. Triplicate 10-cm plates (~70% confluent) were incubated in serum-free
medium for 16 h, with a medium change 2 h prior to extraction. For the flux studies, cells
were washed once with glucose-free DMEM and then incubated in DMEM containing a 10-
mM 1:1 mixture of D-[1,2-13C]-glucose and unlabeled D-glucose for 15 min. Metabolites
were extracted on dry ice with 5-mL 80% methanol (−80°C). The extract was dried down
under nitrogen and resuspended in 80 μL water just prior to the LC-MS run. Detailed
protocols describing this analysis and the measurements glucose uptake, lactate production,
and lipid biosynthesis are provided with the supplemental materials

Immunoblotting and mRNA expression analysis
Details provided with the supplemental materials.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A genomics approach to identify mTORC1-regulated transcripts
A) Model of mTORC1 regulation downstream of growth factors.
B) Growth factor-independent mTOR signaling in Tsc1−/− and Tsc2−/− MEFs. MEF lines
were serum starved for 24 h in the presence of vehicle (−) or 20-nM rapamycin (12 or 24 h)
and, where indicated, were stimulated with 10% serum for the final 1 h.
C) Hypothetical Venn diagram of the four major changes in gene expression detected in this
study. mTORC1-regulated transcripts were classified as those that met all four of these
criteria at a statistical cut of p<0.01 (*).
D) Scatter plot of the expression levels (log2) of the 39,000 gene probes comparing vehicle-
treated Tsc2−/− cells to vehicle-treated wild-type controls (x-axis) and vehicle-treated
Tsc2−/− cells to rapamycin-treated (24 h) Tsc2−/− cells (y-axis). The larger blue dots depict
the pattern of the 239 gene probes meeting the criteria described in (B). The gray dots depict
the expression pattern of the whole dataset.
E) Heat map of the 239 probes found to be regulated by mTORC1 signaling in this study,
showing their expression levels and response to a rapamycin time course in Tsc2−/− cells.
Expression levels shown are representative of the log2 average obtained from independent
replicates per time point. The brightness of green and red represents the degree to which
expression is respectively lower or higher in the Tsc2−/− cells relative to vehicle treated
wild-type cells. The gene names and values are provided in supplemental Table S1. (See
also heat map for the same genes in Tsc1−/− cells in Figure S1)
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Figure 2. Transcriptional induction of metabolic genes downstream of mTORC1 activation
A–C) mTORC1 activation leads to the induction of genes encoding the enzymes of
glycolysis (A), the pentose phosphate pathway (B), and lipid and sterol biosynthesis (C) in
Tsc1−/− (upper graphs) and Tsc2−/− (lower graphs) cells. The log2 expression levels shown
are the average obtained from independent replicates per time point of rapamycin treatment
normalized to the expression levels in vehicle-treated wild-type cells. Values provided as
supplemental Table S3.
D–F) Confirmation of mTORC1-induced metabolic genes. The expression levels of
representative genes from (D) glycolysis, (E) the pentose phosphate pathway, and (F) lipid
and sterol biosynthesis was measured by qRT-PCR. MEFs were serum starved for 18 h in
the presence of vehicle (−) or 20-nM rapamycin (+) and, where indicated, were subjected to
a proliferation arrest via double thymidine block (DTB). Expression levels are presented as
mean±SD relative to vehicle-treated Tsc2+/+ cells and are representative of at least three
independent experiments. (See supporting data in Figure S2)
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Figure 3. Alterations in cellular metabolism induced by mTORC1 activation
A) Placement of the mTORC1-induced metabolic genes within their metabolic pathways.
Genes found to be regulated by mTORC1 are shown in red, with those in the most stringent
set indicated (*).
B) mTORC1 signaling stimulates glucose uptake. MEFs were serum starved for 16 hours in
the presence of vehicle or rapamycin (20 nM). Glucose uptake was measured as the
incorporation of 2-deoxy-D-[3H]-glucose over 4 minutes and normalized to cell number.
Levels are presented as mean±SD relative to Tsc2+/+ cells from four independent
experiments. *p<0.002 versus Tsc2+/+; **p<0.009 versus Tsc2−/−.
C) mTORC1 signaling increases lactate production. Cells were grown as in (B), and lactate
secretion into the media was measured over the final hour. Lactate concentrations
normalized to cell number are presented as mean±SD relative to Tsc2+/+ cells from three
independent experiments. *p<0.00001 versus Tsc2+/+; **p<0.006 versus Tsc2−/−.
D) mTORC1 signaling stimulates de novo lipid biosynthesis. MEFs were serum starved for
24 h in the presence of vehicle or rapamycin (20 nM) and were incubated with D-[6-14C]-
glucose for the final 4 h. 14C incorporation into the lipid fraction was measured and is
presented as mean±SD relative to Tsc2+/+ cells. These data are representative of three
independent experiments. *p<0.006 versus Tsc2+/+; **p<0.004 versus Tsc2−/−.
E) Metabolomic profiling demonstrates that mTORC1 activation increases metabolites of
glycolysis and the pentose phosphate pathway. MEFs were grown as in (B) and metabolites
were extracted and profiled by LC-MS. Relative levels of specific metabolites, normalized
to cell number, from three independent samples for each cell line and treatment are shown in
the heat map. Metabolites showing a pattern consistent with mTORC1 regulation are
indicated (*). The complete metabolomic profile is provided as supplemental Figure S3 and
Table S4.
F) mTORC1 signaling increases flux through glycolysis. MEFs were grown as in (B) and
incubated with [1,2-13C]-glucose for 15 min prior to metabolite extraction and LC-MS
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analysis. Levels of dually 13C-labeled glycolytic intermediates, normalized to cell number,
are presented as mean±SD over three independent samples.
G) mTORC1 signaling increases flux through the oxidative branch of the pentose phosphate
pathway. The ratio of singly (1×) and doubly (2×) 13C-labeled to unlabeled (12C) pentose
phosphate pathway metabolites were measured by LC-MS in the samples from (F). P-values
for pair-wise comparisons in (F) and (G) are listed in the accompanying table.
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Figure 4. HIF1α and its target genes are upregulated by mTORC1 signaling
A) HIF1 target genes are elevated and rapamycin sensitive in Tsc1 (upper graph) and Tsc2
(lower graph) null cells. The log2 expression levels shown are the average obtained from
independent replicates per time point of rapamycin treatment normalized to the expression
levels in vehicle-treated wild-type cells, with those in the most stringent set indicated (*).
(Values provided in supplemental Table S3).
B) HIF1α protein levels are shown in wild-type and either Tsc1 or Tsc2 null MEFs grown in
serum-free media and subjected to a time course of rapamycin (20 nM). *non-specific band.
(See also Figures S4A–C)
C) Induction of translation from the 5'-UTR of HIF1α is regulated by 4E-BP1. The
bicistronic reporter was cotransfected with empty vector (Vec), TSC2, or 4E-BP1-AA
(T37A/T46A). 24 h post-transfection, cells were serum starved for 16 h in the presence or
absence of rapamycin (Rap, 20 nM), and the ratio of Renilla to firefly luciferase was
measured. The ratios are presented as mean±SD relative to Tsc2+/+ cells and are
representative of three independent experiments. (See also Figures S4D–F)
D, E) mTORC1-dependent increase in the expression Hif1α (D) and its glycolytic gene
targets (E). MEFs were transfected with siRNAs targeting the indicated transcripts or control
non-targeting siRNAs (ctl). 32 h post-transfection, the cells were serum starved for 16 hours
in the presence or absence of rapamycin (Rap, 20 nM). Transcript levels, measured by qRT-
PCR, are presented as the mean±SD relative to levels in Tsc2+/+ (Ctl) cells over three
independent experiments. (See also Figure S4G)
F) The stimulation of glucose uptake downstream of mTORC1 is dependent on HIF1α.
MEFs were transfected with siRNAs and treated as in (D). Glucose uptake was measured as
the incorporation of 2-deoxy-D-[3H]-glucose over 4 min and normalized to cell number.
Levels are presented as mean±SD relative to Tsc2+/+ (Ctl) cells over six independent
experiments. *p<0.003 for Tsc2+/+ versus Tsc2−/− and Tsc2−/− versus rapamycin-treated
Tsc2−/−; **p<0.03 for Tsc2−/− versus Tsc2−/− with Hif1α knockdown.
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Figure 5. mTORC1 signaling activates SREBP1 to induce de novo lipid biosynthesis and growth
factor-independent proliferation
A) Levels of full length (fl) and processed (p) SREBP1 are shown from littermate-derived
pairs of wild-type and either Tsc1 or Tsc2 null MEFs grown in serum-free media and
subjected to a time course of rapamycin (20 nM). (Below) The ratio of processed to full
length SREBP1 at the indicated time points was quantified and plotted relative to untreated
wild-type cells.
B) MEFs were transfected with control non-targeting siRNAs (ctl) or siRNAs targeting
Raptor or Rictor, and 48 h post-transfection, cells were serum starved for 24 hours.
C, D, E) The mTORC1-induced expression of genes involved in fatty acid (C) and sterol (D)
biosynthesis and the pentose phosphate pathway (E) is dependent on SREBP. MEFs were
transfected with control non-targeting siRNAs (ctl) or siRNAs targeting Raptor, Srebp1
(Sr1), Srebp2 (Sr2), or both (Sr1/2). 32 h post-transfection, cells were serum starved for 16 h
in the presence or absence of rapamycin (Rap, 20 nM). The expression levels of
representative genes were measured by qRT-PCR and are presented as the mean±SD
relative to levels in Tsc2+/+ cells over three independent experiments. (See also Figures S5A
and B)
F) Overexpression of Rheb or the processed form of SREBP1a induces G6PD expression.
HEK-293 cells were transiently transfected with empty vector (Vec), FLAG-RHEB, or
FLAG-processed SREBP1a. 24 h post-transfection, cells were serum starved for 16 h in the
presence of vehicle or rapamycin (20 nM). G6PD mRNA levels, measured by qRT-PCR, are
presented as the mean±SD relative to levels in vector-transfected cells over three
independent experiments. (See also Figures S5C and D)
G) The stimulation of de novo lipid biosynthesis downstream of mTORC1 is dependent on
SREBP. MEFs were transfected with siRNAs targeting the indicated transcripts or control
non-targeting siRNAs (ctl). 24 h post-transfection, cells were serum starved for 24 h in the
presence of vehicle or rapamycin (20 nM) and were incubated with D-[6-14C]-glucose for
the final 4 h. 14C incorporation into the lipid fraction was measured and is presented as
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mean±SD relative to Tsc2+/+ (Ctl) cells. These data are representative of three independent
experiments. *p<0.004 for Tsc2+/+ versus Tsc2−/− and Tsc2−/− versus rapamycin-treated
Tsc2−/−; **p<0.008 versus Tsc2−/− (ctl); ***p<0.002 versus Tsc2−/− (ctl). A control
immunoblot is provided with numbering matching the samples from the graph. (See also
Figure S5E)
H) The mTORC1-driven proliferation of Tsc2 null cells in the absence of growth factors is
dependent on SREBP. Tsc2+/+ (T2+/+) and Tsc2−/− (T2−/−) MEFs were transfected with
siRNAs targeting indicated genes or non-targeting control siRNAs (siCtl). 24 h post-
transfection, 1×105 cells per well were re-seeded and grown in serum-free medium in the
presence of vehicle or rapamycin (20 nM, Rap), with daily medium changes. Triplicate
samples were counted every 24 h, and the mean cell numbers ±SD for a representative
experiment are shown. (See also Figure S5F)

Düvel et al. Page 20

Mol Cell. Author manuscript; available in PMC 2011 July 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. mTORC1 regulates SREBP1 through S6K1 but independent of GSK3 and effects on
proteasomal degradation
A) The inhibitory effects of rapamycin on processed SREBP1 (SREBP1(p)) are independent
of proteasomal degradation. MEFs were serum starved for 24 h in the presence of vehicle or
20-nM rapamcyin (12 or 24 h) and, where indicated, were treated with ALLN (25 μg/mL)
for the final 1 h. Light and dark exposures of the same blot of SREBP1(p) are shown.
B) Involvement of S6K1, but not GSK3, in the mTORC1-dependent effects on SREBP1.
MEFs were transfected with siRNAs targeting the indicated transcripts or control non-
targeting siRNAs (ctl). 24 h post-transfection, cells were treated as in (A) with ALLN.
C) S6K1 regulates expression of SREBP1 target genes. MEFs were transfected with the
indicated siRNAs, and 32 h post-transfection, cells were serum starved for 16 h in the
presence or absence of rapamycin (Rap, 20 nM). Transcript levels were measured by qRT-
PCR and are presented as the mean±SD relative to levels in Tsc2+/+ (Ctl) cells over three
independent experiments.
D) S6K1 contributes to stimulation of de novo lipid biosynthesis downstream of mTORC1.
Cells were transfected with the indicated siRNAs and serum starved for 24 h. For the final 4
h, cells were labeled with D-[6-14C]-glucose. 14C incorporation into the lipid fraction was
measured and is presented as mean±SD relative to Tsc2+/+ (Ctl) cells. *p<0.003 versus WT;
**p<0.03 versus Tsc2−/− (ctl).
E) Model of the control of specific metabolic pathways downstream of mTORC1. See text
for details.
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Table 1

Enrichment of transcription factor binding elements in the promoters of mTORC1-induced genes.a

Transcription Factor Binding Motif Rap-Sensitive Probes (Total)c p-valued q-valuee

SREBP VNNVTCACCCYA 33 (82) 2.41E-07 1.28E-05

c-Myc (HIF1)b RACCACGTGCTC 385 (1164) 4.52E-06 1.45E-04

HNF4alpha VTGAACTTTGMMB 853 (2084) 2.17E-05 4.34E-04

ATF4 CVTGACGYMABG 18 (30) 5.57E-04 6.36E-03

a
Over-represented transcription factor-binding motifs in all rapamycin-sensitive genes from both Tsc1−/− and Tsc2−/− MEFs identified using a

modified version of the MotifADE method (Mootha et al. 2004; Ma et al. 2008). Only these 4 motifs were in enriched in both cell lines with a q-
value<0.01. Numbers for the Tsc2 null cells are provided.

b
The HIF1-binding hypoxia response element (bold) overlaps with this motif.

c
Numbers are based on 39,000 gene probes analyzed in triplicate with Affymetrix microarrays, comparing vehicle-treated versus rapamycin-treated

(24 h) Tsc2−/− MEFs.

d
Two-tailed Mann-Whitney rank sum p-value.

e
Multiple testing corrected false discover rate (FDR) q-value.
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