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ABSTRACT
Tuberous sclerosis complex (TSC) is a multisystem disease associated with
hyperactive mTORC1. The impact of TSC1/2 deficiency on lysosome-mediated
processes is not fully understood. We report here that inhibition of lysosomal function
using chloroquine (CQ) upregulates cholesterol homeostasis genes in TSC2-deficient
cells. This TSC2-dependent transcriptional signature is associated with increased
accumulation and intracellular levels of both total cholesterol and cholesterol esters.
Unexpectedly, engaging this CQ-induced cholesterol uptake pathway together with
inhibition of de novo cholesterol synthesis allows survival of TSC2-deficient, but not
TSC2-expressing cells. The underlying mechanism of TSC2-deficient cell survival is
dependent on exogenous cholesterol uptake via LDL-R, and endosomal trafficking
mediated by Vps34. Simultaneous inhibition of lysosomal and endosomal trafficking
inhibits uptake of esterified cholesterol and cell growth in TSC2-deficient, but not
TSC2-expressing cells, highlighting the TSC-dependent lysosome-mediated regulation
of cholesterol homeostasis and pointing toward the translational potential of these
pathways for the therapy of TSC.

INTRODUCTION

connected mechanisms, including glucose and glutamine
utilization, nucleotide synthesis, and lipid synthesis [4-6].
mTORC1 activates the sterol regulatory element-binding
proteins (SREBP1 and SREBP2), which in turn enhance
expression of genes regulating de novo synthesis of
fatty acids and sterols [7, 8]. In addition to stimulating
biosynthetic processes, mTORC1 inhibits the catabolic
process of autophagy via phosphorylation of ULK1 and
lysosomal biogenesis through phosphorylation of the
TFEB transcription factor [9-11].
The lysosome plays a critical role in sustaining
cellular homeostasis. Lysosomes are characterized by a
highly acidic lumen containing acid hydrolases. Although
they were initially described as inert organelles, recent
discoveries have revealed that lysosomal biogenesis and
function are subject to tight transcriptional regulation
[12]. Lysosomes are involved in degrading extracellular

Tuberous Sclerosis Complex (TSC) is a multisystem
disease caused by mutations in either the TSC1 or TSC2
gene [1]. TSC is a phenotypically and pathologically
diverse disease with clinical manifestations that impact
the central nervous system (seizures, autism, cognitive
impairment) as well as hamartomatous tumors that
involve multiple organ systems (brain, skin, kidney,
heart and lung) and gender-specific phenotypes
(lymphangioleiomyomatosis) [2]. The TSC proteins
function as part of a multicomponent complex to
regulate the mechanistic target of rapamycin complex
1 (mTORC1) by directly inhibiting the small GTPase,
Rheb [3]. Loss of TSC1/2 leads to constitutive mTORC1
activation, resulting in increased protein translation and a
profound effect on cellular metabolism via several interwww.impactjournals.com/oncotarget
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material delivered through the endocytic pathway, as well
as intracellular components and organelles transported
to the lysosomes via autophagy [13-15]. Chloroquine
(CQ) is a lysosomal/autophagy inhibitor that exerts its
effects through its lysosomotropic function. Chloroquine
crosses the lysosomal membrane and becomes protonated
resulting in its accumulation within the organelle.
Continuous sequestration of CQ in the lysosome increases
the pH of the organelle, thereby inactivating lysosomal
enzymes [16]. CQ has been shown to suppress the growth
of TSC2-deficient cells both in vitro and in vivo, and to
induce the pentose phosphate pathway in TSC2-deficient
cells, enabling selective therapeutic targeting of TSC2deficient cells using the combination of CQ and pentose
phosphate pathways inhibitors [17, 18].
Lysosomal degradation of exogenously-supplied
nutrients involves their transport via Vps34 (vacuolar
protein sorting 34)-regulated early and late endosomes.
Vps34 (PI3KC3) is a lipid kinase with dual functions
in autophagy initiation and vesicular trafficking. The
kinase activity of Vps34 is crucial for the formation of
endocytic membranes by phosphorylating the 3`-hydroxy
position of the phosphatidylinositol ring to generate
phosphatidylinositol 3-phosphate (PI(3)P) [19, 20].
Here we report that lysosomal inhibition of TSC2deficient cells enhances the uptake and processing of
cholesterol. Remarkably, this allows TSC2-deficient cells
but not TSC2-expressing cells to survive in the presence
of an HMGCR inhibitor, simvastatin. Importantly, CQdependent regulation of cholesterol homeostasis sensitizes
TSC2-deficient cells to endosomal trafficking inhibition by
concomitant inhibition of lysosomal function and Vps34.
These results reveal a novel consequence of mTORC1dependent metabolic reprogramming that impacts
cholesterol homeostasis and has therapeutic implications
for the elimination of TSC2-deficient tumor cells.

measure 978 landmark genes [21-23]. The chloroquineinduced “landmark” gene expression signature showed
upregulation of mevalonate pathway genes in both 621101 and empty vector-expressing 621-102 cells but
not in TSC2-add back 621-103 cells (Figure 1A and
Supplementary Table 1). More specifically, multiple genes
involved in cholesterol synthesis, uptake and processing
were significantly induced upon CQ treatment, including
Insulin-induced gene 1 (INSIG1; 4.8-fold), 3-Hydroxy3-Methylglutaryl-CoA Synthase 1 (HMGCS1; 4.6-fold),
Farnesyl Diphosphate Transferase 1 (FDFT1; 2.5-fold),
Niemann Pick Disease Type 1 (NPC1; 3.4-fold) and
3-Hydroxy-3-Methylglutaryl-CoA Reductase (HMGCR;
1.7-fold), (Figure 1A and 1D). Quantitative real-time
PCR carried out on cells treated with CQ confirmed the
upregulated genes, both in 621-101 cells and in Tsc2-/mouse embryonic fibroblasts (MEFs) (Figure 1B and 1C
respectively).

Chloroquine induces accumulation of cholesterol
esters in the lysosomes of TSC2-deficient cells
To understand the metabolic consequences of
CQ on genes involved in cholesterol homeostasis, we
measured free and total cholesterol in Tsc2-/- MEFs
treated for 16 hours with vehicle control (DMSO),
CQ (5 uM) or simvastatin (10 uM). Simvastatin is an
inhibitor of HMGCR, the rate-limiting enzyme in the
metabolic pathway responsible for endogenous cholesterol
production. CQ increased total cholesterol by 66% (p <
0.05), while free cholesterol was slightly increased (Figure
2A), suggesting that CQ may increase cholesterol esters
uptake and accumulation in the lysosomes. Simvastatin
decreased the levels of total and free cholesterol in Tsc2/MEFs as expected. Exogenous esterified cholesterol
is internalized by LDLR and is processed at the late
endosomes and lysosomes. Clearance of free cholesterol
from the lysosome requires the interaction of lipoproteins
with NPC1/2 proteins, which facilitate transport of free
cholesterol to the cytoplasm.
Next, to investigate how cholesterol uptake and
trafficking are affected by lysosomal inhibition, we treated
Tsc2-deficient MEFs with CQ (5μM) or vehicle control
(H2O) for 16 hours and performed fluorescent esterified
cholesterol uptake assays. We used CholEsteryl-BODIPY
(1ug/ml), a fluorescent cholesterol analogue labeled at
the fatty acid ester and internalized by LDLR, to treat
cells and incubated for 4 hours. At baseline, CholEsterylBODIPY supplementation of Tsc2+/+ MEFs showed subtle
accumulation in cells treated with CQ when compared
to untreated cells (Figure 2B, upper eight panels). In
contrast, exogenously supplied CholEsteryl-BODIPY
strikingly accumulated in distinct punctate vesicles in
Tsc2-deficient cells treated with CQ (Figure 2B, lower
eight panels). Exogenously supplied esterified cholesterol

RESULTS
Chloroquine induces a transcriptional metabolic
signature in mTORC1-hyperactive cells
To determine the effects of lysosomal inhibition
on the transcriptome of mTORC1-hyperactive cells,
we treated TSC2-deficient human kidney-derived
angiomyolipoma cells (621-101), TSC2-empty vector
angiomyolipoma cells (621-102), and TSC2-add back
angiomyolipoma cells (621-103) with 5μM of CQ for
24 hours. CQ, a lysosomotropic agent inhibits lysosomal
function by accumulating in the lysosome and increasing
the pH of this highly acidic organelle. L1000 gene
expression profiling was carried out to assess gene
expression changes. L1000 is a high-throughput genomics
platform that uses a bead-based Luminex method to
www.impactjournals.com/oncotarget
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levels were significantly increased in CQ-treated Tsc2/MEFs compared to untreated and Tsc2+/+ MEFs as
quantified in Figure 2C. The CholEsteryl-BODIPY puncta
observed after CQ treatment strongly colocalized with
Lamp2A only in Tsc2-/- MEFs suggesting that exogenous
cholesterol esters accumulate in lysosomes, potentially
as a consequence of CQ-induced lysosomal dysfunction
(colocalization index 0.69 in CQ-treated vs 0.49 untreated
Tsc2-/- MEFs), (Figure 2B and 2D). CholEsteryl-BODIPY
colocalization with Lamp2A in Tsc2+/+ MEFs was only

slightly increased following CQ treatment (colocalization
index 0.54 in CQ-treated vs 0.41 in untreated Tsc2+/+
MEFs), (Figure 2D).

Chloroquine treatment protects Tsc2-deficient
cells from Simvastatin induced death
Our earlier observations showed that both total
and esterified cholesterol were increased by CQ, and

Figure 1: Chloroquine treatment upregulates mevalonate pathway genes in TSC2-deficient cells. A. Transcriptional
profiling (978 genes) of human kidney angiomyolipoma-derived cells (621-101) treated with CQ (5uM) for 24 hours (six biological
replicates) using L-1000 platform. Supervised clustering of the top 20 up and downregulated genes compared to untreated 621-101 cells.
B. Validation of upregulated mevalonate pathway genes by qRT-PCR after 24 hours CQ treatment of 621-101 cells. C. Expression levels of
mevalonate pathway genes in Tsc2+/+ and Tsc2-/- mouse embryonic fibroblasts (MEFs). Bar graph represents means ±SD of values relative
to their vehicle control (H20). One sample t-test was used to compare mRNA expression levels between treated and untreated conditions; *p
< 0.05, **p < 0.01. See also Supplementary Table 1. D. Concise schematic of the mevalonate pathway with key genes highlighted in red.
www.impactjournals.com/oncotarget
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that cholesterol esters accumulate in the lysosomes of
Tsc2-/- MEFs treated with CQ. To determine the role of
newly synthesized cholesterol for their survival upon
lysosomal inhibition, we monitored the proliferation
of Tsc2-/- and Tsc2+/+ MEFs after treatment with CQ (5
uM), simvastatin (10 uM, to inhibit de novo cholesterol
synthesis), or combination of the two drugs for 3 days.
CQ treatment as a single agent had minimal effects on the
proliferation of Tsc2-/- and Tsc2+/+ MEFs, while simvastatin
significantly reduced viability of both cell lines at 72

hours. Surprisingly, CQ rescued the viability of Tsc2-/MEFs by ~3.5 fold (p < 0.001) compared to simvastatin
treatment alone, but had no significant effect on the
viability of Tsc2+/+ MEFs (Figure 3A-3B). To confirm that
this effect is TSC2-specific, we tested three other pairs of
TSC2-expressing and TSC2-deficient cell lines (Figure
3C-3E). In all cases the survival of simvastatin-treated
cells was rescued upon combination treatment with CQ
in the TSC2-deficient, but not in the TSC2-expressing
cells. To further confirm the specificity of the mevalonate

Figure 2: Chloroquine treatment increases esterified cholesterol levels and lysosomal accumulation in Tsc2-/- cells.

A. Chloroquine increases total cholesterol levels in TSC2-deficient cells. Total and free cholesterol levels measured in TSC2-deficient
cells treated with CQ (5uM), simvastatin (10uM) for 16 hrs. Values were normalized to total protein. Student’s t-test was used. Bar graph
represents means ±SD of values. B. Exogenously supplied CholEsteryl-BODIPY (1ug/ml; 4 hours) accumulates in distinctive puncta in
Tsc2-/- cells pretreated with CQ (5uM) for 16 hours. The puncta colocalize with the lysosomal membrane marker LAMP2A in CQ-pretreated
Tsc2-/- cells but not in Tsc2+/+ cells. C. Quantification of CholEsteryl-BODIPY in vehicle treated (H2O) and CQ-treated cells depicted in
panel B (TCCF; total corrected cell fluorescence). Image acquisition was carried out using identical exposure settings. Student’s t-test
was carried out. D. Colocalization index of CholEsteryl-BODIPY and Lamp2A in vehicle treated (H2O) and CQ-treated cells depicted in
panel B. The colocalization signal for each condition was measured from four representative fields, n≥15 cells. The colocalization index
represents the Pearson’s coefficient (zero is no colocalization and one means perfect colocalization).
www.impactjournals.com/oncotarget
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pathway in the survival of cells treated with simvastatin
and CQ, we measured the proliferation of Tsc2-/- MEFs
treated with simvastatin (10uM) and mevalonic acid
(500uM) for 72 hours. Both Tsc2+/+ and Tsc2-/- MEFs were
rescued from simvastatin-induced cell death by mevalonic
acid, as expected (Figure 3F).

To determine the cellular consequences of the
combination of CQ and simvastatin, we monitored
apoptosis by using a fluorescent assay for activation of
caspase 3 and 7. Treatment of Tsc2-deficient MEFs with
simvastatin increased caspase 3/7 activity, as expected,
while co-treatment with CQ decreased caspase activity by

Figure 3: Chloroquine rescues Tsc2-/- cells from simvastatin-induced cell death. A. Phase contrast microscopy images of

Tsc2+/+ and Tsc2-/- MEFs treated with vehicle control (DMSO), CQ (5uM), Simvastatin (10uM) or the combination for 72 hrs (scale bars
100um). Cell viability (as measured by crystal violet staining) of B. Tsc2+/+ and Tsc2-/- MEFs, C. human kidney-derived angiomyolipoma
with TSC-2 add-back cells (621-103) or with empty vector (621-102) cells, D. mouse kidney cystadenoma 105K cells with Tsc2 expressing
or empty vector (EV), and E. Tsc2-/- MEFs with Tsc2 re-expressing cells or with EV, treated with: vehicle control (DMSO), CQ (5uM),
simvastatin (10uM) or the combination for 72 hrs. Results represent average of three independent experiments ±SD of values. Two-sample
t-test was carried out between simvastatin and CQ combination treatment and simvastatin treatment alone. F. Cell viability of Tsc2+/+ and
Tsc2-/- MEFs treated with vehicle control (DMSO), simvastatin (10uM), Mevalonic acid (MVA) (500uM) or the combination for 72 hrs,
as measured by crystal violet staining. G. Caspase 3 and caspase 7 levels in Tsc2-/- MEFs treated with CQ, simvastatin or the combination
for 24 hrs. Results are representative of three independent experiments. Two-sample t-test was carried out between simvastatin and vehicle
control and between simvastatin alone and combination of CQ and simvastatin (n = 3). **p < 0.01, ***p < 0.001. See also Supplementary
Figure S1.
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~ 50% (Figure 3G), consistent with the results observed in
the cell viability experiments. These results point towards
an mTORC1-dependent mechanism that allows TSC2deficient cells to survive when both sources of cholesterol
(exogenous and de novo) are inhibited.

homeostasis, including both do novo and exogenous
cholesterol uptake upon lysosomal inhibition.

Expression of genes involved in regulation of
cholesterol homeostasis is increased with the
combination of CQ and simvastatin treatment in
TSC2-null but not TSC2-expressing cells

Since many of the identified CQ-dependent genes
are transcriptionally regulated by Sterol Regulatory
Element Binding Protein (SREBP), a master regulator of
lipid and cholesterol homeostasis, we hypothesized that
the cytoprotective effects of CQ are SREBP1/2-dependent.
Therefore, we downregulated SREBP1, SREBP2 or both
in Tsc2-/- MEFs and treated with CQ, simvastatin or the
combination. Interestingly, downregulation of SREBP2,
but not SREBP1, blocked the pro-survival effect of CQ
in simvastatin-treated Tsc2-/- MEFs following 72 hours of
treatment (Figure 5A, 5B). These results suggest that CQ
promotes cell survival of simvastatin-treated Tsc2-/- MEFs
by a mechanism involving SREBP2. We then hypothesized
that the exogenous lipoprotein uptake is mediated by a
SREBP2 transcriptional target, the lipoprotein receptor
(LDLR). Genetic knockdown of LDLR using siRNA in
Tsc2-/- MEFs reversed their protection from simvastatininduced cell death (Figure 5C-5E). Taken together, these
results suggest that the CQ-mediated rescue of Tsc2-/MEFs from simvastatin induced cell death is mediated by

SREBP2 mediates the pro-survival effects of CQ

To determine how the mevalonate pathway and the
lipoprotein-specific receptor LDLR are affected by the
combination of CQ and simvastatin, we treated Tsc2+/+
and Tsc2-/- MEFs with CQ (5uM), simvastatin (10uM) or
combination for 24 hours and quantified gene expression
using qRT-PCR. Treatment with CQ increased the mRNA
expression levels of Hmgcr and Hmgcs1 as expected based
on our prior results (Figure 1C), as well as Fdft1 and Ldlr
in Tsc2-/- MEFs but not in Tsc2+/+ MEFs. Interestingly,
combination treatment with CQ and simvastatin further
increased expression of Hmgcr, Hmgcs1, Fdft1, Fdps
and Ldlr, when compared to each treatment alone
(Figure 4A-4E). These results indicate that Tsc2-/- MEFs
possess a higher capacity for enhancement of cholesterol

Figure 4: Chloroquine and simvastatin combination treatment upregulates cholesterol homeostasis genes in TSC-2
deficient cells. A.-E. mRNA expression levels of Hmgcr, Hmgcs1, Fdft1, Fdps and Ldlr genes following treatment with CQ, simvastatin

or combination for 24 hours. Bar graph represents means ±SD of values relative to Tsc2 +/+ vehicle control (H20). One sample t-test was
used to compare mRNA expression levels between CQ and simvastatin combination and each treatment alone and between CQ-treatment
and vehicle control. Bar graph represents means ±SD of values. * p < 0.05, **p < 0.01. ***p < 0.001.
www.impactjournals.com/oncotarget
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Inhibition of cholesterol trafficking from the
lysosome phenocopies CQ-mediated effects

exogenously supplied lipoproteins that enter the cell via
SREBP2 and LDLR-dependent mechanisms.

CQ-mediated rescue of TSC2-deficient cells
depends on exogenous lipoproteins

Since chloroquine impairs lysosomal function, we
next asked whether inhibition of cholesterol transport from
the lysosome to the cytoplasm would selectively inhibit
proliferation of Tsc2-/- MEFs under simvastatin-treatment
conditions. We utilized a catalytic inhibitor of NiemannPick Disease Type 1 (NPC1), compound 3.47 (200nM),
which prevents cholesterol egress from the lysosome
[24, 25]. The combination of 3.47 with simvastatin
(10uM) increased the survival of Tsc2-/- but not Tsc2+/+
MEFs compared to simvastatin alone at 48 hrs (Figure
6B), phenocopying the results of CQ and simvastatin
combination treatment. This suggests that cholesterol
esters accumulating in the lysosome following NPC1
inhibition, allows Tsc2-/- MEFs to survive simvastatininduced cell death probably by a compensatory
mechanism.
Since CQ inhibits autophagy, we investigated
whether the CQ-mediated effects on TSC2-deficient
cell viability are also autophagy dependent. Simvastatin
had similar effects on the proliferation of Atg5+/+ and
Atg5-/- MEFs stably transduced with shRNA against

To prove that the pro-survival effects of CQ are
dependent on exogenous lipoproteins, we seeded Tsc2/MEFs in media supplemented with 10% lipoproteindepleted serum (DM) or 10% regular serum (RM)
and treated with CQ (5uM), simvastatin (10uM) or
combination. Interestingly, cells grown in lipoproteindepleted conditions showed resistance to simvastatin
treatment, compared to cells grown in regular
conditions. We hypothesize that this is the consequence
of compensatory upregulation of de novo cholesterol
synthesis in the lipoprotein-depleted setting. (Figure
6A). Importantly, the viability of Tsc2-/- MEFs grown
in lipoprotein depleted conditions was significantly
decreased when treated with the combination of CQ and
simvastatin, compared to cells grown in physiological
serum conditions. Therefore, uptake of exogenous
cholesterol mediates the survival of Tsc2-/- MEFs when
lysosomal function is inhibited.

Figure 5: Exogenous lipoproteins mediate the cytoprotective role of CQ from simvastatin-induced cell death via
SREBP2 and LDLR. A. Cell viability of Tsc2-/- MEFs transfected with siRNA against SREBP1, SREBP2 or both and subsequently

treated with vehicle control (DMSO), CQ (5uM), simvastatin (10uM) or the combination for 72 hours (crystal violet staining, 96 hrs post
transfection). B. mRNA expression levels of SREBP1 and SREBP2 in each transfected cell line. Results represent experiment in panel A.
C.-D. Cell viability of Tsc2-/- and Tsc2+/+ MEFs following knockdown of LDL-R (24h) and treated with CQ (5uM), simvastatin (10uM) or
the combination for 48 hours (crystal violet staining). Results are representative of three independent experiments. Bar graph represent
means ±SD. Two-sample t-test was carried out between simvastatin and CQ combination and simvastatin treatment alone.
www.impactjournals.com/oncotarget
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Figure 6: Survival of Tsc2-/- MEFs depends on CQ-mediated uptake of exogenous cholesterol via the endosomal pathway.

A. Proliferation of Tsc2+/+ and Tsc2-/- MEFs treated with vehicle control (DMSO), CQ (5uM), simvastatin (10uM) or the combination for
48 hrs. Cells were incubated with media supplemented with 10% FBS (RM) or 10% lipoprotein depleted FBS (DM). B. NPC1 inhibition
(compound 3.47) protects Tsc2-/- cells from simvastatin-induced cell death. Proliferation of Tsc2+/+ and Tsc2-/- MEFs treated with vehicle
control (DMSO), simvastatin (10uM), 3.47 (200nM), or the combination of simvastatin and AML or combination of simvastatin and
compound 3.47 for 48 hrs (crystal violet staining). C. Lysosomal and endosomal inhibition selectively targets Tsc2-/- MEFs. Proliferation of
Tsc2+/+ and Tsc2-/- MEFs treated with vehicle control (DMSO), CQ (5uM), Vps34 inhibitor (SAR405; 1uM) or the combination for 72 hours
(crystal violet staining). D. Confirmation of selective growth inhibition using VPS34-IN1 inhibitor. Proliferation of Tsc2+/+ and Tsc2-/- MEFs
treated with vehicle control (DMSO), CQ (5uM), VPS34-IN1 (500nM) or the combination for 72 hours (crystal violet staining). Twosample t-test was carried out between CQ and SAR405 and each drug alone. Results are representative of three independent experiments.
Bar graph represent means ±SD. E. Growth inhibition of Tsc2-/- MEFs by CQ and SAR405 is cholesterol dependent. Proliferation of Tsc2+/+
and Tsc2-/- MEFs treated with vehicle control (DMSO), Cholesterol-Cyclodextrin (2ug/ml), CQ (5uM), Vps34 inhibitor (SAR405; 1uM)
or the combination for 72 hours (crystal violet staining). F. Exogenously supplied CholEsteryl-BODIPY (1ug/ml; 4 hours) accumulates in
distinctive puncta in siRNA-control Tsc2-/- MEFs pretreated with CQ (5uM) or SAR405 (1uM) for 16 hours. siRNA-Ldlr transfected Tsc2/MEF pretreated with CQ show no accumulation of exogenous cholesterol esters. G. Quantification of total corrected cell fluorescence
(TCCF) of CholEsteryl-BODIPY in CQ, SAR405 and their combination. H. Quantification of total corrected cell fluorescence (TCCF)
of CholEsteryl-BODIPY in siLDLR transfected Tsc2-/- MEFs treated with CQ or vehicle control. Image acquisition was carried out using
identical exposure settings. Two sample t-tests were used. ***p < 0.001. See also Supplementary Figure S2.
www.impactjournals.com/oncotarget
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Tsc2-deficient cells with cholesterol, rescued from CQ
and SAR405-induced cell death (Figure 6E). In addition,
esterified cholesterol accumulation was hindered when
Tsc2-/- MEFs were treated with the combination of CQ
and SAR405 for 16 hours in Tsc2-/- but not Tsc2+/+ MEFs
(Figure 6F-6H and Supplementary Figure S2). Moreover,
genetic knockdown of LDLR resulted in almost complete
inhibition of CholEsteryl-BODIPY uptake in Tsc2-/- MEFs,
confirming that CholEsteryl-BODIPY is selectively taken
up by LDLR (Figure 6H). These results indicate that
endosomal cholesterol trafficking is involved in CQmediated survival of Tsc2-/- cells, thereby facilitating
survival when de novo synthesis and lysosomal processing
of cholesterol are inhibited.

Tsc2 (Supplementary Figure S1), indicating that these
effects are autophagy-independent. Taken together, these
results demonstrate that TSC2-deficient cells activate
mechanisms upstream of the lysosome to uptake and
process lipoprotein cargo upon treatment with CQ, thereby
enhancing cell survival.

CQ and PI3KC3 inhibition selectively inhibits
growth of Tsc2-deficient cells
We hypothesized that upon lysosomal inhibition
and de novo cholesterol synthesis inhibition, Tsc2deficient cells utilize exogenous cholesterol processed
by acid lipase, which hydrolyses cholesterol esters
and triglycerides in both endosomal and lysosomal
compartments [26]. SAR405 and VPS34-IN1 are ATPcompetitive inhibitors of Vps34, Phosphatidylinositol
3-Kinase Catalytic Subunit Type 3 (PI3KC3) [27, 28].
PI3KC3 is involved in the initiation and maturation
of autophagosome formation, and thereby regulates
endocytic trafficking and delivery of enzymes to
lysosomes. Simultaneous treatment with CQ (5uM) and
either SAR405 (1uM) or VPS34-IN1 (1uM) for 72 hrs
resulted in selective and significant inhibition of growth
of Tsc2-/- MEFs (Figure 6C, 6D). To determine whether
this effect occurs by inhibition of utilization of exogenous
cholesterol, we treated Tsc2+/+ and Tsc2-/- MEFs with CQ
(5uM), SAR405 (1uM) and Cholesterol/Cyclodextrin
(2ug/ml) for 48hrs. Interestingly, supplementation of

DISCUSSION
Tuberous sclerosis complex is a multisystem
disease in which inactivation of the TSC1 or TSC2
gene leads to mTORC1 hyperactivation. The impact of
TSC1/2 deficiency on the lysosome is not completely
understood. We report here that inhibition of lysosomal
function by chloroquine results in a striking transcriptional
signature in TSC2-deficient cells, with upregulation of
genes involved in regulation of cholesterol homeostasis
in TSC2-deficient cells treated with CQ but not in
TSC2-expressing cells. This transcriptional signature is
associated with increased accumulation and intracellular
levels of both total cholesterol and cholesterol ester
levels in Tsc2-/- MEFs treated with CQ, whereas free

Figure 7: Model of lysosomal-mediated regulation of cholesterol homeostasis in mTORC1 hyperactive cells. In

physiological conditions, free cholesterol is derived from two main sources: LDLR-mediated uptake and subsequent endosomal/lysosomal
processing and SREBP-mediated de novo synthesis. A. In TSC2-deficient cells with mTORC1 hyperactivation, increased cholesterol
synthesis is regulated by the transcription factor SREBP. B. Lysosomal inhibition of TSC2-deficient cells with CQ activates compensatory
mechanisms for maintaining cholesterol levels, involving both SREBP-mediated activation of the mevalonate pathway and uptake of
exogenous lipoprotein uptake via LDLR. In TSC2-deficient (but not TSC2-expressing) cells co-treated with simvastatin, the uptake of
exogenous lipoprotein via LDLR is sufficient to over-ride the impact of simvastatin and promote cell survival. C. In TSC2-deficient cells,
but not TSC2-expressing cells, combination treatment with CQ and SAR405, a PI3KC3 inhibitor, blocks uptake of exogenous cholesterol
esters and inhibits cell survival.
www.impactjournals.com/oncotarget

38107

Oncotarget

cholesterol levels remained unchanged. Unexpectedly,
engaging this CQ-mediated cholesterol uptake pathway
together with inhibition of de novo cholesterol synthesis is
cytoprotective in TSC2-deficient, but not TSC2-expressing
cells, highlighting its physiologic importance. Most
importantly, simultaneous inhibition of the lysosome and
endosomal trafficking inhibits TSC2-deficient cell growth,
but not growth of TSC2-expressing cells, suggesting that
these reprogrammed metabolic pathways that are initiated
by CQ have translational potential.
mTORC1
regulates
multiple
biosynthetic
processes that support cell growth and proliferation
and can promote the survival of TSC2-deficient cells
under stress conditions [29, 30]. Lysosomal degradation
of extracellular proteins is essential for survival and
activation of mTORC1, in a mechanism independent of
autophagy [31]. Our data indicate that the lysosome, but
not autophagy, plays a critical role in titrating lipid uptake
in mTORC1 hyperactive cells. mTORC1 is known to
induce a transcriptional program to drive lipid synthesis
through activation of SREBP1 and 2 [1, 32]. We found
that the lysosome regulates the balance between de novo
lipid synthesis, via SREBP2, and the uptake of exogenous
lipids, via LDLR and endocytic trafficking. Therefore,
both the biosynthesis and the uptake of cholesterol
are increased when the lysosome is inhibited with
chloroquine. The net result of lysosomal inhibition is an
increase of total cholesterol and cholesterol ester levels
and constant levels of free cholesterol in TSC2-deficient
cells. Through an analogous mechanism, it was recently
shown that mTORC1 signaling suppresses lysosomal
catabolism of extracellular proteins favoring de novo
synthesis and autophagic turnover of proteins [31].
We were surprised to find that simultaneous
inhibition of de novo cholesterol synthesis by simvastatin
and the lysosome with CQ resulted in a pro-survival
phenotype that is specific to TSC2-deficient cells (Figure
3B). Both SREBP2 and LDLR are required for this CQ
pro-survival phenotype, indicating a mechanism involving
exogenous uptake of lipoproteins. mTORC1 is known to
upregulate LDLR, which mediates uptake of circulating
cholesterol-rich LDL from the plasma into the liver and
peripheral tissues. LDLR gene expression is controlled
by SREBP, while mTORC1 signaling is known to
repress the expression of PCSK9, a negative regulator of
LDLR protein levels [33, 34]. Taken together, these data
support a critical role of the lysosome in regulating the
mTORC1-dependent balance between lipid uptake and
lipid synthesis.
Most mammalian cells acquire ~80% of their
cholesterol by receptor-mediated endocytosis of plasma
LDL [35]. Delivery of LDL to the lysosomes involves the
endosomal trafficking of clathrin-coated LDL particles
through early to late endosomes which eventually fuse
with the lysosome to deliver the lipid cargo [36]. We
found that cholesterol esters are significantly enhanced
www.impactjournals.com/oncotarget

in TSC2-deficient cells treated with chloroquine, pointing
toward a TSC2-dependent compensatory cholesterol
processing mechanism (Figure 2A). Lysosomal egress
of free cholesterol is regulated by NPC1, which resides
at the lysosomal lumen [37, 38]. Consistent with the
concept that NPC1 function is critical to the lysosome
in TSC2-deficient cells, we found that NPC1-inhibition
phenocopies the effects of CQ on cell proliferation
(Figure 5B). This may be linked to our recent finding that
cholesteryl esters are upregulated in TSC2-deficient cells,
via an SREBP1/2 dependent mechanism [32].
Vps34 is a crucial component of endosome
formation and successful cholesterol transport to the
lysosome. Vps34 is a lipid kinase that recruits proteins
containing phosphatidylinositol to intracellular membranes
[39]. Vps34 has also been implicated in regulation of
mTORC1 response to nutrient sensing by regulating
autophagy activation [40, 41]. We hypothesized that
Vps34-dependent delivery of exogenous cholesterol to the
lysosome contributes to the unexpected enhanced survival
of TSC2-deficient cells treated with CQ and simvastatin.
Consistent with this hypothesis, combinational inhibition
of Vps34 using SAR405 or VPS34-IN1 together with
inhibition of the lysosome with CQ resulted in selective
growth inhibition of TSC2-deficient cells (Figure 6C, 6D).
Furthermore, add-back of cholesterol to CQ and SAR405treated Tsc2-deficient cells restored their proliferation,
showing that exogenously supplied cholesterol is crucial
for the survival of Tsc2-deficient cells upon lysosomal
inhibition. In addition to effects on proliferation, the
combination of CQ and Vps34 inhibition resulted in
striking inhibition of the LDLR-mediated accumulation
of exogenous cholesterol esters in Tsc2-/- MEFs (Figure
6F-6H). Pharmacologic inhibition of Vps34 has been
shown to disrupt endosomal trafficking, and simultaneous
inhibition of Vps34 and mTORC1 reduces the proliferation
of renal tumor-derived cells [27]. Taken together, these
results reveal a novel connection between cholesterol
homeostasis, endosomes and lysosomes that is specific
to cells with mTORC1 hyperactivation, with important
implications for both the pathogenesis and therapy of TSC.
Furthermore, these findings can be applied in xenograft
animal models of TSC, in which combination treatment
with CQ and SAR-405 is expected to reduce tumor
burden.
In summary, we demonstrate here that lysosomal
inhibition by chloroquine increases exogenous cholesterol
uptake and overcomes the pro-apoptotic effects of
mevalonate pathway inhibition in TSC2-deficient cells.
Exogenous cholesterol uptake becomes critical for
survival of TSC2-deficient cells when de novo synthesis
and lysosomal processing of cholesterol are inhibited,
and the endosomal pathway plays a crucial role in
regulating survival of TSC2-deficient cells. Importantly,
the chloroquine-mediated pro-survival effects on TSC2deficient cells are mediated by SREBP2 and LDLR,
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indicating a tightly coordinated mechanism that is
activated when lysosomal function is inhibited to maintain
cholesterol homeostasis (Figure 7). Remarkably, this
mechanism is specific to TSC2-deficient cells, in which
lipid metabolism is extensively reprogrammed. Our
finding that simultaneous inhibition of the lysosome and
endosomal trafficking inhibits the proliferation of TSC2deficient cells provides a novel potential therapeutic
avenue for the treatment of TSC and other diseases
associated with mTORC1 hyperactivation, including
lymphangioleiomyomatosis (LAM) and the majority of
human malignancies.

glucose supplemented with 10% Lipoprotein-depleted
FBS obtained from Kalen Biomedical (Montgomery
Village, MD). All cells tested negative for mycoplasma
contamination using MycoAlert (Lonza, Walkersville,
MD) and were re-tested monthly. Chloroquine diphosphate
salt, simvastatin and mevalonic acid were obtained from
Sigma-Aldrich. SAR405 was obtained from ApexBio
(Houston, TX) and VPS34-IN1 from Selleckchem
(Houston, TX).

EXPERIMENTAL PROCEDURES

mRNA from cell lysates is amplified using ligation
mediated amplification [21]. mRNA probes are annealed
to reversely transcribed complementary deoxyribonucleic
acid (cDNAs), created from the isolated mRNAs, and
then ligated by a taq ligase. Probes are then amplified by
PCR and hybridized to barcoded Luminex beads through
the probes’ gene specific barcode region. The hybridized
beads are then detected and quantified using the Luminex
technology. This technology utilizes laser beams to detect
the identity of the differentially-dyed beads and to measure
the density of the hybridized probes on each bead [23].

L-1000 high throughput expression profiling

Cell lines, culture conditions, drugs
621-101 cells were derived from an angiomyolipoma
and carry bi-allelic inactivation of the TSC2 gene [42,
43]. The 621-102 cell line was generated by introduction
of E6/E7 (pLXSN 16E6E7-neo) and human telomerase
(pLXSN hTERT-hyg) into a primary culture of TSC2 null
human angiomyolipoma cells [44]. 621-103 was generated
by stable transfection of TRI102 with wild-type TSC2
(pcDNA3.1 TSC2-zeo) into 621-101 cells [42].
Tsc2-/-p53-/- and Tsc2+/+p53-/- mouse embryonic
fibroblasts (MEFs) were provided by Dr. David
Kwiatkowski (Brigham and Women’s Hospital, Boston,
MA).
To stably re-express TSC2 in 105K cells, full
length human TSC2 in pLXIN-IRES-hygromycin vector
or empty vector were introduced by retroviral infection
[45]. Briefly, full length human TSC2 in pLXIN-IREShygromycin vector, or empty vector, were transfected
into the PT67 retroviral packaging cell line (ATCC
#CRL-12284) using lipofectamine 2000 according to
manufacturer’s instructions. 4 hrs later, cells were washed
with PBS and fresh media was added. 48hrs later, viruscontaining media was collected and filtered through a
0.45um PES filter. Virus-containing media was added to
105K cells with 4ug/mL polybrene and plates were spun
at 600rcf for 45min before returning to the incubator.
6hrs later, fresh media was added to the plates in a 1:1
ratio with the virus-containing media. 24hrs later, cells
were washed with PBS and fresh media was added with
100ug/mL hygromycin B. Single cell clones were grown
in the presence of 100ug/mL hygromycin B and screened
by western blot for TSC2 expression and serum/growth
factor-independent mTORC1 activation.
Unless otherwise specified, cells were cultured in
Dulbecco’s modiﬁed Eagle medium with 4.5 g/l glucose
supplemented with 10% FBS, 100 μg/mL penicillin and
100 μg/mL streptomycin. For cholesterol starvation
experiments cells were cultured in DMEM with 4.5g/l
www.impactjournals.com/oncotarget

mRNA expression analysis
Two micrograms of total RNA (RNeasy MicroKit;
Qiagen Inc., Valencia, CA, USA) were retrotranscribed
with the High-Capacity cDNA Reverse-transcription kit
(Applied Biosystems, Grand Island, NY, USA). Forty
nanograms of cDNA per reaction were run using TaqMan
probes (Applied Biosystems) in an Applied Biosystems
Instrument. Results were normalized to actin, which had
stable expression in our experimental conditions, and
analyzed using the Delta Delta Ct method. Final values
were expressed as n-fold the calibrator.

Cholesterol quantification
Cholesterol extraction and quantification was
performed using Chloroform: Isopropanol: NP-40
(7:11:0.1) per the manufacturer’s instructions (Abcam,
Cambridge, UK). Cholesterol-Cholesteryl Ester
quantification was performed by detecting total cholesterol
(cholesterol and cholesteryl esters) in the presence of
cholesterol esterase or free cholesterol in the absence
of cholesterol esterase in the reaction. Quantification of
fluorescent signal was performed using a plate reader
(BioTek, Winooski, VT, USA). Cholesterol ester was
determined by subtracting the value of free cholesterol
from the total (cholesterol plus cholesteryl esters).
Normalization was carried out for total protein.
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Fluorescent cholesteryl-ester uptake assay and
immunofluorescent labeling

with the described compounds. 100 μl of Caspase-Glo
reagent was added to each well, the content of well was
gently mixed with a plate shaker at 300-500 rpm for 30
seconds. The plate was then incubated at room temperature
for 2 hours. A plate-reading luminometer was used to
measure luminescence with parameters of 1 minute lag
time and 0.5 second/well, read time (BioTek, Winooski,
VT, USA). The experiments were performed in triplicate.

Cells were seeded on 4-chamber glass slides and
grown in 1% FBS DMEM overnight. Treatment with
CQ was carried out for 16 hours followed by addition of
1μg/ml CholEsteryl-BODIPY dissolved in DMSO for 4
hours. Cells were fixed using 4% PFA. Immunofluorescent
labeling was performed using Lamp2A and Alexa-488
antibodies (Invitrogen, Carlsbad, CA, USA). To
quantify CholEsteryl-BODIPY an outline was drawn
around each cell (n≥15) and circularity, area and mean
fluorescence were measured, along with several adjacent
background readings. Total corrected cell fluorescence
(TCCF) = integrated density - (area of selected cell ×
mean fluorescence of background readings) [46]. The
colocalization signal for each condition was measured
from four representative fields, n≥15 cells, using ImageJ.
The colocalization index represents the Pearson’s
coefficient (zero is no colocalization and one means
perfect colocalization).

Small interfering RNA transfections
Small interfering RNA (siRNA) Smartpools
targeting SREBP1, SREBP2, LDLR and nontargeting
controls were obtained from Dharmacon (Lafayette, CO,
USA) and used at 25 nM ﬁnal concentration. Cells were
transfected with Lipofectamine-RNAiMAX Reagent
Invitrogen, Carlsbad, CA, USA) as previously described
[31].

Statistics
Statistical significance was determined using
GraphPad Prism software. Differences were considered
statistically significant at p < 0.05. Results are expressed
as mean values ± SD of the indicated number of
observations.

Confocal microscopy
Cells were seeded on 4-chamber tissue culture glass
slides overnight. Cells were rinsed with PBS twice, fixed
with 4% paraformaldehyde, permeabilized with 0.2%
Saponin, blocked in 3% BSA/PBS for 1 h, incubated
with primary antibody 1% BSA in PBS overnight at 4oC,
and then incubated with secondary antibodies for 1 h.
Images were captured with a FluoView FV-10i Olympus
Laser Point Scanning Confocal Microscope using a 60x
objective. Confocal filters (Excitation/Emission nm) used
for microscopy imaging were: 358⁄461 (DAPI), 542/563
(CholEsteryl-BODIPY) and 490/525 (Alexa-Fluor488).
Antibodies of LAMP2A and Alexa-Fluor488 where
purchased from Invitrogen, Carlsbad, CA, USA).

Author contributions
Conceptualization H.F, C.P. and E.P.H;
Methodology H.F.; Investigation, H.F., N.A., B.O., C.G.;
Writing-Original Draft, H.F., and E.P.H. Writing Review
& Editing, H.F., N.A. B.O., J.C., D.K., C.P., C.G., J.N.
and E.P.H. Resources, A.J.V. and J.C.; Supervising, E.P.H.,
C.P. and J.C.

ACKNOWLEDGMENTS AND FUNDING

Cell proliferation assay (crystal violet staining)

This research was supported in part by an
Integrated Training in Respiratory Research grant to H.F.
(5T32HL007633-28), grants from NIDDK R01DK096556
and NHLBI R01HL118760 to E.P.H., NIH R01HL130336
to C.P. and 1U19AI109740 to J.C. The authors
acknowledge support from the Lucy J. Engles Research
Fund and the Wade Family Research Fund.

Cells were plated in 96-well plates. After treatment
for 24, 48, 72 or 96 hours, cells were ﬁxed with 10%
formalin for 10 minutes, stained with 0.05% crystal violet
in distilled water for 30 minutes, washed two times, and
air-dried. Crystal violet was solubilized with 100 ml of
methanol, and read with a plate reader (OD 540; BioTek,
Winooski, VT, USA).

CONFLICTS OF INTEREST

Caspase 3/7 measurement

The authors declare no conflict of interest.

REFERENCES

Following treatments cells were subjected to
Caspase 3/7 activities measurement with Caspase-Glo
assay kit (Promega, Madison USA). Briefly, 1000 cells
were plated on each well of a 96-well plate, and treated
www.impactjournals.com/oncotarget

1.

38110

Duvel K, Yecies JL, Menon S, Raman P, Lipovsky AI,
Souza AL, Triantafellow E, Ma Q, Gorski R, Cleaver
Oncotarget

S, Vander Heiden MG, MacKeigan JP, Finan PM, et
al. Activation of a metabolic gene regulatory network
downstream of mTOR complex 1. Mol Cell. 2010; 39: 17183. doi: 10.1016/j.molcel.2010.06.022.

Angarola B, Walther TC, Ferguson SM. The transcription
factor TFEB links mTORC1 signaling to transcriptional
control of lysosome homeostasis. Sci Signal. 2012; 5: ra42.
doi: 10.1126/scisignal.2002790.

2.

Henske EP, McCormack FX. Lymphangioleiomyomatosis
- a wolf in sheep’s clothing. J Clin Invest. 2012; 122: 380716. doi: 10.1172/JCI58709.

13. Luzio JP, Parkinson MD, Gray SR, Bright NA. The delivery
of endocytosed cargo to lysosomes. Biochem Soc Trans.
2009; 37: 1019-21. doi: 10.1042/BST0371019.

3.

Crino PB, Nathanson KL, Henske EP. The tuberous
sclerosis complex. N Engl J Med. 2006; 355: 1345-56. doi:
10.1056/NEJMra055323.

14. Singh R, Cuervo AM. Autophagy in the cellular energetic
balance. Cell Metab. 2011; 13: 495-504. doi: 10.1016/j.
cmet.2011.04.004.

4.

Goncharova EA, Goncharov DA, Eszterhas A, Hunter
DS, Glassberg MK, Yeung RS, Walker CL, Noonan
D, Kwiatkowski DJ, Chou MM, Panettieri RA Jr,
Krymskaya VP. Tuberin regulates p70 S6 kinase
activation and ribosomal protein S6 phosphorylation. A
role for the TSC2 tumor suppressor gene in pulmonary
lymphangioleiomyomatosis (LAM). J Biol Chem. 2002;
277: 30958-67. doi: 10.1074/jbc.M202678200.

15. Kaushik S, Cuervo AM. Chaperone-mediated autophagy: a
unique way to enter the lysosome world. Trends Cell Biol.
2012; 22: 407-17. doi: 10.1016/j.tcb.2012.05.006.

5.

Tee AR, Manning BD, Roux PP, Cantley LC, Blenis J.
Tuberous sclerosis complex gene products, Tuberin and
Hamartin, control mTOR signaling by acting as a GTPaseactivating protein complex toward Rheb. Curr Biol. 2003;
13: 1259-68.

6.

Holz MK, Ballif BA, Gygi SP, Blenis J. mTOR and
S6K1 mediate assembly of the translation preinitiation
complex through dynamic protein interchange and ordered
phosphorylation events. Cell. 2005; 123: 569-80. doi:
10.1016/j.cell.2005.10.024.

7.

8.

9.

16. Wang T, Goodall ML, Gonzales P, Sepulveda M, Martin
KR, Gately S, MacKeigan JP. Synthesis of improved
lysomotropic autophagy inhibitors. J Med Chem. 2015; 58:
3025-35. doi: 10.1021/jm501586m.
17. Parkhitko A, Myachina F, Morrison TA, Hindi KM,
Auricchio N, Karbowniczek M, Wu JJ, Finkel T,
Kwiatkowski DJ, Yu JJ, Henske EP. Tumorigenesis
in tuberous sclerosis complex is autophagy and p62/
sequestosome 1 (SQSTM1)-dependent. Proc Natl
Acad Sci U S A. 2011; 108: 12455-60. doi: 10.1073/
pnas.1104361108.
18. Parkhitko AA, Priolo C, Coloff JL, Yun J, Wu JJ, Mizumura
K, Xu W, Malinowska IA, Yu J, Kwiatkowski DJ, Locasale
JW, Asara JM, Choi AM, et al. Autophagy-dependent
metabolic reprogramming sensitizes TSC2-deficient cells to
the antimetabolite 6-aminonicotinamide. Mol Cancer Res.
2014; 12: 48-57. doi: 10.1158/1541-7786.MCR-13-0258-T.

Ben-Sahra I, Howell JJ, Asara JM, Manning BD.
Stimulation of de novo pyrimidine synthesis by growth
signaling through mTOR and S6K1. Science. 2013; 339:
1323-8. doi: 10.1126/science.1228792.

19. Jaber N, Dou Z, Chen JS, Catanzaro J, Jiang YP, Ballou
LM, Selinger E, Ouyang X, Lin RZ, Zhang J, Zong WX.
Class III PI3K Vps34 plays an essential role in autophagy
and in heart and liver function. Proc Natl Acad Sci U S A.
2012; 109: 2003-8. doi: 10.1073/pnas.1112848109.

Horton JD, Shah NA, Warrington JA, Anderson NN,
Park SW, Brown MS, Goldstein JL. Combined analysis
of oligonucleotide microarray data from transgenic and
knockout mice identifies direct SREBP target genes. Proc
Natl Acad Sci U S A. 2003; 100: 12027-32. doi: 10.1073/
pnas.1534923100.

20. Johnson EE, Overmeyer JH, Gunning WT, Maltese WA.
Gene silencing reveals a specific function of hVps34
phosphatidylinositol 3-kinase in late versus early
endosomes. J Cell Sci. 2006; 119: 1219-32. doi: 10.1242/
jcs.02833.

Hosokawa N, Hara T, Kaizuka T, Kishi C, Takamura A,
Miura Y, Iemura S, Natsume T, Takehana K, Yamada N,
Guan JL, Oshiro N, Mizushima N. Nutrient-dependent
mTORC1 association with the ULK1-Atg13-FIP200
complex required for autophagy. Mol Biol Cell. 2009; 20:
1981-91. doi: 10.1091/mbc.E08-12-1248.

21. Peck D, Crawford ED, Ross KN, Stegmaier K, Golub TR,
Lamb J. A method for high-throughput gene expression
signature analysis. Genome Biol. 2006; 7: R61. doi:
10.1186/gb-2006-7-7-r61.

10. Yu J, Parkhitko A, Henske EP. Autophagy: an ‘Achilles’
heel of tumorigenesis in TSC and LAM. Autophagy. 2011;
7: 1400-1. doi: 10.4161/auto.7.11.17652.

22. Lamb J, Crawford ED, Peck D, Modell JW, Blat IC,
Wrobel MJ, Lerner J, Brunet JP, Subramanian A, Ross KN,
Reich M, Hieronymus H, Wei G, et al. The Connectivity
Map: using gene-expression signatures to connect small
molecules, genes, and disease. Science. 2006; 313: 192935. doi: 10.1126/science.1132939.

11. Settembre C, Zoncu R, Medina DL, Vetrini F, Erdin S,
Erdin S, Huynh T, Ferron M, Karsenty G, Vellard MC,
Facchinetti V, Sabatini DM, Ballabio A. A lysosome-tonucleus signalling mechanism senses and regulates the
lysosome via mTOR and TFEB. EMBO J. 2012; 31: 1095108. doi: 10.1038/emboj.2012.32.

23. Duan Q, Flynn C, Niepel M, Hafner M, Muhlich JL,
Fernandez NF, Rouillard AD, Tan CM, Chen EY, Golub
TR, Sorger PK, Subramanian A, Ma’ayan A. LINCS
Canvas Browser: interactive web app to query, browse

12. Roczniak-Ferguson A, Petit CS, Froehlich F, Qian S, Ky J,
www.impactjournals.com/oncotarget

38111

Oncotarget

and interrogate LINCS L1000 gene expression signatures.
Nucleic Acids Res. 2014; 42: W449-60. doi: 10.1093/nar/
gku476.

Clin Invest. 2012; 122: 1262-70. doi: 10.1172/JCI61919.
35. Brown MS, Goldstein JL. A receptor-mediated pathway for
cholesterol homeostasis. Science. 1986; 232: 34-47.

24. Lee K, Ren T, Cote M, Gholamreza B, Misasi J, Bruchez
A, Cunningham J. Inhibition of Ebola Virus Infection:
Identification of Niemann-Pick C1 as the Target by
Optimization of a Chemical Probe. ACS Med Chem Lett.
2013; 4: 239-43. doi: 10.1021/ml300370k.

36. Chang TY, Chang CC, Ohgami N, Yamauchi Y.
Cholesterol sensing, trafficking, and esterification. Annu
Rev Cell Dev Biol. 2006; 22: 129-57. doi: 10.1146/annurev.
cellbio.22.010305.104656.
37. Carstea ED, Morris JA, Coleman KG, Loftus SK, Zhang
D, Cummings C, Gu J, Rosenfeld MA, Pavan WJ, Krizman
DB, Nagle J, Polymeropoulos MH, Sturley SL, et al.
Niemann-Pick C1 disease gene: homology to mediators of
cholesterol homeostasis. Science. 1997; 277: 228-31.

25. Cote M, Misasi J, Ren T, Bruchez A, Lee K, Filone CM,
Hensley L, Li Q, Ory D, Chandran K, Cunningham J. Small
molecule inhibitors reveal Niemann-Pick C1 is essential
for Ebola virus infection. Nature. 2011; 477: 344-8. doi:
10.1038/nature10380.

38. Sleat DE, Wiseman JA, El-Banna M, Price SM, Verot L,
Shen MM, Tint GS, Vanier MT, Walkley SU, Lobel P.
Genetic evidence for nonredundant functional cooperativity
between NPC1 and NPC2 in lipid transport. Proc Natl
Acad Sci U S A. 2004; 101: 5886-91. doi: 10.1073/
pnas.0308456101.

26. Du H, Witte DP, Grabowski GA. Tissue and cellular
specific expression of murine lysosomal acid lipase mRNA
and protein. J Lipid Res. 1996; 37: 937-49.
27. Ronan B, Flamand O, Vescovi L, Dureuil C, Durand L,
Fassy F, Bachelot MF, Lamberton A, Mathieu M, Bertrand
T, Marquette JP, El-Ahmad Y, Filoche-Romme B, et al. A
highly potent and selective Vps34 inhibitor alters vesicle
trafficking and autophagy. Nat Chem Biol. 2014; 10: 10139. doi: 10.1038/nchembio.1681.

39. Lindmo K, Stenmark H. Regulation of membrane traffic by
phosphoinositide 3-kinases. J Cell Sci. 2006; 119: 605-14.
doi: 10.1242/jcs.02855.
40. Nobukuni T, Joaquin M, Roccio M, Dann SG, Kim
SY, Gulati P, Byfield MP, Backer JM, Natt F, Bos
JL, Zwartkruis FJ, Thomas G. Amino acids mediate
mTOR/raptor signaling through activation of class 3
phosphatidylinositol 3OH-kinase. Proc Natl Acad Sci U S
A. 2005; 102: 14238-43. doi: 10.1073/pnas.0506925102.

28. Bago R, Malik N, Munson MJ, Prescott AR, Davies P,
Sommer E, Shpiro N, Ward R, Cross D, Ganley IG, Alessi
DR. Characterization of VPS34-IN1, a selective inhibitor of
Vps34, reveals that the phosphatidylinositol 3-phosphatebinding SGK3 protein kinase is a downstream target of
class III phosphoinositide 3-kinase. Biochem J. 2014; 463:
413-27. doi: 10.1042/BJ20140889.

41. Mohan N, Shen Y, Dokmanovic M, Endo Y, Hirsch DS,
Wu WJ. VPS34 regulates TSC1/TSC2 heterodimer to
mediate RheB and mTORC1/S6K1 activation and cellular
transformation. Oncotarget. 2016; 7:52239-52254. doi:
10.18632/oncotarget.10469.

29. Zhang Y, Nicholatos J, Dreier JR, Ricoult SJ, Widenmaier
SB, Hotamisligil GS, Kwiatkowski DJ, Manning BD.
Coordinated regulation of protein synthesis and degradation
by mTORC1. Nature. 2014; 513: 440-3. doi: 10.1038/
nature13492.

42. Yu J, Astrinidis A, Howard S, Henske EP. Estradiol and
tamoxifen stimulate LAM-associated angiomyolipoma
cell growth and activate both genomic and nongenomic
signaling pathways. Am J Physiol Lung Cell Mol Physiol.
2004; 286: L694-700. doi: 10.1152/ajplung.00204.2003.

30. Kwiatkowski DJ, Manning BD. Molecular basis of giant
cells in tuberous sclerosis complex. N Engl J Med. 2014;
371: 778-80. doi: 10.1056/NEJMcibr1406613.
31. Palm W, Park Y, Wright K, Pavlova NN, Tuveson DA,
Thompson CB. The Utilization of Extracellular Proteins as
Nutrients Is Suppressed by mTORC1. Cell. 2015; 162: 25970. doi: 10.1016/j.cell.2015.06.017.

43. Carsillo T, Astrinidis A, Henske EP. Mutations in the
tuberous sclerosis complex gene TSC2 are a cause of
sporadic pulmonary lymphangioleiomyomatosis. Proc Natl
Acad Sci U S A. 2000; 97: 6085-90.

32. Priolo C, Ricoult SJ, Khabibullin D, Filippakis H, Yu J,
Manning BD, Clish C, Henske EP. Tuberous sclerosis
complex 2 loss increases lysophosphatidylcholine synthesis
in lymphangioleiomyomatosis. Am J Respir Cell Mol Biol.
2015; 53: 33-41. doi: 10.1165/rcmb.2014-0379RC.

44. Furukawa T, Duguid WP, Rosenberg L, Viallet J, Galloway
DA, Tsao MS. Long-term culture and immortalization of
epithelial cells from normal adult human pancreatic ducts
transfected by the E6E7 gene of human papilloma virus 16.
Am J Pathol. 1996; 148: 1763-70. doi:

33. Streicher R, Kotzka J, Muller-Wieland D, Siemeister G,
Munck M, Avci H, Krone W. SREBP-1 mediates activation
of the low density lipoprotein receptor promoter by insulin
and insulin-like growth factor-I. J Biol Chem. 1996; 271:
7128-33.

45. Huang J, Dibble CC, Matsuzaki M, Manning BD. The
TSC1-TSC2 complex is required for proper activation of
mTOR complex 2. Mol Cell Biol. 2008; 28: 4104-15. doi:
10.1128/MCB.00289-08.
46. McCloy RA, Rogers S, Caldon CE, Lorca T, Castro A,
Burgess A. Partial inhibition of Cdk1 in G 2 phase overrides
the SAC and decouples mitotic events. Cell Cycle. 2014;
13: 1400-12. doi: 10.4161/cc.28401.

34. Ai D, Chen C, Han S, Ganda A, Murphy AJ, Haeusler
R, Thorp E, Accili D, Horton JD, Tall AR. Regulation of
hepatic LDL receptors by mTORC1 and PCSK9 in mice. J
www.impactjournals.com/oncotarget

38112

Oncotarget

