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Dysregulated mTORCI1 renders cells
critically dependent on desaturated lipids
tor survival under tumor-like stress
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Solid tumors exhibit heterogeneous microenvironments, often characterized by limiting concentrations of oxygen
(0,), glucose, and other nutrients. How oncogenic mutations alter stress response pathways, metabolism, and cell
survival in the face of these challenges is incompletely understood. Here we report that constitutive mammalian
target of rapamycin complex 1 (mTORC1) activity renders hypoxic cells dependent on exogenous desaturated
lipids, as levels of de novo synthesized unsaturated fatty acids are reduced under low O,. Specifically, we
demonstrate that hypoxic Tsc2” (tuberous sclerosis complex 27 cells deprived of serum lipids exhibit

a magnified unfolded protein response (UPR) but fail to appropriately expand their endoplasmic reticulum (ER),
leading to inositol-requiring protein-1 (IRE1)-dependent cell death that can be reversed by the addition of
unsaturated lipids. UPR activation and apoptosis were also detected in Tsc2-deficient kidney tumors. Importantly,
we observed this phenotype in multiple human cancer cell lines and suggest that cells committed to unregulated

growth within ischemic tumor microenvironments are unable to balance lipid and protein synthesis due to

a critical limitation in desaturated lipids.
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Normal mammalian cells engage multiple signaling
pathways to regulate their metabolism in response to
changing levels of available glucose, amino acids, and
oxygen (O,). In contrast, most cancer cells display dys-
regulated metabolic activity as a consequence of onco-
gene activation and tumor suppressor loss (Menon and
Manning 2008). We hypothesized that genetic alterations
that drive cell growth and proliferation could commit
tumor cells to a metabolic program that proves unsup-
portable under the variable conditions of nutrient, growth
factor, and O, deprivation characteristic of poorly vascu-
larized solid tumors. To test this hypothesis, we investi-
gated macromolecular biosynthesis, stress response sig-
naling, and survival in cells with constitutive activation of
the mammalian target of rapamycin complex 1 (mTORC1)
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upon challenge with a combination of tumor-associated
microenvironmental stresses.

mTORC1 is a multiprotein serine/threonine kinase
that promotes cell growth by regulating multiple bio-
synthetic processes, including ribosome biogenesis and
protein and lipid synthesis (Ozcan et al. 2008; Duvel et al.
2010; Egan et al. 2011; Kim and Guan 2011). Importantly,
mTORCI activity is exquisitely sensitive to changes in
extracellular nutrient levels and intracellular bioenergetics
(Wullschleger et al. 2006), thereby modulating ATP-
intensive biosynthetic processes to match available
substrate concentrations. The tuberous sclerosis complex
proteins 1 and 2 (TSC1/2) are the primary link between
extracellular signals and mTORCI activity. Loss-of-function
mutations in either TSC1 or TSC2 result in constitutive
mTORCI activation and are the genetic cause of the
human TSC hamartomatous syndrome (Crino et al.
2006). Interestingly, the loss of other tumor suppressors
(LKB1 and NF1) or the activation of frequently mutated
oncogenes (AKT, PI3K, and Ras) also lead to aberrantly
elevated mTORCI1 activity (Laplante and Sabatini 2012),
which in turn contributes to the unregulated growth of
transformed cells (Duvel et al. 2010).
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Regulation of mTORCI1 activity by TSC proteins is
mediated by distinct phosphorylation events in response
to complex cellular signals. For example, growth factor
and cytokine signaling stimulate AKT, which phosphor-
ylates and represses TSC2, thereby activating mTORC1
and promoting cell growth (Manning et al. 2002). Con-
versely, under conditions of low intracellular energy
charge, AMP-activated kinase (AMPK)-mediated phos-
phorylation of TSC2 augments mTORCI inhibition, thus
preserving ATP levels by reducing mTORC]1-dependent
protein synthesis and protecting cells from energy depri-
vation-induced apoptosis (Inoki et al. 2003). Consequently,
TSC2-deficient cells fail to attenuate mTORC1-dependent
anabolic processes and display elevated rates of apoptosis
when challenged with glucose deprivation (Choo et al.
2010), demonstrating the critical importance of suppress-
ing mTORCI activity in the face of ATP depletion.

mTORCI activity also influences a variety of critical
cellular stress responses. For example, mTORCI and
hypoxia-inducible factor (HIF) collaborate to respond to
cellular O, deprivation (hypoxia). Dysregulated mTORC1
activity promotes translation of HIF-la mRNA (Duvel
et al. 2010), thereby enhancing HIF-la-dependent in-
creases in glucose transport and glycolysis (Seagroves
et al. 2001) at the expense of oxidative phosphorylation.
Although mTORCI activity promotes HIF-1a-dependent
glycolysis, HIF-1a can in turn attenuate mTORCI activ-
ity by inducing the expression of REDD1 (Brugarolas et al.
2004), which releases sequestered TSC2 from the scaffold
protein 14-3-3 (DeYoung et al. 2008), suppressing ATP-
intensive mTORC]1-dependent macromolecular biosyn-
thesis under severely hypoxic conditions. It is also
important to note that mTORCI signaling is regulated
by additional TSC-independent mechanisms (Liu et al.
2006; Gwinn et al. 2008).

Severely hypoxic cells experience endoplasmic reticu-
lum (ER) stress, partly because O, is required for oligo-
saccharide modifications and disulfide bond formation
(Wouters and Koritzinsky 2008). Constitutive mTORC1
activation also induces ER stress by promoting unregu-
lated protein accumulation (Ozcan et al. 2008). Both
hypoxia and mTORCI1 dysregulation therefore engage
the unfolded protein response (UPR) and consequent
autophosphorylation of its downstream sensors (protein
kinase RNA-like ER kinase [PERK] and inositol-requiring
protein-la [IRElal), which function to reduce protein
load and enhance protein-folding capacity. If unresolved,
persistent UPR activation can ultimately trigger apopto-
sis downstream from PERK and IREla engagement. These
and other data indicate that complex and dynamic in-
teractions between mTORCI1 activity and cellular stress
response pathways play a critical role in modulating bio-
synthesis to maintain cellular homeostasis and survival
under conditions of limiting O, and nutrients.

Growth factor, O,, and glucose levels vary greatly within
subdomains of solid tumors and across a broad spectrum of
tumor classes and grades (Bertout et al. 2008). Given the
frequency of aberrant mTORCI activation in cancer cells,
we hypothesized that these complex microenvironmental
conditions would alter mTORC1-dependent stress response
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signaling, macromolecular biosynthesis, and cell survival.
We report here that exposing Tsc2-null cells to complex
tumor-like stresses produced an exacerbated UPR, result-
ing in mTORCI1- and IREla-dependent cell death. Impor-
tantly, similar responses were observed in spontaneous
TSC2-deficient kidney tumors arising in heterozygous
Tsc2*/~ mice. We demonstrate that under specific condi-
tions of serum and O, limitation, Tsc2-null mouse embry-
onic fibroblasts (MEFs) die from a lack of unsaturated fatty
acids, which are required for ER expansion to accommo-
date elevated levels of unfolded proteins. These data reveal
a surprising and novel connection between lipid depletion
and the UPR and demonstrate that mTORC]1-driven cells
are dependent on serum lipids for survival under low O,.
Intriguingly, multiple cancer cell lines derived from dis-
tinct tissue types are also dependent on exogenously
supplied unsaturated fatty acids for survival when chal-
lenged with O, and serum deprivation.

Results

Constitutive mTORC1 activity promotes cell death
under tumor-like stress

We used colony-forming assays to investigate the effects
of constitutive mTORCI activity on cell survival under
variable conditions of tumor-like ischemic stress. A null
allele of p53 was incorporated into Tsc2*/* and Tsc2~/~
genetic backgrounds, as p53 is frequently mutated in
human cancers (Vousden and Prives 2009) and primary
Tsc2~/~ MEFs rapidly senesce in culture (Zhang et al. 2003).
Tsc2**, p53~/~ and Tsc2~/~, p53~/~ MEFs were exposed to
combinations of serum, O,, and glucose limitation for 48 h
and then grown in complete medium for 7 d. Tsc2*/*, p53~/~
MEFs survived limitation of serum alone, O, alone (3%,
1.5%, and 0.5%), and the combination of serum and glucose
limitation (Fig. 1A). In contrast, Tsc2 /", p53~/~ MEFs
succumbed to conditions of combined serum and O, de-
pletion (0.5%) irrespective of glucose limitation (Fig. 1A). To
further characterize this apparent mTOR-dependent loss of
cell viability, Tsc2**, p53~/~ and Tsc2/~, p53~/~ MEFs
were exposed to stress conditions for 48 h, and viability
was assessed directly by flow cytometry (Supplemental
Fig. S1A,B). Under either “SO” conditions (0.5% serum
and 0.5% O,) or “SOG” conditions (0.5% serum, 0.5%
0,, and 0.5 mM glucose), Tsc2*"*, p53~/~ MEFs exhibited
significantly enhanced viability (89.2% and 66.8%) com-
pared with Tsc2~/~, p53~/~ MEFs (42.3% and 46.8%)
(Fig. 1B); therefore, in subsequent experiments, we fo-
cused on these specific stress conditions (SO and SOG) to
elucidate the role of mTOR in ischemic cell death.

The mTORC1-specific inhibitor rapamycin (Yip et al.
2010) as well as combined mTORC1/mTORC?2 inhibitor
torin (Guertin and Sabatini 2007; Thoreen et al. 2009)
rescued the survival of Tsc2~/~, p53~/~ MEFs after 48 h of
exposure to either SO or SOG conditions (Fig. 1C;
Supplemental Fig. S1C), suggesting that constitutive
mTORCI1 activation is responsible for promoting cell
death under ischemic stress. To confirm that loss of TSC2
impacts viability under tumor-like stress, we analyzed
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Figure 1. Constitutive mTOR activity promotes cell death under tumor-like stress. (A) To assay the survival of Tsc2**, p53~/~ and
Tsc2~/~, p53~/~ MEFs under stress, cells were exposed t0 21%, 3%, 1.5%, or 0.5% O, for 48 h in replete (10% FBS, 5 mM glucose), S (0.5%
FBS, 5 mM glucose), and SG (0.5% FBS, 0.5 mM glucose) media and then cultured for seven additional days in replete medium at 21% O,.
Colonies were stained with crystal violet (see also Supplemental Fig. S1E). (B) Viability of Tsc2*/*, p53~/~ and Tsc2 /-, p53~/~ MEFs under
stress was also determined by exposing cells to 21% or 0.5% O, for 48 h in replete, S, or SG medium, and cell survival was analyzed by
flow cytometry (P < 0.001) (see also Supplemental Fig. S1A,B,F). (C) The mTORC1 dependence of the survival phenotype was confirmed
by rescuing Tsc2~/~, p53~/~ MEF cell death under SO limitation with 20 nM rapamycin and 250 nM torin (see also Supplemental Fig.
S1CH). (D) Viability of Tsc2~/~ MEFs expressing wild-type TSC2 or an empty control vector was examined by exposing cells to replete
and SO conditions for 48 h. Cell survival was analyzed by flow cytometry (P < 0.001). (E) Pools of Tsc2~/~, p53~/~ MEFs were depleted of
raptor or rictor protein using siRNAs and cultured under SO conditions. The degree of knockdown as well as the effect on mTORC1 and
AKT signaling was determined by probing for raptor and rictor protein abundance and for the phosphorylation status of S6K1, S6, and AKT
by Western blot. (F) Pools of Tsc2 /-, p53~/~ MEFs were depleted of raptor by siRNA treatment and cultured under SO conditions. After
48 h, viability was assessed by flow cytometry (P < 0.001). (G) mTORCI1, AKT, and MAPK signaling in Ts¢2*"*, p53~/~ and Tsc2/~, p53~/~
MEFs under SO conditions for 0, 6, 12, 18, 24, and 30 h and SOG conditions for 0, 6, 12, 18, and 24 h was analyzed by blotting for the
phosphorylation status of S6K1, S6, 4E-BP1, AKT, and p38 (see also Supplemental Fig. S1D,G).
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Tsc2~/~ MEFs transfected with either empty vector or
a TSC2 expression construct (Ozcan et al. 2008) and
determined that reintroduction of TSC2 increased cell
survival (Fig. 1D). Furthermore, the effects of siRNA-
mediated knockdown of raptor (mTORCI-specific sub-
unit) or rictor (mMTORC2-specific subunit) on survival in
Tsc2~/~ MEFs cultured under SO conditions were evalu-
ated. Decreased raptor abundance and P-S6K1 levels ver-
ified efficacy of knockdown (Fig. 1E). Rictor inhibition was
verified by both loss of expression and decreased levels of
P-AKT (Fig. 1E) and resulted in no change in Tsc2 ™/~
viability under SO conditions (Fig. 1F). In contrast, knock-
down of raptor partially rescued Tsc2 '~ cell viability (Fig.
1F). Collectively, these data strongly indicate that consti-
tutive mTORC] activation promotes Tsc2 '~ cell death
under SO conditions.

The mTORCI1 dependence of ischemic cell death in
Tsc2~'~, p53~/~ MEFs prompted us to evaluate the effects
of SO and SOG conditions on mTORC]1 signaling pre-
ceding the appearance of apoptotic cells. We assessed two
direct targets of mMTORC1—S6K1 and 4E-BP1—that con-
trol distinct steps in the initiation of cap-dependent
protein translation (Ma and Blenis 2009) and P-AKT (Ser
473), a direct mTORC2 target. Exposing Tsc2*/*, p53~/~
MEFs to SO or SOG conditions inhibited mTORCI1
activity within 4 h (Supplemental Fig. S1D); in contrast,
mTORCI activity was sustained until 12-18 h in Tsc2™/~,
p53~/~ MEFs, as indicated by persistent S6K1, 4E-BP1, and
S6 phosphorylation (Fig. 1G). Importantly, treatment with
rapamycin inhibited Tsc2~/~, p53~/~ cell death (Fig. 1C;
Supplemental Fig. S1C) and further shifted S6K1, S6, and
4E-BP1 to hypophosphorylated forms (Supplemental
Fig. SID). A decrease in the levels of P-AKT (Ser 473) and
total AKT was observed in Tsc2~/~, p53~/~ compared with
Tsc2**, p53~/~ MEFs under SO conditions; however, even a
significant reduction in P-AKT signaling in Ts¢2~/~, p53~/~
MEFs did not further reduce cell survival (Fig. 1E,F).
Under SOG conditions, a reduction in P-AKT activity in
Tsc2~'~, p53~/~ MEFs was noted at 18 and 24 h (Fig. 1G).
Because p38 MAP kinase is activated by a variety of stresses
and promotes apoptosis, we examined p38 activation under
SO and SOG conditions by evaluating phosphorylation at
Thr 180/ Tyr 182. Slightly higher levels of P-p38 were noted
in Tsc2~/~, p53~/~ MEFs under SO but not SOG conditions.
Collectively, these results indicate that tumor-like stress
causes a rapid reduction in mTORCI activity in Tsc2t,
p53~/~ MEFs, whereas this response is delayed in Tsc2 /",
p53~/~ MEFs. mTOR is not the only pathway impacted in
Tsc2~/~, p53~/~ MEFs affected by nutrient stress (Fig. 1G).
However, because mTORC1 pharmacological inhibition,
rescue of TSC2 expression, and raptor inhibition promoted
Tsc2~'~, p53~/~ cell viability under tumor-like stress, we
concluded that dysregulated mTORCI activity is an
important component of ischemic cell death.

Tumor-like stress induces mTORC1-dependent cell
death of T-antigen-immortalized MEFs

As our experiments were performed using Tsc2™', p53’/ -
MEFs with dysregulated mTORCI activity, we investigated
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whether immortalized MEFs with a distinct genotype
would exhibit similar responses to tumor-like stress
conditions. Wild-type MEFs immortalized with SV40
large T-antigen attained a greater density in the colony-
forming assay but also failed to survive under SO and
SOG conditions (Supplemental Fig. S1E,F). Furthermore,
we observed delayed attenuation of mTORCI activity in
T-antigen-immortalized MEFs exposed to SO conditions,
as evidenced by hypophosphorylation of P-S6 and 4E-BP1
(Supplemental Fig. S1G). Moreover, death of T-antigen-
immortalized MEFs under SO and SOG conditions was
suppressed by treatment with rapamycin (Supplemental
Fig. S1H). These data indicate that our results are not
peculiar to Tsc2 /-, p53~/~ MEFs but are also observed in
immortalized MEFs with disparate genetic backgrounds.

Tsc2~/~, p53~/~ MEFs maintain intracellular
bioenergetics under serum and O, limitation

Normal mammalian cells experiencing ischemic stress
inhibit mTORCI1 to limit mRNA translation and other
ATP-consuming processes. We reasoned that constitutive
mTORCI activation could produce an intracellular ener-
getic crisis associated with ATP depletion and conse-
quent death in cells exposed to tumor-like stresses. To
assess the energy status of Tsc2t, p53’/ ~ and Tsc2/-,
p53~/~ MEFs under SO and SOG conditions, we first
investigated the activity of AMPK, which responds to
decreased ATP levels by suppressing cell growth and
biosynthetic processes. We monitored phosphorylation of
AMPK on Thr 172, an activating event mediated by LKB1
as an indicator of cellular energetic stress. As a positive
control, Tsc2**, p53~/~ and Tsc2~/~, p53~/~ MEFs were
treated with 1 mM 5-aminoimidazole-4-carboxyamide
ribonucleoside (AICAR) to stimulate AMPK activity.
Exposure to 30 h of SOG conditions resulted in AMPK
phosphorylation in both Tsc2**, p53~/~ and Tsc2 /",
p53~/~ MEFs (Fig. 2A). Levels of AMPK phosphorylation
in Tsc2**, p53~/~ and Tsc2~/~, p53~/~ MEFs can be
directly compared in Supplemental Figure S2A. Interest-
ingly, the combination of serum and O, deprivation alone
did not activate AMPK in Tsc2~/~, p53~/~ MEFs (Fig. 2A),
suggesting that SO conditions induce cell death without
generating an energetic crisis. Furthermore, direct mea-
surement revealed that intracellular ATP concentrations
were maintained in both SO-treated Tsc2*"*, p53~/~ and
Tsc2~'~, p53~/~ MEFs, compared with “O” (0.5% O,,
10% serum) conditions (Fig. 2B). As expected, ATP levels
were significantly reduced in Tsc2*/*, p53~/~ and Tsc2 /-,
p53~/~ MEFs under SOG conditions. Moreover, the
caspase inhibitor Z-VAD-FMK rescued the viability of
Tsc2~/~, p53~/~ MEFs under SO conditions (Fig. 2C).
Collectively, these data indicate that MEFs with dysregu-
lated mTORCI1 activity undergo apoptosis when chal-
lenged with combined serum and O, limitation despite
exhibiting normal levels of glucose consumption (Sup-
plemental Fig. S2B) and intracellular ATP. It is interesting
to note that cell survival was significantly higher in
Tsc2**, p53~/~ MEFs, compared with Tsc2~/~, p53~/~
MEFs under SOG conditions (Fig. 1B), although both cell
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lines exhibited low intracellular ATP levels. These data
suggest that limiting ATP is not the sole factor regulating
apoptosis in T5¢2~/~, p53~/~ MEFs under these conditions.

HIF-1a promotes metabolic adaptations under low O,,
such as increased glucose uptake and glycoysis, and HIF-
la expression is enhanced in an mTORCI1-dependent
manner; therefore, we investigated whether the viability
of Tsc2~/~, p53~/~ MEFs exposed to tumor-like stress was
influenced by HIF activity. We inhibited ARNT (HIF-1la
dimerization partner) in Tsc2-null cells using an Arnt
shRNA and verified the efficiency of knockdown by
Western (Supplemental Fig. S2C). When the viability of
Tsc2-null and Tsc2-null, ARNT knockdown MEFs was
compared under SO conditions, the ARNT-depleted
MEFs exhibited statistically significant less cell death

-/- Tsc2
+ Z-VAD-FMK

erum
xygen

glucose
shcontrol
+ shHIF-1a

0/ (]

Tsc2-null MEFs undergo lipid-deficient cell death

Figure 2. Tsc2 /-, p53~/~ MEFs maintain intracellu-
lar bioenergetics under serum and O, limitation. (A)
The energetic status of Tsc2*/™*, p53’/ ~ and Tsc2/-,
p53~/~ MEFs in SO conditions was evaluated by
assaying the phosphorylation status of AMPK (Thr
172) at 0, 4, 9, and 30 h and in the presence of 1 mM
AICAR or SOG medium for 30 h. (B) Relative ATP
levels were determined in Tsc2**, p53~/~ and Tsc2 /-,
p53~/~ MEFs exposed to O, SO, and SOG condi-
tions for 18 h (P < 0.001) (see also Supplemental Fig.
S2A,B). (C) Tsc2~/~, p53~/~ MEF cell death under SO
conditions is rescued by 100 puM Z-VAD-FMK, which
inhibits caspases (P < 0.001). (D) Tsc2**, p53~/~ and
Tsc2~/~, p53~/~ MEFs were depleted of ARNT protein
by treatment with lentivirus expressing shRNAs (see
also Supplemental Fig. 2SC). Cells were cultured
under SO conditions for 48 h, and viability was
evaluated by flow cytometry (P < 0.001). (E) Tsc2*/*,
p53~/~ and Tsc2™/~, p53~/~ MEFs were depleted of
HIF-1a protein by treatment with lentivirus express-
ing shRNAs (P < 0.005) (see also Supplemental Fig.
2SD). Cells were cultured under SO conditions for
48 h, and viability was evaluated by flow cytometry.
(F) To determine whether cycloheximide rescues cell
death under SO limitation, Tsc2**, p53~/~ and
Tsc2~/~, p53~/~ MEFs were exposed to SO conditions
with or without 1 uM cycloheximide, and cell viabil-
ity was assayed (P < 0.001). (G) Representative elec-
tron micrographs illustrate the differences in ER
morphology between Tsc2*™*, p53~'~ and Tsc2~/-,
p53~/~ MEFs cultured under SO limitation. White
arrows highlight the ER, while black arrows indicate
autophagosomes (see also Supplemental Fig. S2E). (H)
We compared the viability of Tsc2~/~, p53~/~ MEFs
exposed to 10% FBS or 10% lipid depleted FBS Ored
(P < 0.001) ( see also Supplemental Fig. S2F).

(Fig. 2D). This result was confirmed by comparing Tsc2-
null control and HIF-1a knockdown MEF viability under
SO conditions (Fig. 2E; Supplemental Fig. S2D). Again,
Tsc2-null, HIF-1a knockdown MEFs exhibited increased
viability compared with controls. We concluded that cell
death under SO conditions is at least partially HIF-de-
pendent. This is not surprising given that HIF-la pro-
motes metabolic adaptations under low O,, such as
increased glucose uptake, elevated glycolysis, and limited
flux through the TCA cycle, resulting in decreased pro-
duction of acetyl-CoA, a precursor for lipid synthesis.
As constitutive mTORCI activity can promote inap-
propriate protein translation, leading to an overload of
misfolded proteins in the ER (Ozcan et al. 2008), we
considered the possibility that unresolved ER stress in
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Tsc2~/~, p53~/~ MEFs might sensitize cells to tumor-like
stress. Consistent with this notion, the viability of SO-
treated Tsc2~/~, p53~/~ MEFs was rescued by treatment
with the protein synthesis inhibitor cycloheximide (Fig.
2F). Low levels of cycloheximide (1 wM) rescued cell
viability in Tsc2~/~, p53~/~ MEFs exposed to SO condi-
tions without altering the cell cycle profile. After 24 h,
57.5% of Tsc2-deficient MEFs were in G1 without cyclo-
heximide treatment, and 55.3% were in G1 with cyclo-
heximide treatment (three independent experiments)
(data not shown). These results suggest a direct connec-
tion between unregulated protein synthesis and cell
death. Furthermore, we examined the ultrastructure of
control and Tsc2-deficient MEFs, and representative elec-
tron micrographs of cells from each genotype are shown
in Figure 2G and Supplemental Figure S2E. Normal ER
ultrastructure was observed in both Tsc¢2*"*, p53~/~ and
Tsc2~/~, p53~/~ MEFs under replete conditions (Supple-
mental Fig. S2E). However, under SO conditions, unlike
Tsc2**, p53~/~ cells, Tsc2-null MEFs show widely dis-
tended intracellular membranes, due in part to structural
changes in the ER, since ribosomes are sometimes associ-
ated with the swollen membranes (Fig. 6E, below). In
support of these data, Diakogiannaki et al. (2008) observed
similar morphological alterations in ER within pancreatic
B cells exhibiting definitive evidence of ER stress. Surpris-
ingly, we also noted the presence of autophagosomes in
micrographs of Tsc2~/~, p53~/~ MEFs cultured under SO
conditions (Fig. 2G, panel d, black arrows), discussed below.

In addition to enhancing protein synthesis and HIF-
dependent glycolysis, dysregulated mTORCI activity is
known to promote de novo lipid synthesis (Duvel et al.
2010), suggesting that mTORCI-driven lipid synthesis
might be impaired under nutrient limitation and contrib-
ute to the death of Tsc2-null MEFs. In particular, because
hypoxic Tsc2-null MEFs are viable in normal serum but
exhibit loss of viability when serum is limited (Fig. 1A,B),
we wondered whether Tsc2 /= cells required lipids sup-
plied in the serum for viability under low O,. To test this
hypothesis, we compared the survival of hypoxic Tsc2 /",
p53~/~ MEFs cultured in normal serum and lipid-reduced
serum (0.5% O,, 10% lipid-reduced serum, designated
“QOred”) and observed that Tsc2-null cells were viable in
normal serum but exhibited loss of viability when lipids
were removed (Fig. 2H). Similar results were obtained
with T-antigen-immortalized MEFs, which remained
viable under S conditions but exhibited cell death under
S conditions when normal serum was replaced with lipid-
depleted serum (Supplemental Fig. S2F). These results
indicate that viability of Tsc2-null cells exposed to SO
conditions is impacted by both protein and lipid synthesis
and demonstrate that exogenous lipids are a critically
limiting nutrient when cells with constitutive mTORC1
activity are deprived of serum and O,.

Unsaturated fatty acids rescue Tsc2'~ cell death
under tumor-like stress

We next investigated which serum lipids were specifi-
cally required for maintaining the viability of Tsc2~/~
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cells exposed to SO or Ored stress. Addition of unsatu-
rated fatty acids, such as a combination of oleic (18:1) and
(18:2) linoleic acids, rescued cell death under both SO or
Ored conditions (Fig. 3A,B); however, addition of satu-
rated (16:0) palmitic acid did not (Fig. 3A,B). We examined
the ability of 35 wM oleic, palmitic, octanoic, and hexanoic
acid to rescue the viability of Tsc2-null MEFs under SO
conditions and again observed that unsaturated, but not
saturated, fatty acids restored Tsc2-null cell survival
(Fig. 3C). These data suggest that unsaturated fatty acids,
which serve as precursors for signaling lipids and mem-
brane biosynthesis, are critically limiting in Ts¢2~/~, p53~/~
MEFs under SO conditions. Oleic acid or oleic/linoleic acid
also partially rescued the viability of Tsc2/~, p53~/~ MEFs
under SOG conditions (Fig. 3D), although reduced ATP
levels (Fig. 2B) likely also contribute to cell death (Fig. 1B).

The effect of lipid-replete and -deficient FBS and oleic
or palmitic acid supplementation on mTOR signaling
was assayed by determining the phosphorylation status of
mTOR effectors AKT (Ser 473), S6K1, and 4E-BP1 (Fig.
3E). We observed a subtle activation of mTORCI signal-
ing in Tsc2-null MEFs under SO and Ored conditions with
the addition of oleic acid and, conversely, mTOR signal-
ing inhibition with the addition of palmitic acid (Fig. 3E).
These findings indicate that mTORCI activity is some-
what influenced by the availability of unsaturated and
saturated fatty acids. However, oleic acid rescue of Tsc2~/~
cell viability under SO conditions is not mediated by
mTORCI inhibition.

As the enzyme stearoyl-CoA desaturase-1 (SCD1) gen-
erates monounsaturated fatty acids from saturated fatty
acids, we assayed the levels of Scd1 expression in Tsc2 '~
cells and found that Scdl mRNA levels were actually
elevated under multiple stress conditions (S, SO, and
SOG) (Fig. 3F) as compared with replete conditions,
verifying that reduced Scd1 mRNA levels do not account
for decreased lipid desaturation in these cells.

Desaturation of de novo synthesized lipids is reduced
under Iow O,

We examined the pattern of de novo lipogenesis in Tsc2~/~
cells by nuclear magnetic resonance (NMR) spectroscopy.
Tsc2~/~, p53~/~ MEFs were grown under 21% or 0.5% O,
in medium containing either 10 mM [U-'3C6] glucose or
3 mM [5-13C] glutamine for 24 h, and the lipid spectra are
displayed in Supplemental Figure S3, A and B. The
contribution of serum-derived lipids to lipid synthesis in
Tsc2~/~ MEFs was determined by taking advantage of the
natural abundance of '*C. Data from the NMR spectra are
represented in histogram form (Fig. 3G). As expected, the
contribution of glucose to de novo lipogenesis decreased
under hypoxia (21% O,, 14.4%; 0.5% O,, 7.2%); con-
versely, the contribution of glutamine-derived carbon to de
novo lipogenesis increased under hypoxia (21% O,, 8.0%;
0.5% O,, 14.4%), resulting in nearly unchanged total
levels of de novo lipogenesis from glucose and glutamine.
These results directly support recently published data that
examine the role of reductive glutamine metabolism in
lipogenesis under hypoxia (Metallo et al. 2011; Wise et al.
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Figure 3. Unsaturated fatty acids rescue Tsc2 /" cell death under tumor-like stress. (A) The ability of unsaturated fatty acids to rescue
Tsc2~'~, p53~'~ cell death under tumor-like stress was assessed by culturing MEFs under SO conditions for 48 h with or without 50 pM
oleic/linoleic acid or palmitic acid (P < 0.001). (B) Tsc2~/~, p53~/~ MEFs were cultured for 48 h under Ored conditions in the presence and
absence of 50 pM oleic/linoleic or palmitic acid (P < 0.001). (C) The ability of 35 wM oleic, palmitic, hexanoic, or octanoic acid to rescue
Tsc2~'~ cell death under 48 h of SO stress was determined by flow cytometry. (**) P < 0.005; (*) P < 0.001. (D) The ability of 50 uM oleic
acid or oleic/linoleic acid to rescue Tsc2 '~ cell death after 48 h of SOG stress was determined by flow cytometry. (**] P < 0.005; (*) P <
0.001. (E) mTORC1 and AKT signaling was assessed in response to addition of oleic or palmitic acid under lipid-deficient conditions.
mTORCI and AKT signaling in Tsc2*/*, p53~/~ and Tsc2~/~, p53~/~ MEFs was analyzed by blotting for the phosphorylation status of S6K1,
S6, 4E-BP1, and AKT. (F) Scd1 mRNA levels in Tsc2*"*, p53~/~ and Tsc2 /-, p53~/~ MEFs exposed to 21% or 0.5% O, for 24 h in replete, S,
or SG medium were determined by gqRT-PCR. (G) Tsc2**, p53~/~ and Tsc2 ', p53~/~ MEFs were grown under 21% or 0.5% O, in
medium containing 10 mM [U-'3C6]glucose or 3 mM [5-'*Clglutamine for 24 h, and the relative contribution of glucose, glutamine, and
serum-derived lipids to lipid synthesis in Tsc2/~ MEFs was determined from the NMR chemical spectra (see also Supplemental Fig,
S3A,B). These results are displayed in histogram form (P < 0.005). (H) The relative levels of de novo unsaturated fatty acids in Tsc2**,
p53~~ and Tsc2~/~, p53~/~ MEFs cultured under normoxic (21% O,) and hypoxic (0.5% O,) conditions were calculated from the NMR
chemical spectra and are presented as a bar graph (P < 0.001). (I) The relative levels of newly synthesized stearic, oleic, and linoleic acid in
Tsc2~/~, p53~/~ MEFs cultured under S and SO conditions as well as under SO conditions were assessed by GC-MS.
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2011). Unlabeled fatty acids in the serum accounted for
~80% of total cellular lipid synthesis in Tsc2 /", p53~/~
MEFs under both 21% and 0.5% O,, which was surprising
in light of reports delineating critical roles for de novo lipid
biosynthesis in cancer cell growth (Menendez and Lupu
2007). Interestingly, desaturation of de novo synthesized
lipids was decreased by 50% in both Tsc2** and Tsc2~/~
cells exposed to 0.5% O, as compared with 21% O, (Fig. 3H),
indicating that lipid desaturation is strongly inhibited by
hypoxia and that Tsc2 /" cells are more sensitive than
Tsc2** cells to reduced levels of desaturated lipids. We
confirmed and extended these results by analyzing the
composition of total and de novo synthesized fatty acids
under S and SO conditions by gas chromatography-mass
spectrometry (GC-MS) (Fig. 3L, Supplemental Fig. S3C).
Representative chromatograms of lipid extracts obtained
from Tsc27/~, p53~/~ MEFs cultured under the various
conditions are displayed in Supplemental Figure S3C. SO
conditions elicited lower levels of unsaturated compared
with saturated fatty acids (16 and 18 C fatty acids shown),
suggesting that availability of unsaturated fat, either from
serum or synthesized de novo, is reduced. Furthermore,
the levels of newly synthesized lipids, as indicated by the
average enrichment from 3C glucose, were nearly equal
for 18:0, 18:1, and 18:2 fatty acids under S conditions.

A

Tsc2* Tsc2”

e — — — — o w— | C3]|
-— — e —— < C3]|

L e e
o= - === <CHOP
-—-—--h‘:r—’_ULK‘1
=S | Es — == =g =34F-BP1

- e e e e e <(-aCtiN
. s
S6K1
[ - p—p———r X
- e e e e e o 56

serum
- - - oxygen
+ + glucose
M (

oleic .
+ + bafilomycin

+
'
+

C Tsc2”

SO conditions 100,
ssicontrol

asiATG5

~
3]

sicontrol  siATG5
D W = - <ATG5

— — — < | C3|

e <LC3ll
-— eme = e <3-actin
+ +  oleic

y

% viabilit
3

N
a

+ oleic

However, under SO conditions, de novo synthesis of un-
saturated fats was markedly reduced (Fig. 3I). These results
demonstrate that both total and de novo synthesized
unsaturated, but not saturated, fatty acids are reduced
under SO conditions.

Restoration of autophagic flux fails to rescue Tsc2 /-,
p53~/~ cell viability under SO conditions

Because mTORCI activity is known to inhibit auto-
phagy, yet autophagosomes were readily apparent in SO-
treated Tsc2~/~ MEFs (Fig. 2GJ, we investigated autophagic
signaling in Tsc2/~ cells under SO conditions. Specifi-
cally, we examined the expression of autophagy effectors
lipidated LC3 (LC3II) and p62 in control and Tsc2~/~ MEFs
under various stress conditions (Fig. 4A). The levels of
LC3II and p62 in Tsc2~/~, p53~/~ MEFs under SO condi-
tions were comparable with those achieved with bafilo-
mycin treatment, consistent with significantly reduced
autophagic flux and increased levels of autophagosomes
observed in these cells. This block in autophagy was
resolved by the addition of oleic acid, which reduced the
expression of LC3II and p62 as well as the UPR marker
CHOP (Fig. 4A). Bafilomycin blocks the oleic acid rescue,
confirming that oleic acid is restoring autophagic flux
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Figure 4. Restoration of autophagic flux fails to rescue Tsc2™/~, p53~/ cell viability under SO conditions. ([A) Autophagic signaling
and flux were examined in Ts¢2*"*, p53~/~ and Tsc2~/~, p53~/~ MEFs under S and SO conditions for 24 h by assaying the levels of LC3I,
LC3II, p62, and CHOP with and without 100 nM bafilomycin. mTORCI signaling was monitored by assessing the phosphorylation
status of ULK1, 4E-BP1, S6K1, and S6. (B) The effect of leucine deprivation on viability under 48 h of S and SO conditions was examined
(P < 0.001). (C,D) The contribution of autophagy to oleic acid rescue of Tsc2~/~, p53~/~ MEF cell death under SO conditions was
assayed. Pools of Tsc2™/~, p53~/~ MEFs were depleted of ATG5 (C) or ATG7 (D) protein using siRNAs and cultured under SO conditions
in the presence and absence of oleic acid. After 48 h, viability was assessed by flow cytometry. The degree of knockdown was

determined by Western blot.
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(Supplemental Fig. S4). Interestingly, oleic acid did not
restore autophagic flux by down-regulating mTORC1
activity in Tsc2~/~, p53~/~ MEFs under SO conditions,
as no dramatic changes in ULK1, 4E-BP1, S6K1, or S6
phosphorylation were observed upon unsaturated fatty
acid supplementation (Fig. 4A). Because cells defective in
autophagy are sensitive to leucine deprivation (Sheen
et al. 2011), we examined the viability of Tsc2 /= cells
cultured under S and SO conditions in the presence and
absence of leucine (Fig. 4B). Of note, increased cell death
was observed upon leucine depletion, confirming their
autophagic status.

To test whether oleic acid could rescue Tsc2™/~ cell
viability under SO conditions by restoring autophagic
flux, we used siRNAs to knock down the expression of
the essential autophagy components ATG5 or ATG7.
Inhibition of both ATG5 and ATG?7 resulted in decreased
levels of LC3II but did not affect the ability of oleic acid to
rescue Tsc2 '~ cell viability under SO conditions (Fig. 4C,D),
demonstrating that the restoration of autophagic flux by
desaturated lipids is not sufficient to explain the rescue of
Tsc2~/~ cell viability under tumor-like stress.

Dysregulated mTORC]1 activity promotes a magnified
ER stress response under nutrient and O, limitation

Since dysregulated protein synthesis and reduced lipid
desaturation contribute to the death of Tsc2™/~, p53~/~
MEFs and both processes are associated with the ER, we
hypothesized that SO and SOG conditions produce severe
ER stress in these cells and induce apoptosis through
consequent engagement of the UPR (Ozcan et al. 2008).
To examine UPR activation under tumor-like stress, we
analyzed cell extracts from Tsc2*"*, p53~/~ and Tsc2 /-,
p53~/~ MEFs for activation of PERK and IREla and the
accumulation of their respective downstream targets,
CHOP and XBP1; (Fig. 5A). We found that PERK auto-
phosphorylation, a marker of PERK activation, was most
reliably assessed by an upward mobility shift in immu-
noblots using an antibody directed against total PERK
protein (Supplemental Fig. S5A). PERK was activated in
serum-deprived Tsc2~/~, p53~/~ MEFs, and this response
was magnified under SO and SOG conditions (Fig. 5A).
Furthermore, a significant accumulation of CHOP was
observed in T8¢2~/~, p53~/~ MEFs under both SO and SOG
stresses (Fig. 5A). Interestingly, we noted a highly selective
induction in IREla phosphorylation and accumulation of
spliced X-box-binding protein 1 (XBP1) in Tsc2~/~, p53~/~
MEFs under SO conditions at 24 h. In contrast, IREla
activation, as measured by the accumulation of XBPI,,
peaked by 12 h under SOG limitation (Supplemental
Fig. S5B). Similarly, we observed a magnification of PERK
autophosphorylation and increased accumulation of
XBP1, and CHOP in T-antigen-immortalized MEFs under
SO and SOG conditions (Supplemental Fig. S5C). Treat-
ment with rapamycin reversed the activation of PERK as
well as the accumulation of XBP1, and CHOP, confirming
the mTORCI1 dependence of UPR activation in Tsc2~/~,
p53~~ and T-antigen- immortalized MEFs exposed to
tumor-like stress.

Tsc2-null MEFs undergo lipid-deficient cell death

As ischemic death of Tsc2~/~, p53~/~ MEFs was observed
only at 0.5% O, (Fig. 1A), we examined UPR signaling in
Tsc2~/~, p53~/~ MEFs under a range of O, levels with or
without serum limitation. Under low serum, gradual
increases in PERK autophosphorylation and CHOP accu-
mulation were observed as O, levels dropped from 21% to
0.5% O, (Supplemental Fig. S5D). In contrast, IREla was
specifically phosphorylated in Tsc2~/~, p53~/~ MEFs only
at 0.5% FBS and 0.5% O, but not at 21%, 3%, or 1.5% O,
(Supplemental Fig. S5D), implicating IREla activation in
mTORCI1-mediated cell death. UPR activation increases
the expression of mRNA transcripts from multiple genes,
including heme oxygenase 1 (Ho-1), binding immuno-
globulin protein (Bip), activating transcription factor 4
(Atfd), Xbp1,, unspliced Xbp1 (Xbp1,), and homocysteine-
responsive endoplasmic reticulum-resident ubiquitin-like
domain member 1 protein (Herp). Quantitative RT-PCR
(QRT-PCR) analysis revealed a significant induction of
these transcripts in T5¢2~/~, p53~/~ cells but not Tsc2*/*,
p53~/~ MEFs specifically under SO conditions at 16 h
(Fig. 5B), which mirrors the activation of PERK and IREla.
Collectively, these results indicate that the UPR is dra-
matically amplified, with attendant changes in ER ultra-
structure, in response to combined microenvironmental
stresses in Tsc2-null cells.

Our data reveal a correlation between inappropriate
protein synthesis, decreased availability of desaturated
lipids, and cell death in Tsc2-null cells under SO and SOG
conditions. Since the reduction of serum lipids under
hypoxia induced Tsc2~/~ cell death (Fig. 2H), we asked
whether these conditions (Ored) were also sufficient to
amplify the UPR. We observed a stepwise increase in the
phosphorylation of PERK and IREla and the accumula-
tion of CHOP in Tsc2 '~ cells exposed to O, Ored, and SO
conditions for 24 h (Fig. 5C), supporting the correlation
between UPR engagement and lipid availability in cells
with dysregulated mTORC]1 activity. We next asked
whether unsaturated fatty acids could rescue the magni-
fied UPR and attendant changes in ER ultrastructure
observed in Tsc2-null cells in response to combined
microenvironmental stresses. Addition of oleic acid to
Tsc2~/~, p53~/~ MEFs under SO conditions diminished
PERK and IREla phosphorylation and CHOP abundance
(Fig. 5D). Finally, we demonstrated that the aberrant ER
ultrastructure in Ts¢2~/~ MEFs cultured under SO con-
ditions can be rescued by treatment with unsaturated
fatty acids (Fig. 5E). These data suggest that direct
supplementation of unsaturated fatty acids suppressed
a lipid-dependent stress response, confirming the link
between protein and lipid synthesis through UPR engage-
ment downstream from ER stress.

All three arms of the UPR induce transcriptional pro-
grams that act to alleviate ER stress. However, when ER
stress becomes too severe, the UPR can promote cell
death. To determine whether UPR activation was neces-
sary for Tsc2 /=, p53~/~ cell death, we evaluated the effects
of PERK, CHOP, or IREla inhibition on cell viability.
PERK deletion (Supplemental Fig. S5E) or knockdown
(Fig. 5F; Supplemental Fig. S5F) did not rescue viability
under SO conditions, indicating that PERK does not
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promote Tsc2/~, p53~/~ cell death. Furthermore, knock-
down of the UPR target CHOP, known to induce apoptosis
downstream from severely impaired ER function (Ron and
Walter 2007), did not consistently restore Tsc2 /= cell
viability (Supplemental Fig. S5G,H). As conditions required
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Figure 5. Dysregulated mTORCI1 activity
promotes a magnified ER stress response un-
der nutrient and O, limitation. (A) To evalu-
ate which sensors of the UPR are activated
under ischemic stress, Tsc2*/*, p53’/ ~ and
Tsc2/~, p53~/~ MEFs were exposed for 24 h
to 21% or 0.5% O, in replete, S, and SG
conditions. Whole-cell extracts were blotted
for PERK, P-IREla (Ser 724), IREla, XBP1,,
CHOP, and B-actin (see also Supplemental
Fig. S5A-D). (B) Tsc2**, p53~/~ and Tsc2 /",
p53~/~ MEFs were exposed to 21% and 0.5%
O, in replete, S, or SG medium for 16 h, and
levels of UPR target mRNAs Ho-1, Bip, Atf4,
Xbpl,, Xbpl,, and Herp were determined by
gRT-PCR. (C) The autophosphorylation of
PERK and IREla and the induction of CHOP
in Tsc2**, p53~/~ and Tsc2/~, p53~/~ MEFs
exposed to O, Ored, and SO conditions were
assayed by Western blot analysis. (D) To
determine whether oleic acid alters UPR
signaling pathways under tumor-like stress,
Tsc2™ ', p53’/ ~ MEFs were cultured under
SO conditions in the presence or absence of
50 pM oleic acid, and whole-cell extracts
were blotted for PERK, P-IREla (Ser 724),
and CHOP. (E) Representative electron mi-
crographs are shown for Tsc2~/~, p53~/~
MEPFs cultured under SO conditions in the
presence and absence of 50 pM oleic acid.
Black arrows indicate the ER. (F) Tsc2™/~,
p53~/~ MEFs were depleted of PERK using
siRNA pools and cultured under SO condi-
tions. Viability was assessed by flow cytome-
try (see also Supplemental Fig. S5E,F). (G)
Inhibition of IREla activity rescued the via-
bility of Tsc2~/~, p53~/~ MEFs under SO
conditions (P < 0.005) (see also Supplemental
Fig. S6A-D). (H) Inhibition of IREla activity
rescued the viability of Tsc2~/~, p53~/~ MEFs
under SOG conditions. (*) P < 0.005.

for IREla pathway activation paralleled the cell death
phenotype, we investigated whether the death of Tsc2~/,
p53~/~ MEFs under SO and SOG limitation was IREla-
dependent by using the chemical inhibitor 4pu.8C (Cross
et al. 2012). Inhibition of IREl«a activity, as reflected by
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significantly reduced levels of XBP1 (Supplemental Fig.
S6A,B), increased survival of Tsc2~/~, p53~/~ MEFs under
SO (Fig. 5G) and SOG conditions (Fig. 5H). Similar results
were obtained by depleting IRE1a expression using multiple
lentiviral shRNAs (Supplemental Fig. S6C), which partially
restored viability in Tsc2 /", p53~/~ MEFs under SO condi-
tions (Supplemental Fig. S6D). Since JNK is a known medi-
ator of cell death downstream from IREla activation, we
tested whether the JNK inhibitor SP600125 could also
restore Tsc2~/~ cell viability (Supplemental Fig. SGE,F).
However, we failed to detect any rescue, suggesting that
inhibition of JNK activation is not the primary IREla
effector controlling Ts¢2~/~, p53~/~ cell viability under these
conditions (Supplemental Fig. S6E,F). In summary, T5c2-null
cells exposed to tumor-like stress undergo an IREla-
dependent cell death downstream from UPR activation.

Tsc2-deficient tumors exhibit a correlation between
markers of hypoxia, mTORC]1 signaling, UPR
activation, and apoptosis

Tsc2*'~ mice develop bilateral renal cystic adenomas by
15 mo of age, which is associated with loss of heterozy-
gosity (LOH) of the remaining Tsc2 allele (Onda et al.
1999). Ozcan et al. (2008) have previously demonstrated
elevated mTORCI1 and UPR activation and apoptosis
upon thapsigargin treatment of Ts5c¢2~/~ tumors. We
extended these results in Tsc2-deficient kidney tumors,
revealing an in vivo correlation with our in vitro data. To
accelerate tumor formation, we treated pregnant Tsc2*/~
mice with the carcinogen N-ethyl-N-nitrosourea (ENU),
which promotes LOH (Kobayashi et al. 1999), and exam-
ined tumor formation in 3-mo-old offspring. One-hun-
dred percent of treated Tsc2*/~ mice (n = 20) and 0% of
control Tsc** mice (n = 18) displayed kidney tumors (Fig.
6A,B). Serial sections from representative Tsc2-deficient
tumors (Fig. 6C) confirmed evidence of apoptosis
(TUNEL positivity) (Fig. 6C, black arrow) and constitu-
tive mTORCI activity (Supplemental Fig. S7A). In addi-
tion, QRT-PCR analysis of mRNA isolated from six renal
cystic adenomas in 18-mo-old untreated Tsc2*/~ mice
revealed increased expression (1.5-fold to fourfold) of the
HIF and/or UPR target genes Pdk1, Ho-1, Xbpl,, Xbpl,,
Erol, and Chop relative to mRNA from age-matched wild-
type kidneys (Fig. 6D). In contrast, transcripts encoding
CoA:diacylglycerol acyltransferase (DGAT), an enzyme
involved in triglyceride synthesis, were expressed at levels
corresponding to normal kidney tissue.

In agreement with in vitro experiments using Tsc2”"
MEFs, Tsc2~/~ cystic adenomas exhibited distended ER
ultrastructure (Fig. 6E), whereas wild-type kidneys dis-
played normal ER ultrastructure. These in vivo results are
consistent with our tissue culture data and demonstrated
that markers of HIF, UPR engagement, and cell death are
observed in spontaneous Tsc2 '~ kidney tumors.

SCD1 inhibition links hypoxic Tsc2™/~ cell death
and reduced levels of unsaturated lipids under low O,

To confirm that reduced lipid desaturation promotes
Tsc2~ '~ cell death under SO conditions, we inhibited

Tsc2-null MEFs undergo lipid-deficient cell death
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Figure 6. Tsc2-deficient tumors exhibit a correlation between
markers of hypoxia, mTORCI signaling, UPR activation, and
apoptosis. (A] Representative kidneys from Tsc2** and Tsc2*/~
3-mo-old mice treated with ENU at embryonic day 14.5 (E14.5).
(B) H&E sections of kidney adenomas (panel a) and cysts (panels
b,c) from 3-mo-old Tsc2*/~ mice treated with ENU at E14.5. (C)
Sequential paraffin-embedded tumor sections from a representa-
tive murine Tsc2 '~ kidney adenomatous cyst were assayed for
TUNEL positive cells (black arrow). (D) Kidney cysts were
dissected from 18-mo-old untreated Tsc2*/~ mice and kidney
tissue from age-matched controls (six tumor and three control
samples). RNA was isolated and analyzed for the levels of Pdk1,
Ho-1, Xbp1,, Xbp1,, Dgat, Erol, and CHOP transcripts. (*) P <
0.01; (**) P < 0.05. (E) Representative electron micrographs are
shown for Tsc2** kidney and Tsc2/~ kidney cysts. White
arrows indicate the ER.

SCD1, the major O,-dependent enzyme catalyzing the
rate-limiting reaction of monounsaturated fatty acid
synthesis. We employed a pharmacological approach be-
cause there are multiple murine SCDs (Scd1—4), making
it difficult to effectively reduce SCD1 activity using RNAi
techniques. Specifically, we exposed cells to previously de-
scribed SCD1 inhibitors {A: CAY10566 from Cayman Chem-
icals; B: [4-(2-chlorophenoxy)-N-3-(3-methylcarbamoyl)
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phenyl]piperidine-1-carboxamide from BioVision, Inc.;
and C: MK-824S from Selleck Bio}. Normally, Tsc2 /",
p53~/~ MEFs are viable when exposed to limiting serum
(“S” conditions) but die under SO limitation; however,
Tsc2~/~, p53~/~ MEFs exhibit reduced viability under S
conditions when treated with multiple SCD inhibitors,
which can be rescued by the addition of oleic acid (Fig.
7A), demonstrating that reduced lipid desaturation phe-
nocopies O, limitation under SO conditions.

Similarly, UPR activation in Tsc2~/~, p53~/~ MEFs
cultured under S conditions is magnified when lipid
desaturation is reduced by either O, limitation (Fig. 5A)
or treatment with SCD inhibitors (Fig. 7B), an effect that
is suppressed by addition of oleic acid. Furthermore, we
demonstrated that although normal ER ultrastructure is
observed under S conditions, addition of an SCDI1 in-
hibitor produces aberrant ER ultrastructure in Tsc¢2 '/~
cells (Fig. 7C) that resembles the ER in Tsc2~/~, p53~/~
MEFs cultured under SO conditions (Fig. 2F). These
results confirm that unsaturated fatty acids are a critically
limiting nutrient for cells with dysregulated growth and
demonstrate that hypoxic inhibition of lipid desaturation
exacerbates ER stress and promotes apoptosis.

To illuminate the broader pathophysiological impor-
tance of this phenotype, we examined whether the survival
of multiple human cancer cell lines depends on serum
lipids for viability under low O, (Fig. 7D). Specifically, we
showed that human MCEF7 breast cancer, RCC10 renal
clear cell carcinoma, U251 glioblastoma, HEK293 adeno-
virus-transformed embryonic kidney cells, and RT4 blad-
der cancer cells exhibit reduced viability under serum and
O, limitation (Fig. 7D). We assayed the phosphorylation
status of downstream mTORCI1 effectors in RCCIO,
U251, and HEK293 tumor cell lines and observed delayed
attenuation of 4E-BP1 phosphorylation in RCC10 and
U251 but not HEK293 cells (Supplemental Fig. S7B). In
agreement with these findings, rapamycin rescued the
viability of RCC10 and U251 exposed to SO conditions
but not HEK293 cells, demonstrating a mechanistic link
between mTORC]1 activity and cell death in RCC10 and
U251 cells (Fig. 7E). Since mutations in many pathways
can drive unregulated growth and proliferation, it is not
surprising that we did not see a link between elevated
mTORCI1 activity and cell death in every cell line. In
contrast, cycloheximide rescued the viability of all three
cancer cell lines under SO conditions (Fig. 7E). Further-
more all three cells lines tested—RCC10, U251, and
HEK292 cells—exhibit evidence of UPR activation (based
on CHOP expression) under SO conditions (Supplemental
Fig. S7C).

For every human tumor line examined, except MCF7
cells, viability could be rescued by the addition of exog-
enous lipids (Fig. 7D). Moreover, treatment with SCD1
inhibitor phenocopied O, deprivation in RCC10, U2S1,
and HEK293 cells, which could be rescued by the addition
of oleic acid (Fig. 7F). These results demonstrate that cell
death under SO limitation is not specific to Tsc2~/~ MEFs
and confirm that desaturated lipids are a critically limit-
ing nutrient for hypoxic cell survival in multiple human
cancer cell types. We suggest that cells exposed to low O,
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rely on lipids in the serum to support growth. Under
tumor-like stress, many cancer cells fail to appropriately
attenuate growth and proliferation via mutations in
mTOR-dependent and -independent pathways and there-
fore exhibit cell death because they are unable to co-
ordinate protein and lipid synthesis due to a deficiency
in desaturated lipids.

Discussion

A common theme in cancer research is the notion of
starving tumor cells by depriving them of an essential
nutrient. Most cancer cells are addicted to glucose; they
aerobically consume glucose at a surprisingly high rate
and secrete glucose-derived carbon as lactate (DeBerardinis
et al. 2008). Likewise, oncogenic levels of Myc can
render tumor cells critically dependent on not only
glucose, but also glutamine, for cell growth, and inhibi-
tors of lactate dehydrogenase A (LDHA) and glutaminase
have been shown to have preclinical anti-tumor effects in
vivo (Dang 2012). Our results demonstrate that under
ischemic stress, desaturated lipids are an essential nutri-
ent for multiple cancer cell types and suggest that
targeting enzymes that catalyze lipid desaturation and
modify the phospholipid composition of membranes are
potential therapeutic targets for cancer treatment.

Deregulation of the mTORCI1 pathway drives cell
growth and is a common molecular defect in cancer. We
began this study with the hypothesis that cells with
dysregulated mTORCI activity would be unable to sustain
metabolic growth under various combinations of serum,
0O,, and glucose limitation. The in vitro stress conditions
that we employed mimic the microenvironmental hetero-
geneity of O, and nutrient availability in solid tumors,
which are characterized by aberrant vascular structure
and function (Bertout et al. 2008). Our data indicate that
combinations of nutrient stresses, in contrast to the
deprivation of a single nutrient, induce unique pheno-
types in Tsc2-deficient MEFs; in particular, the combina-
tion of either serum and O, or serum, O,, and glucose
limitation induces magnified engagement of the UPR and
results in lipid-dependent cell death.

Our data suggest that for cancer cells, which exhibit
dysregulated mTORCI1, serum lipids are an important
source of unsaturated fatty acids under low O, conditions.
In agreement with this, we could restore the viability of
Tsc2~/~, p53~/~ MEFs with the addition of unsaturated (at
least one double bond) but not saturated (no double
bonds) fatty acids. Our NMR data independently high-
light the relationship between lipid desaturation and low
O, conditions. When we compared the lipid spectra of de
novo synthesized fatty acids from Tsc2-null MEFs ex-
posed to 21% versus 0.5% O,, we observed a 50% de-
crease in lipid desaturation, which is an O,-dependent
process. Furthermore, serum-deprived Tsc2/~, p53~/~
MEFs exhibit reduced viability with inhibition of SCD1
or O, limitation, demonstrating that SCD1 inhibition
phenocopies low O, conditions. In summary, we suggest
that dysregulated mTORCI activity in Tsc2/~ MEFs
commits cells to a growth program that cannot be
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Figure 7. SCD1 inhibition links hypoxic Tsc2 '~ cell death to reduced levels of unsaturated lipids under low O,. (A) To investigate the
link between hypoxic Tsc2 /~ cell death and lipid desaturation and test whether oleic acid could reverse cell death, Tsc2~/~, p53~/~
MEFs were cultured under S conditions with or without three different SCD1 inhibitors (inhibitor A: Cayman Chemical CAY10566, used
at 15 nM; inhibitor B: BioVision, used at 3 pM; and inhibitor C: Selleck Chemicals MK-8245, used at 3 uM) and with or without 50 .M
oleic acid (P < 0.001). (B) To determine whether inhibition of SCD1 in Tsc2-null cells alters UPR signaling pathways, Tsc2/~, p53~/~
MEFs were cultured under S conditions with or without the SCD1 inhibitors A, B, and C described above and oleic acid. Whole-cell
extracts were blotted for XBP1s, CHOP, and B-actin. (C) Representative electron micrographs for Tsc2~/~, p53~/~ MEFs cultured under S
conditions in the presence and absence of SCD1 inhibitor A are displayed. Black arrows highlight the ER. (D) The viability of human
MCF7, RCC10, U251, HEK293, and RT4 cancer cell lines cultured under S or SO conditions in the presence or absence of oleic acid was
determined by flow cytometry (P < 0.01). (E) The viability of human RCC10, U251, and HEK293 cells after 20 nM rapamycin and 1 pM
cycloheximide treatment was examined after 72 h of exposure to SO conditions (P < 0.001). (F) The viability of human RCC10, U251,
and HEK293 cells after treatment with SCD1 inhibitor A (Cayman Chemicals) at 1 uM cultured under replete, serum-deprived, and
serum- and oxygen-deprived conditions for 72 h with or without treatment with 50 uM oleic acid was examined by flow cytometry (P <
0.001). (G) Model comparing how SO limitation affects stress signaling pathways and viability in Tsc2**, p53~/~ and Tsc2~/~, p53~/~
MEFs. Under SO conditions, levels of desaturated lipids are reduced in Tsc2*"*, p53~/~ MEFs; however, this does not affect cell viability
because these cells appropriately down-regulate mTORCI activity. In contrast, we suggest that Tsc2~/~, p53~/~ MEFs exhibit elevated
protein synthesis with an increased load of unfolded proteins as well as reduced levels of desaturated lipids under SO conditions. This
results in a magnified UPR, which cannot be resolved because the ER is unable to expand appropriately to resolve the increased level of
unfolded proteins, leading to loss of cell viability. Addition of unsaturated fatty acids restores the ultrastructure of the ER, dampens the
UPR, and rescues cell viability. Pathways or components of the model that are down-regulated are diagrammed in red.
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sustained under conditions of ischemic stress primarily
because they cannot generate or maintain sufficient levels
of unsaturated fatty acids. While it has been appreciated
that fatty acid desaturation is an O,-dependent process, we
suggest that under conditions regularly achieved in solid
tumors, levels of desaturated lipids become limiting.
Importantly, we illustrate the broader pathophysiological
importance of this observation by demonstrating that
human cancer cells derived from multiple tumor types
depend on serum lipids for viability under low O,. Specif-
ically, we show that human RCCI10 renal clear cell
carcinoma, U251 glioblastoma, HEK293 adenovirus-trans-
formed embryonic kidney, and RT4 bladder cancer cells
exhibit reduced viability under SO conditions, which can
be rescued by the addition of exogenous desaturated lipids.

mTORCI1 promotes cell growth through the modula-
tion of protein synthesis, and unregulated protein syn-
thesis in Tsc2-null cells has been linked to activation of
the UPR (Ozcan et al. 2008; Kang et al. 2011). In addition,
dysregulated mTORC1 activates SREBP-dependent de
novo lipid biosynthesis, and silencing of SREBP attenu-
ates mTORC1-mediated increases in cell size (Porstmann
et al. 2008; Duvel et al. 2010; Griffiths et al. 2013). These
results suggest that mTORCI regulates both protein and
lipid synthesis and that both pathways are necessary for
cell growth. In this study, we speculate that Tsc2/~,
p53~/~ MEFs die under tumor-like stress because they
exhibit increased protein synthesis without a concomi-
tant increase in lipid synthesis. In other words, reduced
levels of desaturated lipids impair the ability of Tsc2™/~,
p53~/~ MEFs to cope with an increased load of unfolded
proteins, and this disconnect between protein and lipid
synthesis under low O, results in Tsc2-null cell death. It
is important to note that both protein synthesis and lipid
desaturation occur on the ER membrane. Under serum
and O, limitation, Tsc2*"*, p53~/ cells displayed reduced
levels of desaturated lipids; however, this does not lead
to cell death because these cells appropriately down-
regulate mTORCI1 (Fig. 7G). In contrast, attenuation of
mTORCI1 activity is delayed under serum and O, limita-
tion in Tsc2/~, p53~/~ MEFs, which results in an in-
crease in the load of unfolded proteins and magnification
of the UPR (Fig. 7G). However, we suggest that insuffi-
cient levels of desaturated lipids disrupt appropriate ER
expansion and resolution of the UPR, resulting in IREla-
dependent cell death. In support of this notion, UPR
activation, ER expansion, and Tsc2 ™/~ cell death can
be rescued by the addition of unsaturated fatty acids.
Several recent reports have demonstrated that hypoxic
cells require glutamine to maintain de novo lipid syn-
thesis, as hypoxia limits de novo lipid synthesis from
glucose (Metallo et al. 2011; Wise et al. 2011). In this
study, we reveal that hypoxia also regulates lipid syn-
thesis downstream from glucose and glutamine uptake.
Specifically, we demonstrate that the desaturation of
newly synthesized lipids is inhibited under hypoxic
conditions, which results in altered ER expansion and
a maladaptive UPR in Tsc2 '~ cells, making them criti-
cally dependent on exogenous desaturated fatty acids for
survival.
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The relationship between the synthesis, storage, and
metabolism of free fatty acids in tumor cells is unclear
(Yecies and Manning 2010). Most aggressive cancers
exhibit increased levels of de novo fatty acid synthesis
(Kuhajda 2000), which could be due to SREBP activation
in tumors with dysregulated mTORCI1 (Duvel et al.
2010). Furthermore, pharmacological inhibition of de
novo fatty acid synthesis can preferentially kill glycolytic
cancer cell lines and limit the growth of xenograft tumors
(Hatzivassiliou et al. 2005; Menendez and Lupu 2007). In
addition, many highly aggressive human cancers exhibit
an increase in the release of fatty acids from lipid stores.
Monoacylglycerol lipase (MAGL) regulates the release of
fatty acids from neutral and phospholipid stores and is
highly expressed in aggressive human cancers (Nomura
et al. 2010). A high-fat diet can contribute to malignancy
in cancers lacking MAGL, revealing a role for exogenous
sources of fatty acids in cancer pathology (Nomura et al.
2010). At present, it is unclear whether newly synthe-
sized fatty acids, serum fatty acids, and/or fatty acids
released from neutral and phospho-stores all enter the
same interchangeable cellular pool or whether there are
distinctions between fatty acid sources that are critical
for lipid metabolism or signaling in cancer cells (Yecies
and Manning 2010).

In conclusion, our data underscore the importance of
unsaturated serum lipids to the survival of hypoxic
cancer cell lines and suggest that unsaturated fatty acids
can be limiting in the microenvironment of hypoxic
tumors. These results support the notion that targeting
lipid metabolism within the tumor microenvironment
could be an important cytotoxic therapy for tumors
with dysregulated mTORCI, as opposed to using rapa-
mycin, which provides largely cytostatic benefits to
cancer patients.

Materials and methods

Cell culture and cell viability assays

Tsc2**, p53~/~ and Tsc2~/~, p53~/~ MEFs were kindly provided
by David Kwiatkowski (Harvard Medical School, and the Perk*/*
and Perk™/~ MEFs were obtained from the Diehl laboratory
(Bobrovnikova-Marjon et al. 2010). For colony-forming assays,
cells were exposed to replete medium (DMEM 10% FBS, 5 mM
glucose), S (DMEM 0.5% FBS, 5 mM glucose) and SG (DMEM
0.5% FBS, 0.5 mM glucose) conditions at 21%, 3%, 1.5%, and
0.5% O, for 48 h and then allowed to grow under replete
conditions for seven additional days at 21% O,. Colonies were
stained with 4% crystal violet. For survival experiments, Tsc2*/*,
p53~~ and Tsc2 /-, p53~/~ MEFs were exposed to replete medium
(DMEM 10% FBS, 25 mM glucose), S (DMEM 0.5% EBS, 25 mM
glucose), and SG (DMEM 0.5% FBS, 0.5 mM glucose) conditions
at 21% and 0.5% O, for 48 h, and viability was determined by
the percentage of cells that were double negative for Annexin
V-FITC and propidium iodide (PI) staining (BD Biosciences).

To prepare RNA or whole-cell extracts, cells were plated the
night before at 0.5 X 10° cells per 10-cm? plate and then exposed
to replete medium, S (DMEM 0.5% FBS, 25 mM FBS), or SG
(DMEM 0.5% FBS, 0.5 mM glucose) conditions between 0 and
30 h. Cells were maintained at an exponential growth phase for
viability assays and RNA and protein isolation. Low O, condi-
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tions (0.5%) were achieved in a Ruskinn in vivO, 400 workstation
by supplementing ambient air with N, and CO,. To compare
normoxic and hypoxic conditions, monolayers were never al-
lowed to exceed 70% confluence. To achieve 3% and 1.5% O,,
cells were cultured in Hereaus incubators (Thermo Scientific).

Lipids

Lipid-reduced FBS was purchased from Thermo Scientific
HyClone, and BSA-conjugated oleic/ linoleic acid was purchased
from Sigma. To separately conjugate palmitate or oleate to BSA,
a stock solution of 72 pL of 250 mM palmitate in EtOH or 57.12
L of 315 mM oleate in EtOH was mixed with 4 mL of 10% BSA
(fraction V) for 1 h at 37°C and stored at 4°C.

Glucose uptake

Tsc2™/~, p53~/~ MEFs were plated at 0.5 X 10° cells per six-well
plate. The following day, cells in triplicate wells were exposed to
21% and 0.5% O, in DMEM 5 mM glucose and 10% or 0.5%
FBS. After 16 h, glucose uptake was measured using the Nova
Biomedical Flex Analyzer and expressed as millimoles con-
sumed per 10° cells.

Electron microscopy

Samples for electron microscopy were fixed in 2.5% glutaralde-
hyde and 2.0% paraformaldehyde in 0.1 M sodium cacodylate
buffer (pH 7.4) overnight at 4°C and processed as described
previously (Buzzai et al. 2007).

ATP measurements

Levels of ATP in Tsc2**, p53~/~ and Tsc2~/~, p53~/~ MEFs were
determined by an ATP bioluminescence assay kit CLS II (Roche
Applied Sciences) and normalized for cell number. The boiling
method described in the kit protocol was used to lyse the cells.

gRT-PCR

Total RNA was isolated from cells using the Trizol reagent
protocol (Invitrogen) and from kidney tissue using an RNAeasy
minikit and the supplier’s protocol (Qiagen). cDNA was synthe-
sized from a high-capacity RNA-to-cDNA kit from Applied
Biosystems. qRT-PCR analysis was performed in an Applied
Biosystems 7900HT sequence detection system and normalized
to 18S RNA.

NMR

Relative lipid synthesis rates were determined in 225-cm?”
T-flasks (T-225). Cultures were plated at an initial density of
2% 10° to 3 x 10° cells. After ~16 h of growth in DMEM with
10% FBS, the cultures were washed with DMEM containing no
glucose, glutamine, or serum. Subsequently, they were incu-
bated with 35 mL of DMEM containing 10 mM glucose, 3 mM
glutamine, and 10% dialyzed FBS (Gemini) for 24 h. Flasks
contained either [U-¥C¢Jglucose and unenriched glutamine or
unenriched glucose and [U-'3Cs|glutamine (Isotec). At the end of
the 24-h labeling period, cultures were washed twice with PBS.
The first PBS wash included 1% fatty acid-free albumin to adsorb
any extracellular fats, and the second contained no albumin. The
cells were trypsinized and suspended in 10 mL of 1% fatty acid-
free albumin in PBS. The final cell number was determined with a
hemocytometer, and the cells were recovered by centrifugation
and frozen at —80°C.

Tsc2-null MEFs undergo lipid-deficient cell death

Total cellular lipids, both polar and nonpolar, were extracted
with the Bligh-Dyer procedure (Bligh and Dyer 1959). NMR
spectra were acquired with a 9.4 Tesla Varian DirectDrive
spectrometer and a 5-mm high-resolution probe (Varian, Inc.).
For '3C spectra, bilevel WALTZ16 'H decoupling was used to
eliminate '"H-'3C couplings and enhance the signal to noise ratio
by the Nuclear Overhauser Effect. The acquisition parameters
were as follows: 60° pulse angle, 3.1-sec relaxation delay, 30,000-Hz
spectral width, and 14,000 transients.

FAME analysis

GC-MS analysis was used to examine total cellular fatty acids.
Following extraction, lipids were converted to fatty acid methyl
esters so that they could be separated by gas chromatography.
Tsc2™/~, p53’/ ~ MEFs were cultured under S or SO conditions
with or without oleic acid in medium that contained [1, 6-'*C,]glu-
cose and then extracted with a standard chloroform/methanol
procedure (Bligh and Dyer 1959). The chloroform fraction was
dried under a stream of nitrogen and then redissolved in a 4:1
mixture of methanol and toluene. Acetylchloride (14 mM) was
added to produce catalytic H* in situ, and butylated hydroxy-
toluene (0.45 mM) was added to protect unsaturated fats from
oxidation. The mixture was heated for 2 h at 100°C in a sealed
glass tube. After cooling, the solution was mixed with 0.56 M
aqueous sodium carbonate at a ratio of 2:5 to produce hydropho-
bic droplets that were rich in toluene and the fatty acid methyl
esters. Centrifugation at 10,000g resulted in droplet coalescence.
Two microliters of the hydrophobic phase was injected (splitless
mode) into an Agilent 5975C GC-MS system equipped with
a single quadrupole mass detector. Electron impact was used to
produce charged species. A polar DB-5 column was used for
chromatography. Mass spectra were quantified with the MSD
ChemStation software from Agilent. Isocor, written for the
Python programming environment (http://www.python.org),
was used to correct mass spectra for natural abundance contri-
butions from '*C.

Statistical analysis

Error bars represent standard error of the mean for Figures 1, B
and C; 2F; 6D; and 7B and standard deviation for the remaining
graphs. Statistical analyses were performed by two two-tailed
Student’s t-tests.
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