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Tuberous sclerosis complex (TSC) is a tumor suppressor syndrome
characterized by benign tumors in multiple organs, including the
brain and kidney. TSC-associated tumors exhibit hyperactivation
of mammalian target of rapamycin complex 1 (mTORC1), a direct
inhibitor of autophagy. Autophagy can either promote or inhibit
tumorigenesis, depending on the cellular context. The role of
autophagy in the pathogenesis and treatment of the multisystem
manifestations of TSC is unknown. We found that the combination
of mTORC1 and autophagy inhibition was more effective than
either treatment alone in inhibiting the survival of tuberin (TSC2)-
null cells, growth of TSC2-null xenograft tumors, and development
of spontaneous renal tumors in Tsc2+/− mice. Down-regulation of
Atg5 induced extensive central necrosis in TSC2-null xenograft
tumors, and loss of one allele of Beclin1 almost completely blocked
macroscopic renal tumor formation in Tsc2+/− mice. Surprisingly,
given the finding that lowering autophagy blocks TSC tumorigen-
esis, genetic down-regulation of p62/sequestosome 1 (SQSTM1),
the autophagy substrate that accumulates in TSC tumors as a con-
sequence of low autophagy levels, strongly inhibited the growth
of TSC2-null xenograft tumors. These data demonstrate that
autophagy is a critical component of TSC tumorigenesis, suggest
that mTORC1 inhibitors may have autophagy-dependent prosur-
vival effects in TSC, and reveal two distinct therapeutic targets for
TSC: autophagy and the autophagy target p62/SQSTM1.
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Autophagy is increasingly recognized to play a critical role in
tumor development and cancer therapy (1, 2). In autophagy,

cells undergo membrane rearrangement to sequester a portion
of cytoplasm, organelles, and intracellular proteins for delivery
to a degradative lysosome for recycling. In situations of bio-
energetic stress, autophagy promotes the survival of established
tumors by supplying metabolic precursors; however, excessive
autophagy has been associated with cell death (3, 4). Inhibition
of autophagy using chloroquine (CQ), which blocks lysosome–
autophagosome fusion and lysosomal protein degradation (5),
suppresses the growth of Myc-induced lymphomas (6). In other
situations, however, inhibition of autophagy promotes tumori-
genesis; for example, haploinsufficinecy for the autophagy gene
Beclin1 promotes tumorigenesis in mouse models (7, 8), and
allelic loss of Beclin1 is associated with human breast, ovarian,
and prostate cancers (1).
Tuberous sclerosis complex (TSC) is an autosomal dominant

tumor suppressor gene syndrome caused by germline mutations
in the TSC1 or TSC2 genes (9). Patients with TSC have multi-
system manifestations, which can include neurologic disease (i.e.,
seizures, mental retardation, and autism), benign tumors in mul-
tiple organs, and pulmonary lymphangioleiomyomatosis (LAM).

The TSC1-TSC2 protein complex acts as a cellular sensor, in-
tegrating signals from growth factors (10), hypoxia (11, 12), ATP
availability (13), IκB kinase (IKK) (14), and the cell cycle (15)
through direct phosphorylation by kinases that include AMPK,
Akt, MAPK, IKKβ, and CDK1. The TSC2 protein contains an
evolutionarily conserved GTPase-activating domain that regu-
lates the small GTPase Rheb. Rheb directly activates the mam-
malian target of rapamycin complex 1 (mTORC1) (16). mTORC1
has at least two distinct sets of substrates: those that regulate
protein translation via substrates that include p70S6K and 4EBP1
(17) and those that regulate autophagy. mTORC1 inhibits
autophagy by direct phosphorylation of ULK1/2 kinases, thereby
activating the ULK1/2/Atg13/FIP200 complex (18–20).
Little is known about the contribution of autophagy to tumor-

igenesis in TSC. Using genetic and pharmacologic approaches, we
found that autophagy and the autophagy substrate p62/seques-
tosome 1 (SQSTM1) are critical components of TSC/mTORC1-
driven tumorigenesis. These results have broad potential thera-
peutic implications for patients with TSC and other diseases
resulting from dysregulation of the Akt/TSC/Rheb/mTORC1
signaling network.

Results
Survival of TSC2-Null Cells Is Dependent on Autophagy. To evaluate
the role of tuberin in autophagy regulation, we compared basal
autophagy in Tsc2−/−p53−/− and Tsc2+/+p53−/− murine embry-
onic fibroblasts (MEFs) (21). To monitor autophagy, we mea-
sured the conversion of LC3-I to LC3-II (22) and the level of
p62/SQSTM1 protein that is degraded by autophagy (23).
Tuberin-null MEFs had less LC3-II and more p62/SQSTM1
(Fig. 1A), along with fewer and smaller autophagosomes (Fig.
1B), indicating decreased autophagy levels. To monitor auto-
phagic flux, cells were treated with the lysosomal inhibitor bafi-
lomycin A, which led to accumulation of LC3-II in both Tsc2+/+

and Tsc2−/− MEFs (Fig. S1 A–C). Densitometry analysis of LC3-
II found a ratio of LC3-II treated/untreated with bafilomycin A
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of 5.4 in Tsc2+/+ MEFs and 3.8 in Tsc2−/− MEFs (Fig. S1B),
suggesting that autophagy flux may be lower in TSC2-null cells.
To evaluate the role of tuberin in autophagy regulation under

stress conditions, we exposed Tsc2−/−p53−/− and Tsc2+/+p53−/−

MEFs to hypoxic conditions (1% O2) for 48 h. The level of
hypoxia-induced autophagy, as measured by p62 accumulation,
was lower in Tsc2−/−p53−/− MEFs than in Tsc2+/+p53−/− MEFs
(Fig. 1C). To determine whether loss of tuberin results in p62
accumulation in vivo, we compared p62 levels in size-matched
xenograft tumors from Tsc2-null (“V3”) and TSC2-reexpressing
(“T3”) ELT3 cells (24). p62 levels were consistently higher in the
Tsc2-deficient tumors (Fig. S2). To examine whether autophagy
in tuberin-deficient cells is mTORC1-dependent, we treated
Tsc2−/−p53−/− and Tsc2+/+p53−/− MEFs with 20 nM rapamycin
for 48 h. mTORC1 inhibition decreased p62/SQSTM1 (Fig. 1D)
and increased LC3-II in the presence of lysosomal inhibitors
E64d and pepstatin (Fig. S3), indicating mTORC1-dependent
autophagy regulation. Autophagy maintains energy homeostasis
by providing substrate availability and recycles dysfunctional
mitochondria. To determine whether autophagy is essential for
mitochondrial respiration under regular growth conditions, we
measured the oxygen consumption rate (OCR) in ELT3 cells
treated with 20 nM rapamycin and/or 10 μg/mL of CQ for 24 h.
CQ inhibits the fusion between lysosomes and autophagosomes,
thereby blocking a late step of autophagy (25). The combination
of rapamycin and CQ was more effective in reducing the OCR

compared with either drug alone (Fig. 1E). In addition, the
steady-state ATP level was lower with the combined treatment
(Fig. 1F). We next measured the effects of rapamycin and CQ on
the survival of ELT3 cells in nutrient-restricted DMEM [low
glucose (1 g/L), serum- and L-glutamine free]. Neither drug
alone induced cell death, but the combination of rapamycin and
CQ for 24 h induced significant cell death (Fig. 1 G and H).
Moreover, ELT3 cells were more sensitive to dual treatment
than TSC2-reexpressing cells in normal (Fig. S4A) and nutrient-
restricted conditions (Fig. S4B).

Dual Inhibition of Autophagy and mTORC1 More Effectively Sup-
presses TSC2-Null Tumor Development Than Inhibition of Either One
Alone. To evaluate the role of autophagy in TSC2-null tumors
in vivo, we treated mice bearing Tsc2-null ELT3 xenograft tumors
with CQ. We found that CQ reduced tumor growth by ∼40%
compared with vehicle control (Fig. 2A, P < 0.05), suggesting that
further decreases of autophagy in TSC2-null cells limits these cells’
growth in vivo. As noted earlier, rapamycin induces autophagy in
Tsc2-null cells (Fig. 1D), and the combination of rapamycin and
CQ induces the death of Tsc2-null cells in vitro (Fig. 1 G and H).
Thus, we next tested the combination of rapamycin and CQ on the
growth of Tsc2−/− MEF xenograft tumors, which have a shorter
tumor latency and more consistent growth kinetics than ELT3
cells. CQ treatment alone showed a trend toward reduced tumor
growth (P = 0.088) (Fig. 2B). The combination of rapamycin and
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CQ resulted in a greater reduction in tumor size compared with
either drug alone (P < 0.05) (Fig. 2C). TUNEL staining revealed
no differences in cell death (Fig. S5A).
To further analyze the in vivo effect of dual treatment with

mTORC1 and autophagy inhibitors, we examined spontaneous
renal tumorigenesis in Tsc2+/− mice in the A/J genetic back-
ground, which develop renal tumors at age 5 mo (26). Four mice
receiving the combination of rapamycin (6 mg/kg i.p., 3 d/wk)
and CQ (50 mg/kg i.p., 5 d/wk) required sacrifice after 1 wk
because of delayed wound healing and/or infection at the site of
ear tagging (which was performed on day 1 of treatment). Im-
paired wound healing is a well-known toxicity of rapamycin (27);
therefore, the remaining mice received half the dose of rapa-
mycin (3 mg/kg i.p., 3 d/wk) plus CQ during weeks 2–4. Despite
this dose adjustment, the mice receiving the combined treatment
had significantly fewer and smaller macroscopic lesions at age 5
mo than the mice receiving rapamycin alone at the higher dose
(6 mg/kg i.p., 3 d/week for 4 wk) or CQ alone at the same dose
(Fig. 2D and Fig. S6). TUNEL staining showed no differences in
cell death (Fig. S5B).
Taken together, these in vivo data demonstrate that the

combination of mTORC1 and autophagy inhibition is more ef-
fective than either treatment alone in suppressing both xenograft
and spontaneous tumor growth.

ATG5 Is Required for TSC2-Null Xenograft Tumor Growth. To further
investigate the impact of autophagy on TSC tumor growth, we
down-regulated Atg5, an essential autophagy gene (28–30) in
Tsc2−/−p53−/− MEFs using GFP-Atg5 shRNAs. The level of Atg5
depletion as measured by qRT-PCR was 45% (P < 0.01), leading
to a further increase of p62 (Fig. 3A). These cells were in-
oculated s.c. into nude mice. At 8 wk after cell inoculation, no
differences in tumor size were seen, but tumor whole mounts
showed extensive central necrosis in Atg5-shRNA tumors com-
pared with control shRNAs (37% vs. 10%; P < 0.05) (Fig. 3B).
Furthermore, immunoblot analysis revealed decreased GFP ex-
pression in GFP-Atg5-shRNA tumors (Fig. 3C), suggesting
in vivo selection against cells with Atg5 knockdown. Moreover,
Atg5 down-regulation in Tsc2−/−p53−/− MEFs resulted in re-
duction of ATP levels in regular growth conditions (Fig. S7 A–C)
and cell death in nutrient-restricted conditions (Fig. S7D).

Allelic Disruption of Beclin1 Suppresses Spontaneous Renal Tumori-
genesis in Tsc2 Heterozygous Mice. We next examined the role of
autophagy on spontaneous tumorigenesis in TSC. Tsc2+/− mice
in the C57BL/6 background, which develop renal cystadenomas
by age 9–10 mo (21), were crossed with Beclin1+/− mice (7, 8).
Beclin1 haploinsufficiency has been shown to suppress autophagy
in vitro and in vivo (31, 32). Four mice per genotype were killed
at 10 mo of age. Using a previously validated scoring system (33,
34), we found a striking difference in renal tumor incidence
between Tsc2+/− and Tsc2+/−Beclin1+/− mice (Fig. 4A). The
average and median kidney lesion scores were 5.9 and 3.5, re-
spectively, in the Tsc2+/− kidneys, vs. 1.3 and 0 in the Tsc2+/

−Beclin1+/− kidneys (Fig. 4B). No kidney lesions were observed
in WT or Beclin1+/− kidneys. Tsc2+/−Beclin1+/− kidneys also had
significantly fewer microscopic kidney lesions compared with
Tsc2+/− kidneys (Fig. 4 C and D). This indicates that disruption
of one allele of Beclin1 caused a major reduction in sponta-
neously arising renal tumors in Tsc2+/− mice. This result is
particularly striking because Beclin1 is a haploinsufficient tumor
suppressor, further underscoring the context-dependent role of
autophagy in tumorigenesis.
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p62/SQSTM1 Is Required for TSC2-Null Tumor Development. We ex-
amined three human angiomyolipomas and found that all had
strikingly higher levels of p62/SQSTM1 protein than normal
kidney tissue from the same patient (Fig. 5A). Pulmonary LAM
cells also expressed high levels of p62/SQSTM1 compared with
adjacent cells (Fig. 5B).
p62/SQSTM1 promotes tumorigenesis (35, 36) via activation

of the NF-κB and Nrf2 pathways. The high levels of p62/
SQSTM1 in angiomyolipomas and LAM cells led us to hypoth-
esize that p62/SQSTM1 promotes TSC tumorigenesis. To ad-
dress this hypothesis, we down-regulated p62/SQSTM1 using
shRNA in Tsc2−/− p53−/− MEFs. Although p62/SQSTM1 de-
pletion did not affect LC3-II formation, cell survival, or pro-

liferation in vitro (Fig. 5 C and D), decreased levels of phospho-
p44/42 MAPK (Thr202/Tyr204) and phospho-IKKα/β (Ser176/
180) phosphorylation were observed (Fig. 5E). Tsc2−/− MEFs
with control or p62/SQSTM1 shRNA were inoculated s.c. bi-
laterally into SCID mice (n = 7 per group). p62/SQSTM1-
shRNA delayed tumor growth by 6 wk (P < 0.05) (Fig. 5F).
Only two of seven mice injected with p62/SQSTM1 shRNA cells
developed single tumors, whereas five of seven mice injected
with control shRNA cells developed bilateral tumors. Impor-
tantly, in the two tumors carrying the p62 shRNA, expression of
p62/SQSTM1 was restored (Fig. 5G). These data indicate that
p62/SQSTM1 is necessary for tumor formation by TSC2-
null cells.
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Discussion
In cancer (37, 38), autophagy can impact both tumor initiation and
tumor progression, providing distinct opportunities for therapeutic
targeting. Elucidating the contexts in which autophagy promotes
tumor cell survival or induces tumor cell death is a critical step
toward the optimization of autophagy-targeted agents. mTORC1 is
a critical regulator of autophagy induction, via its direct phos-
phorylation of essential components of the autophagy machinery
(39). TSC is a multisystem human disease in which tumors develop
in the brain, skin, heart, lung, and kidney as a direct consequence of
mTORC1 activation. Because of this tight link between the TSC-
Rheb-mTORC1 signaling axis and autophagy, one might expect
that the impact of autophagy on tumor formation and targeted
therapy would be particularly striking in TSC. Therefore, we used
in vitro and in vivo models of TSC to investigate the specific
contribution of autophagy to mTORC1-driven tumorigenesis.
We found that autophagy is attenuated in TSC2-null cells un-

der basal, nutrient-deprived, and hypoxic stress conditions. We
hypothesized that because TSC2-null cells are unable to fully
induce autophagy, TSC tumors might be highly dependent on
autophagy during tumor progression. Consistent with this, treat-
ment of mice bearing TSC2-null xenograft tumors with the Food
and Drug Administration (FDA)-approved drug CQ inhibited
tumor growth by ∼40%, and cotreatment with rapamycin and CQ
was more effective than either agent alone in suppressing xeno-
graft tumors and spontaneous renal tumors. Down-regulation of
Atg5, a component of the Atg12-Atg5-Atg16 complex, resulted
in a threefold enhancement of necrosis in TSC2-null xenograft
tumors. Most remarkably, disruption of one allele of Beclin1
suppressed spontaneously arising macroscopic renal tumors in
Tsc2+/−mice, strongly supporting the hypothesis that TSC tumors
are autophagy-dependent. Our findings may be related to the
recent observations that TSC2-null cells have multiple metabolic
defects, including glutamine dependence (40) and abnormalities
of glycolysis, the pentose phosphate pathway, and lipid bio-
synthesis (41), thereby increasing dependence on autophagy-
generated metabolic precursors during tumor progression.
The results of the Beclin1/Tsc2 cross are particularly revealing

because Beclin1 heterozygous mice develop lymphomas and
tumors of the liver and lung (7, 8); yet, paradoxically, in the con-
text of mTORC1 activation, Beclin1 loss inhibited renal tumori-
genesis. Defective autophagy has been observed in TSC1- and
TSC2-null cells associated with defective aggresome formation
(42) and response to reactive oxygen species (43), and inactivation
of TSC2 and Rb synergistically induces cell death via induction
of oxidative stress (44). Despite these connections between TSC
and oxidative stress, Beclin1/Tsc2 heterozygous mice exhibited
a twofold decrease in microscopic lesions, indicating suppression
of tumor initiation as well as tumor progression.
Low autophagy levels lead to accumulation of the autophagy

substrate p62/SQSTM1, which promotes tumorigenesis via acti-
vation of NF-κB (35, 36) and Nrf2 (45). We found high levels of
p62/SQSTM1 in angiomyolipomas and LAM cells. Depletion of
p62/SQSTM1 dramatically delayed TSC2-null tumor develop-
ment in a xenograft model. This finding is surprising given that
genetic autophagy inhibition suppresses tumors in the TSC2-null
xenografts and in the Tsc2/Beclin1 mice; it may reflect a delicate
balance between autophagy inhibition and autophagy activation
in TSC tumorigenesis.

Our data demonstrate that inhibition of autophagy suppresses
tumorigenesis in xenograft and endogenous models of TSC-
mTORC1–driven tumors. Can these findings be used to optimize
therapeutic strategies for patients with TSC and LAM? Treat-
ment of patients with TSC and LAM with the mTORC1 inhibitor
shrinks angiomyolipomas and subependymal giant cell astrocy-
tomas, yet tumors regrow to approximately their original size
when the agents are stopped (46–48). TORC1 inhibition potently
induces autophagy in cells deficient in TSC1 or TSC2. Given our
finding that TSC2-null tumors are highly autophagy-dependent,
we speculate that rapamycin’s partial clinical efficacy results
from autophagy induction, inducing a nonproliferative “dor-
mant” state. Therefore, autophagy inhibition may enhance the
efficacy of mTORC1 inhibition in TSC and LAM. Importantly,
CQ, used for malaria, and hydroxychloroquine (Plaquenil), used
for rheumatoid arthritis, are FDA-approved agents. An impor-
tant consideration is that the combination of CQ (50 mg/kg) and
rapamycin (6 mg/kg) delayed wound healing at the site of ear-
tagging in Tsc2+/− mice. This did not occur at the lower dose of
rapamycin (3 mg/kg; Fig. 2D). Moreover, treatment of mice with
xenograft tumors with CQ (50 mg/kg) and rapamycin (6 mg/kg)
for 2 wk did not cause toxicity (Fig. 2C).
In conclusion, our data demonstrate that genetic and pharmaco-

logic autophagy inhibition blocks tumorigenesis in xenograft and
spontaneousmodels of TSC. Paradoxically, the autophagy substrate
p62/SQSXM1, which accumulates in cells with low autophagy, is
essential for tumor formation by TSC2-null cells. We hypothesize
that the induction of autophagy by rapamycin provides a prosurvival
stimulus, thereby contributing to the partial clinical response of
human angiomyolipomas and subependymal giant cell astrocytomas
to mTORC1 inhibition. We propose that dual inhibition mTORC1
and autophagy, using agents that are already FDA-approved, is
a potential therapeutic strategy for TSC and LAM patients. Finally,
we note that more than 100 clinical trials are currently underway
using mTORC1 inhibitors. Because the TSC-Rheb complex is a di-
rect regulator of mTORC1, genetic models of TSC can provide
unique insights into the role of autophagy in the pathogenesis and
treatment of human diseases associated with mTORC1 activation.

Methods
Tsc2+/+p53−/− and Tsc2−/−p53−/− MEFs (49), 621-101 cells (50), and ELT3 cells
(24) were used. Autophagy was measured using LC3-I to LC3-II conversion,
p62/SQSTM1 accumulation, and electron microscopy. Cell viability was
measured by propidium iodide exclusion (40). Oxygen consumption was
measured with a Seahorse Bioscience XF24 extracellular flux analyzer. Cel-
lular ATP was measured with the ATPLite luminescence assay system (Per-
kinElmer). For xenograft tumor establishment, cells were inoculated
bilaterally into the posterior back region of mice. Renal lesions in Tsc2+/−

mice were scored using a standardized quantitative index (33, 34). Detailed
descriptions of all methods are provided in SI Methods.
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