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Abstract

Loss of either TSC1 or TSC2 causes tuberous sclerosis complex (TSC) via activation of mTOR signaling pathway. The two
prominent features of TSC are skin lesions including hypomelanic macules and benign tumors in multiple organs, whose
molecular alterations are largely unknown. We report here that X, cystine/glutamate antiporter (xCT) was elevated in
Tsc2™"~ or Pten™~ cells, Tscl knockout mouse tissues and TSC2-deficient human kidney tumor. xCT was transcriptionally
boosted by mTOR-mediated Octl signaling cascade. Augmented xCT led to reduction of eumelanin and elevation of
pheomelanin in Tsc! skin knockout mice through mTOR signaling pathway. Disruption of xCT suppressed the proliferation
and tumorigenesis of Pten-null cells and Tsc2-null cells. mTOR hyperactive cells were more sensitive to inhibitors of mMTOR
or XCT. Combined inhibition of mTOR and xCT synergistically blocked the propagation and oncogenesis of mTOR
hyperactive cells. Therefore, oncogenic mTOR activation of xCT is a key connection between aberrant melanin synthesis
and tumorigenesis. We suggest that xCT is a novel therapeutic target for TSC and other aberrant mTOR-related diseases.

Introduction

Mammalian/mechanistic target of rapamycin (mTOR) is a
serine/threonine protein kinase [1, 2]. Through the upstream
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membrane receptor tyrosine kinase (RTK)-PI3K/PTEN-
AKT-TSC1/2 signaling pathway, mTOR integrates nutri-
ents, growth factors and energy signalings to regulate var-
ious life processes, including protein synthesis, autophagy,
and metabolism [3-8]. Its physiological function is thereby
critical for cell growth, proliferation, differentiation, and
survival. Gain of function mutations in proto-oncogenes
such as RTKs, PI13K, or AKT, and loss of function muta-
tions in tumor suppressor genes such as PTEN and TSCI1/
TSC2 in the upstream of the mTOR pathway render this

signaling pathway as one of the most frequently
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dysregulated signaling cascades in human diseases, espe-
cially in cancers [9-15].

Hyperactive mTOR signaling due to loss of functional
mutations in either TSCI or TSC2 gene causes tuberous
sclerosis complex (TSC) [16, 17]. TSC is an autosomal
dominant genetic disorder associated with benign tumors in
multiple organs such as heart, brain, and kidneys [18-24].
As the foremost visible sign since birth in TSC patients,
hypopigmented macules can be found in more than 95%
TSC patients [25-31]. However, the mechanisms how
hypopigmented macules developed and tumor formed are
not well elucidated. Skin biopsy of the hypopigmented
macules from TSC patients suggests, compared with sur-
rounding normal skin, there is no difference in the number
of melanocytes [32, 33]. Therefore, we speculated that the
abnormal pigment metabolism might be the underlying
pathological mechanism. In mammals, pigment melanin can
be classified into two major groups: the brown-to-black
eumelanin and the yellow-to-reddish-brown pheomelanin
[34]. The color of hair, skin, and eyes in animals mainly
depends on the quantity, quality, and distribution of the
pigment melanin [35]. Slc7all gene encodes the plasma
membrane exchanger XxCT [36]. The xCT transporter brings
cystine into cells [37, 38]. Once inside a cell, cystine is
rapidly reduced to cysteine, which can enter pheomelanin,
glutathione, and protein biosynthetic pathways [38, 39], and
promote production of pheomelanin pigment [36], as well
as for the growth and survival of cancers [40, 41]. There-
fore, XCT acts in a permissive role in formation of hypo-
pigmented macules and tumor growth.

To explore the potential role of mTOR hyperactivation
in melanogenesis, we analyzed the status of melanin
synthesis in Tsc/~~ mouse skin. We then checked the
expression of XxCT in mTOR-activated cells and tissues
due to TSC2 or PTEN deficiency. Moreover, we eluci-
dated the mechanism of mTOR regulation of xCT
expression. Lastly, we tested the significance of xCT in
formation of hypopigmented macules and oncogenic
mTOR-mediated tumor development.

Materials and methods
Antibodies and reagents

The antibodies against phosphor-S6 S235/236 (rabbit, 2211s,
1:1000), phosphor-S6 S240/244 (rabbit, 5364, 1:1000), S6
(rabbit, 2217s, 1:1000), PTEN (rabbit, 9559s, 1:1000),
phosphor-S6K ™ (rabbit, 9234, 1:1000), S6K1 (rabbit, 2708,
1:1000), phosphor-AKTS*” (rabbit, 4060, 1:1000), AKT1
(rabbit, 4691, 1:1000), Raptor (rabbit, 2280s, 1:1000), and
Rictor (rabbit, 2140s, 1:1000) were from Cell Signaling
Technology (Danvers, MA, USA). Rabbit xCT antibody
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(NB300-318, 1:1000) was from Novus Biologicals (Littleton,
CO, USA). Octl (rabbit, Ab15112) antibody for Western blot
(1:1000) and ChIP (1:50) was from Abcam (Cambridge, MA,
USA). Rabbit IgG (sc-2027, 1:50), all of HRP-labeled sec-
ondary antibodies (1:4000), TSC2 (rabbit, sc-893, 1:1000),
and P-actin (mouse, sc-47778, 1:2000) antibodies were from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rapa-
mycin was obtained from North China Pharmaceutical Group
Corporation (Shijiazhuang, Hebei, China). Fetal bovine serum,
Dulbecco’s modified Eagle’s medium (DMEM), Lipofecta-
mine 2000, and 4-12% Bis—Tris NuPAGE gels were from
Invitrogen (Carlsbad, CA, USA). Xhol, Hpal, Notl, and Clal
were from Takara (Shiga, Japan). Reactive Oxygen Species
Assay Kit (S0033) and N-acetyl-L-cysteine (NAC) (S0077)
were from Beyotime Institute of Biotechnology (Shanghai,
China). Sulfasalazine (SASP) (S0883) and ferrostatin-1 (Ferr-
1) (SML0583) was from Sigma-Aldrich (St. Louise, MO,
USA). Z-VAD-FMK (S7023) and necrostatin-1 (Nec-1)
(S8037) were from Selleck (Houston, TX, USA).

Synthesis of pyrrole-2,3,5-tricarboxylic acid (PTCA)
and 4-amino-3-hydroxyphenylalanine (4-AHP)

PTCA and 4-AHP were synthesized as previously reported
[42], 1H NMR and 13C NMR spectra were recorded using
spectrometers (Bruker, MA, USA) at 300 or 400 MHz and
75 or 100 MHz. Chemical shifts (6) of the signals are
quoted in ppm, using residual solvent peaks as external
standard. All coupling constants J are listed with the
numbers of involved bonds in Hertz (Hz) SI. Synthesized
PTCA and 4-AHP were evidenced by 1H-NMR and 13C-
NMR, respectively. The PTCA’s spectra was shown below:
1H-NMR (300 MHz, DMSO-d6): 6 12.209(s, 1H,-COOH),
7.069(d, 4] =2.7Hz, 1H, arom H). 13C-NMR (75 MHz,
DMSO-d6): 6 166.3(COOH), 161.5(COOH), 160.9
(COOH), 130.5(arom C), 124.7(arom C), 119.6(arom C),
and 117.7(arom C). The 4-AHP’s spectra was shown below:
1H-NMR (400 MHz, D20): § 7.17-7.15(m, 1H, arom H),
6.79-6.72(m, 2H, arom H). 13C-NMR (100 MHz, D20): 6§
171.9(COOH), 151.1 (arom C), 137.4(arom C), 125.4(arom
O), 122.1(arom C), 118.0(arom C), 117.9(arom C), 54.6
(CH), 35.9(CH2).

Cell culture

Rat uterine leiomyoma-derived Tsc2-null ELT3 cells, WT,
Tsc2™’~ and Pten™~ mouse embryonic fibroblasts (MEF)
have been described previously [11, 43, 44]. MDA-MB-468
cell line was from American Type Culture Collection
(Manassas, VA, USA). All of these cells were cultured in
DMEM, supplemented with 10% fetal bovine serum and
1% penicillin/streptomycin, and maintained in 5% CO,
at 37 °C.
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Immunoblotting

Whole cells were lysed in buffer containing 10% gly-
cerol, 2% SDS, 10 mM Tris (pH 6.8), and 100 mM dithio-
threitol, boiled for 10min, and then wused for
immunoblotting [7].

Cell proliferation and viability analysis

A total of 2 x 10* ELT3 or Pten~ cells with shv or shxCT
were seeded in 12-well plates and the cell numbers were
then counted at day 1-3, respectively. Totally, 2 x 10* WT
or Tsc2”~ MEFs were seeded in 12-well plates and
treated with 10 nM rapamycin and/or 0.15 mM SASP for
48 h. A total of 2 x 10* Tsc2™"~ MEFs were seeded in 12-
well plates and treated with SASP in combination with
NAC, Ferr-1, Z-VAD-FMK, or Nec-1 for 48 h. Cell pro-
liferation and viability were determined by Beckman
Coulter Vi-Cell XR (Brea, CA, USA) using Trypan blue
exclusion staining.

siRNA knockdown for mouse Raptor and Rictor

Small interfering RNA oligonucleotides for Raptor, Rictor,
and negative control were synthesized by Shanghai Gene-
Pharma Company. Cells were seeded in 6-well plates and
transfected with siRNA using Lipofectamine 2000 for 48 h
following the manufacturer’s instructions. The target
sequences are listed below.

mouse Raptor: 5'-AAGGACAACGGTCACAAGTAC-3’

mouse Rictor: 5'-AAGCCCTACAGCCTTCATTTA-3’

Negative control: 5'-TTCTCCGAACGTGTCACGT-3’

XCT knockdown in Tsc2/~ and Pten/~ MEFs

shRNA was designed to target mouse xCT. The forward and
reverse primers were annealed and cloned into pLL3.7
vector through Xhol and Hpal sites. Viruses were collected
after 48 h and then filtered through a 0.45 mm filter for cell
infection. The target sequence is 5-GGGCATACTCCA-
GAACACG-3'.

Oct1 knockdown in Tsc2/~ MEFs

pGPU6/Hygro shRNA expression vector was inserted with
mouse Octl target sequences through BamHI and Bbsl.
The target sequence of mouse Octl is 5'-GCACAGGCA-
CACAAACCAATG-3’". An empty control vector and the
vector with Octl were transfected into Tsc2~/~ MEFs using
Lipofectamine 2000 following the manufacturer’s instruc-
tion. After 48h, cell lysates were harvested for
immunoblotting.

TSC2 ectopic expression in Tsc2-deficient ELT3 cells

Retroviruses were generated as reported previously [45].
Viruses were collected after 48 h and then filtered through a
0.45 mm filter for transduction of ELT3 Cells. The infected
cells were selected with 100 ug/mL hygromycin.

Reactive oxygen species (ROS) analysis by flow
cytometry

Cells were stained with 2’,7'-dichlorodihydrofluorescein dia-
cetate (DCFH-DA) according to the manufacturer’s instruc-
tions. Briefly, 8 x 10* Tsc2™/~ MEF cells were incubated with
0.15mM SASP or vehicle for 48 h. The cells were washed
twice with PBS, and then incubated with 10 uM DCFH-DA
for 20min at 37 °C. After washing with PBS, cells were
harvested and analyzed for the fluorescence of DCFH by flow
cytometry (BD Accuri™ C6, Franklin Lakes, NJ, USA).

Real-time quantitative PCR

Total RNA was extracted from cells using Trizol (Invitro-
gen) following the manufacturer’s instructions. RNA was
reversely transcribed using PrimeScript RT Reagent Kit
(Takara) in a total volume of 20-ul reaction. After 20-fold
dilution, 4 pl of cDNA was used in a 20-pl real-time poly-
merase chain reaction (RT-PCR) reaction. Amplification
was run for 40 cycles using TransStart Green quantitative
PCR (qPCR) SuperMix (TransGen Biotech, Beijing,
China). Oligonucleotide primers were synthesized to detect
xCT with B-actin as internal control. Exon junctions were
used to design primers to prevent coamplification of geno-
mic DNA. The sequences were as follows:

mouse p-Actin forward: 5'-AGAGGGAAATCGTGCGT
GAC-3’

mouse fB-Actin reverse: 5'-CAATAGTGATGACCTGG
CCGT-3'

mouse xCT forward: 5'-AAGTCTAATGGGGTTGCC
CT-3’

mouse XCT reverse: 5'-TGATAGCCATGGAGATGC
AG-3’

rat f-Actin forward: 5'-GCCAACCGTGAAAAGA-3’

rat f-Actin reverse: 5'-GGCATACAGGGACAACA-3’

rat XCT forward: 5'-TCACGGGCACATAGGA-3’

rat XCT reverse: 5'-GCATAATGAGTAACTGGGTCT-3’
human B-Actin forward: 5'-ATCGTCCACCGCAAAT
GCTTCTA-3’
human B-Actin reverse: 5'-AGCCATGCCAATCTCAT
CTTGTT-3’
human xCT forward: 5'-GGTGGTGTGTTTGCTGTC-3’
human xCT reverse: 5'-GCTGGTAGAGGAGTGTGC-3’

SPRINGER NATURE



2018

C. Li et al.

Chromatin immunoprecipitation

WT or Tsc2”~ MEFs were seeded on 15-cm plates until
they reached 90% confluence. One day later, cells were
treated with or without rapamycin (10 nM) for 24 h. Then
the cells were fixed with 1% formaldehyde (final con-
centration) for 10 min. The cross-linking was stopped with
0.125M glycine (final concentration). The cells were
washed with cold PBS three times and then the cells were
lyzed with 1 mL lysis buffer [1% SDS, 10 mM EDTA, 50
mM Tris*HCI1 (pH 8.1), and a protease inhibitor mixture;
Roche]. Cell lysates were sonicated to shear the DNA under
conditions established to ensure that the DNA fragments
were 500 and 1000 bp. The sonicated samples were cen-
trifuged and the supernatants were diluted in chromatin
immunoprecipitation (ChIP) dilution buffer [0.01% SDS,
1.1% Triton X-100, 1.2mM EDTA, 167 mM NaCl, and
16.7mM Tris*HCI1 (pH 8.1)]. The supernatants were pre-
cleared with 60 uL Protein G agarose/ChIP Blocked (Mil-
lipore) for 5h at 4°C. After pelleting agarose with
centrifugation, 100 pL of each sample was removed as total
input, and the rest was then immunoprecipitated with
polyclonal anti-Octl antibody or rabbit control IgG over-
night at 4 °C on a rotating wheel. The immunocomplexes
were mixed with 40 uL Protein G agarose/ChIP blocked for
1h with rotation at 4 °C. The agarose beads with immu-
nocomplexes were washed in order once with ChIP low-salt
wash buffer [0.1% SDS, 1% Triton X-100, 2 mM EDTA,
20 mM Tris*HCI (pH 8.1), and 150 mM NacCl], ChIP high-
salt wash buffer [0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20mM TriseHC1 (pH 8.1), and 500 mM NacCl],
ChIP LiCl buffer [0.25M LiCl, 1% Nonidet P-40, 1%
deoxycholate acid, ] mM EDTA and 10 mM TrissHC1 (pH
8.1)], and twice with TE buffer [10 mM Tris (pH 8.0) and 1
mM EDTA]. The immunocomplexes were extracted twice
with the elution buffer (1% SDS and 0.1 M NaHCOs5). The
protein—-DNA cross-linking was reversed by adding 0.2 M
NaCl (final concentration) and incubated at 65 °C overnight.
DNA was purified by two rounds of phenol-chloroform
extraction and then precipitated with ethanol. DNA
were resuspended in 40 uL. of ddH,O and amplified by
RT-PCR.

gPCR analysis of ChIP DNA

The Octl binding regions were predicted with the computer
software Genomatix. The xCT primer was designed within
the predicted binding region (PBR) using the computer
software Primer Premier 6 (Primer Biosoft International).
The no-binding region (NBR) was designed at chromosome
9 as the negative control. Amplification was run for 40
cycles using TransStart Green quantitative PCR SuperMix
(TransGen Biotech). Each PCR was performed in triplicate.
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The analysis of the data was described previously [8]. The
primers were as follows:
PBR forward: 5'-CCGAGGAGCAAGAGGAGTAAT-3’
PBR reverse: 5'-GCAGTGTCACACCAGAGGA-3’
NBR forward: 5'-GGAACTTTCGTGCGTCTTG-3’
NBR reverse: 5'-GCTCACCTCTCCTGATTACTAC-3’

Human kidney tumor assessment

The kidney tumor and adjacent normal kidney samples
were obtained from the Department of Urology, Peking
Union Medical College Hospital. Partial nephrectomy was
performed on the right kidney of a 16-year-old female
TSC patient with a frameshift mutation of TSC2
(g.10059delC, p.S132SfsX50). Samples were freshly
obtained from a resected angioleiomyolipoma for immu-
noblotting. All the procedures were performed under the
permission of the Peking Union Medical College Hospital
Ethics Board.

Characterization of Tsc1 pituitary knockout mice

To generate mice with Tscl pituitary knockout mice
(Ghrhr-cre; TscI“P*P) we bred Tscl“F (12984/
SvJae) mice with Tg ((Ghrhr-cre)3242Lsk/J) (FVB) mice
(Jackson Laboratory, Bar Harbor, ME, USA) [46]. Mice
were maintained in the mixed (129S4/SvJae; FVB) genetic
background. Beginning at the age of 12 months, Ghrhr-cre;
TscI*PLP mice and their wild-type siblings were given
either 2 mg/kg rapamycin or vehicle i.p. 3 times per week
for 3 months. Tissues were frozen in liquid nitrogen and
stored at —80 °C for immunoblotting later on. The animal
protocol was approved by the Animal Center of the Institute
of Basic Medical Sciences, Chinese Academy of Medical
Sciences (CAMS) and Peking Union Medical College
(PUMC), and was compliant with the regulation of Beijing
Administration Office of Laboratory Animal on the care of
experimental animals.

Generation of Tsc1 skin knockout mice

Mice bearing the KRTI4-cre allele (B6. STOCK Tg
(KRT14-cre)lAmc/NJU) were obtained from Jackson
Laboratories. These mice were crossmated with Tsc]=XFLoxP
(129S4/SvJae) mice [10]. The offsprings were then crossed
back with TscI"*P%F mjce, getting the Tsc/ skin knockout
mice (TscI-sKO).

SASP and rapamycin treatment of Tsc1 skin
knockout mice

Four-week-old Tscl skin knockout mice were treated with
350 mg/kg SASP freshly diluted in 15% DMSO via i.p.
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Fig. 1 Loss of Tsc/ promotes mTOR activation and cell proliferation
and compromises melanin metabolism. a Eleven-week-old mice (left)
and their furs (right). b The skins of 5 to 10-week control and T'sci-
sKO mice were stained with hematoxylin-eosin, anti-pS6 (S240/244),

injection 3 times per week for 4 weeks. Seven-week-old
Tscl skin knockout mice were treated with 1 mg/kg rapa-
mycin diluted in 0.25% PEG plus 0.25% Tween-80 via i.p.
injection 3 times per week for 4 weeks. Skins were har-
vested for histology study and measurement of eumelanin
and pheomelanin.
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and ki-67 antibodies. (Scale bars: 50 um). ¢ The concentration of
eumelanin (left) and pheomelanin (right) of 15-month mouse skin was
measured by HPLC. n =7

Histology study
Skin tissues of WT and Tscl-sKO, and skin tissues from
Tsc1-sKO mice treated with SASP or rapamycin were fixed

in 10% formaldehyde and embedded in paraffin. Skin sec-
tions were stained with H&E following the standard
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protocols. Immunohistochemistry for detection of
phosphor-S6 (S240/244) and ki-67 (EPITOMICS, Burlin-
game, CA, USA) was performed according to standard
protocol.

Measurement of eumelanin (PTCA) and
pheomelanin (4-AHP)

Skin tissue was flushed with normal saline, blotted dried,
and weighed. One hundred milligrams of the tissues were
homogenized in 0.2 mL of lysis buffer (100 mM Tris-HCI
pH 7.6, 500 mM LiCl, 10 mM EDTA, 5 mM DTT, 1% SDS)
and then incubated in a water bath at 37 °C for 6 h. After-
wards, homogenate was centrifuged at 12000 rpm for 5 min
and the supernatant was collected and stored at —80 °C
for Eumelanin (PTCA) and Pheomelanin (4-AHP) assay
(Figure S1). For PTCA assay, H,O, oxidation was perfor-
med as described previously [47]. Briefly, resulted residues
were dissolved with 100 ul mobile phase and filtered through
a nylon membrane (13 mm, 0.22 M, Jinlong, Shanghai,
China) before 10 pl sample was analyzed by an Agilent 1260
infinity LC system (Santa Clara, CA, USA). For 4-AHP
assay, hydriodic acid reduction of tissue samples was per-
formed as previously reported [48]. The dried samples were
reconstituted in an acetonitrile: water mixture (1:9, 200 pl)
and filtered through a nylon membrane before 10 ul sample
was analyzed by an Agilent 1260 infinity LC system. The
typical chromatogram of PTCA and 4-AHP was shown in
Table S1 and Figure S2.

Tumorigenesis and combination treatment of SASP
and rapamycin

Subcutaneous tumors were established as described pre-
viously [7, 8, 43]. Immunodeficient nude mice (strain
BALB/c, 6-8 weeks old) were obtained from the Institute of
Laboratory Animal Sciences, CAMS and PUMC. Eight
female mice were used in each cohort. Tumor growth and
mouse survival were assessed after s.c. inoculation of 1 x
10° Pten™~ MEFs or ELT3 cells with shRNA vector or
shxCT in 100l DMEM into the right posterior flank
region.

For combination treatment of the xenografting tumor,
1 x 10° ELT3 cells were subcutaneously inoculated into 28
female nude mice, tumors were allowed to grow for 2 weeks
until the tumor volumes reached 60—100 mm?>. The animals
were randomly divided into four different groups for single
treatment or combination treatment with seven mice per
group. The freshly made SASP diluted in PBS and rapa-
mycin (4 mg/mL stock in ethanol) diluted in 0.25% PEG
plus 0.25% Tween-80 were injected i.p. 3 times per week at
350 mg/kg and 0.02 mg/kg, respectively. Tumor growth
was measured and normalized to the initial tumor volumes.
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Statistical analysis

Mouse tumor development and mouse survival were ana-
lyzed by using the Kaplan—-Meier log-rank test with
GraphPad Prism software. Other data were analyzed with ¢
test. When P value <0.05, differences were considered
significant.

Results

Hyperactivated mTOR promotes mouse skin cell
proliferation and compromises melanin metabolism

TSC is featured with lesions in multiple organs, including
hypopigmented macules [30]. To test the hypothesis that
hyperactive mTOR was responsible for hypopigmented
macules in the skin of TSC patients, we first generated skin-
specific Tscl conditional knockout mice by using Cre-LoxP
system. Mice bearing KRTI4-cre allele were bred with
Tsc1“P*P mice. The offsprings were then back-crossed
with TscI"PLoP mice, getting the Tsc/ skin knockout
mice (Tscl-sKO). Lighter color of fur (Fig. la), thicker
epidermis, and stronger staining of phosphor-S6 (a bio-
marker of mTOR activation) and ki-67 (Fig. 1b) in the skin
were found in Tsc/-sKO mice, in comparison with WT
mice. Less eumelanin and more pheomelanin (Fig. 1c) were
in the skin of Tsc/-sKO mice than in that of WT mice.
Therefore, loss of Tscl activates mTOR, promotes cell
proliferation and disrupts melanin metabolism.

mTOR is a positive regulator of xCT expression

To identify the mechanism of how activation of mTOR
enhances pheomelanin production and inhibits eumelanin
synthesis, we profiled differential gene expression between
Tsc2™/~ and WT MEFs. We found that xCT mRNA was
increased and sensitized to mTOR inhibitor rapamycin in
Tsc2~'~ MEFs (Table 1). xCT is a plasma membrane amino
acid antiporter and is critical for melanin synthesis [36]. The
increased expression of xCT mRNA and protein in Tsc2 ™~
or Pten”~ MEFs was reversed by rapamycin (Fig. 2a, b).
Ectopic expression of human TSC2 reduced xCT mRNA
and protein in rat uterine leiomyoma-derived Tsc2-null

Table 1 xCT mRNA is increased in TSC2-null cells

Gene  Tsc2™~ vs. WT Tsc2™~ R vs. Tsc2™/~
Fold change  Description  Fold change = Description
xCT 7.90264 Up —13.9908 Down

The mRNA abundance of xCT in WT, Tsc2™~ MEFs, and Tsc2™/~
MEFs treated with rapamycin (R) was measured using Affymetrix
mouse genome 430 2.0 array
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rapamycin for 24 h. e Kidney tumor tissue (T) and adjacent normal

WT

Tsc1-sKO

ELT3 cell line (Fig. 2c). Rapamycin also decreased xCT
mRNA and protein in ELT3 cell line and human breast
cancer cell line MDA-MB 468 (Fig. 2d). xCT and mTOR
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tissue (N) from a TSC patient were immunoblotted. f Immunoblotting
of the pituitary glands of control and Ghrhr-Cre; TscI**L*F mice
treated with or without rapamycin (R). g Immunofluorescence staining
for XCT (red) in WT and Tsc/-sKO mouse skins. Nuclei were stained
with DAPI (blue). (Scale bars: 50 um). Pten™~ MEFs were transfected
with small interfering RNA against Raptor (h) or Rictor (i) for 48 h
and then harvested for immunoblotting

effector phosphor-S6 were much higher in human kidney
angiomyolipoma tissue caused by TSC2 mutation, com-
pared with the adjacent kidney tissue (Fig. 2e). Tscl
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Fig. 3 mTORCI1 stimulates xCT expression through induction of Octl.
a Schematic representation of the promoter of mouse Sic7all gene. E1
and E2, Sic7all exon 1 and 2; dark rectangle, predicted Octl binding
region; PBR, predicted binding region; NBR, nonspecific binding
region; two-way arrows, fragments amplified in ChIP real-time PCR
analysis. The transcription start site is indicated by an arrow above the
gene. b Tsc2~/~ MEFs treated with or without 10 nM rapamycin (R)
for 24 h. Octl antibody-precipitated DNA was PCR amplified for
regions indicated in A. NBR was negative control region in

pituitary knockout mice (Ghrhr-Cre; TscI™ %P were
generated by crossing Ghrhr-Cre mice with Tscl™XPLoxP
mice [46]. Loss of Tscl in pituitary potentiated mTOR
signaling and xCT expression (Fig. 2f). Rapamycin treat-
ment of Tscl pituitary knockout mice abolished both
phosphor-S6 and xCT (Fig. 2f). In skin-specific Tscl con-
ditional knockout mice, XCT expression was higher than
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f Tsc2”
shv shOct1

Oct1

xCT

Actin

Chromosome 9. The data are plotted as the ratio of immunoprecipi-
tated DNA subtracting nonspecific binding to IgG vs. total input DNA.
Representative data from two independent experiments are shown.
Data represent mean+SEM of replicate real-time PCR. *P <0.05.
Immunoblotting analysis for WT and Tsc2™~ (c), or Pten™~ (d) MEFs
treated with or without 10 nM rapamycin (R) for 24 h. e Immuno-
blotting of ELT3 cell line and its human TSC2 revertant. f Tsc2 ™/~
MEFs were transfected with shOct/ or scramble shRNA (shv) in
GPU6/Hygro vector and then subjected to immunoblotting

that in control mice (Fig. 2g). These data suggest that
mTOR stimulates xCT expression.

mTOR exists in two multiprotein complexes, rapamycin-
sensitive mMTORC1 and rapamycin-insensitive mTORC2 [49].
To dissect which mTOR complex is responsible for the
overexpression of xCT, we knocked down raptor and
rictor, respectively, in Pten’~ MEFs. xCT decreased in
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raptor depleting cells but not in rictor depleting cells
(Fig. 2h, i). Therefore, xCT expression is activated by
mTORCI.

mTORC1 stimulates xCT expression through
induction of Oct1

Since mTOR activation of xCT expression is likely at
transcriptional level, we checked the potential binding sites
in the promoter region of mouse Slc7all gene that encodes
XCT. As a member of the POU transcription factor family,
Octl controls the expression of multiple genes by directly
binding to a conserved sequence (ATGCWAAT, W can be
A or T) in these genes. A potential binding site for Octl was
identified by the computer software program Genomatix
(Fig. 3a). Real-time PCR analysis of ChIP DNA revealed
that the binding of Octl to a DNA region immediately
upstream of exon 1 of Slc7all gene was significantly
higher in Tsc2~~ MEFs than in WT cells. The interaction
between Octl and Sic7all promoter was disrupted by
rapamycin treatment (Fig. 3b). Since Octl was a tran-
scriptional activator of Slc7all gene, we predicted that
Octl was a link between mTORCI1 activation and xCT
expression. Octl was indeed increased at mRNA and pro-
tein levels in the cells with mTOR hyperactivation due to
either Tsc2 or Pten deficiency, and were reduced after
rapamycin treatment (Fig. 3c, d). Restoration of 7SC2 led to
reduction of Octl expression in ELT3 cell line (Fig. 3e). In
addition, knockdown of Octl dramatically reduced xCT
expression in Tsc2~/~ MEFs (Fig. 3f), indicating that
mTORCTI activates xCT expression through upregulation of
Octl expression.

Suppression of mTOR-xCT cascade normalizes
melanin metabolism of Tsc1 knockout mouse skin

To check whether aberrant activation of mTOR-xCT sig-
naling cascade is responsible for hypopigmentation of Tscl
deficient mouse skin, we treated Tscl/-sKO mice with
mTOR inhibitor rapamycin or XCT inhibitor SASP. Either
rapamycin or SASP increased eumelanin concentration
(Fig. 4a) and reduced pheomelanin abundance (Fig. 4b) of
Tscl-sKO mice. However, fur color of Tscl/-sKO mice
treated with either rapamycin (Figure S3A) or SASP (Fig-
ure S3B) was not obviously different from that of Tsc/-sKO
mice treated with solvent. Lighter staining of pS6 and ki-67
in skin were found in rapamycin treated Tsc/-sKO mice
(Figure S3C), but not in SASP treated T'sc/-sKO mice
(Figure S3D).

Inhibition of mTOR-xCT signaling cascade induces
ferroptosis and suppresses tumorigenesis

To examine the role of mTOR upregulation of XxCT in loss
of TSC1/2 complex- or PTEN-induced tumorigenesis, we
stably knocked down xCT in ELT3 and Pfen’~ MEFs.
Depletion of xCT significantly reduced cell proliferation
in vitro (Fig. 5a, b), attenuated subcutaneous tumor for-
mation of ELT3 and Pren™~ MEFs in nude mice and
extended the survival of tumor-bearing mice (Fig. 5c, d). To
test the efficacy of targeting xCT for therapeutic interven-
tion of cell proliferation and tumorigenesis, we treated WT
and Tsc2~~ MEFs with SASP. Tsc2™~ MEFs were more
sensitive to SASP treatment than WT MEFs (Fig. 6a). xCT
inhibition causes a ROS-dependent cell death -called
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ferroptosis [50]. We found that xCT inhibition by SASP
increased ROS in Tsc2™~ MEFs (Fig. 6b). Furthermore,
antioxidant agent NAC and ferroptosis inhibitor Ferr-1
alleviated the cell death caused by SASP (Fig. 6¢c, d). In
contrast, neither apoptosis inhibitor Z-VAD-FMK (Fig. 6e)
nor necrosis inhibitor Nec-1 (Fig. 6f) relieved SASP-
mediated cell death. Tsc2™”~ MEFs were also more sensi-
tive to rapamycin treatment than WT MEFs (Fig. 7a).
Combination of rapamycin and SASP exerted synergistic
suppression on proliferation of Tsc2™/~ MEFs (Fig. 7b).
These in vitro findings prompted us to test the efficacy of
this combinatory strategy in vivo. A tumor model was
established by subcutaneous injection of ELT3 cells into
nude mice. Peritoneal injection of rapamycin or SASP
compromised tumor development. Combined rapamycin
and SASP treatment achieved greater suppression of tumor
formation than single drug application (Fig. 7c). These data

SPRINGER NATURE

suggest that the proliferation of these mTOR-activated cells
is dependent on mTOR/xXCT axis, and mTOR-xCT signal-
ing cascade plays an important role in melanin synthesis.
These features could therefore be explored for the treatment
of tumors and melanin synthesis disorder caused by
deregulated mTOR signaling.

Discussion

mTOR signaling pathway plays an important role in reg-
ulation of cell growth and proliferation [51]. In this study,
we found that xCT was over-expressed in mTOR sup-
pressor Tsc2 or Pten knockout cells, as well as Tscl or
Tsc2-deficient tissues. Augmented mTOR-xCT axis dis-
rupted melanin synthesis and potentiated oncogenesis
(Fig. 7d).
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Fig. 6 xCT inhibition causes ferroptosis. a WT and Tsc2~"~ MEF cells
were treated with SASP for 48 h at the indicated concentration in
triplicate. Cell viability was determined by counting viable cell num-
bers. b Tsc2™~ MEF cells were treated with SASP or its solvent
DMSO. ROS levels were detected with DCFH-DA and flow cyto-
metry. Ctrl: no treatment control; H,O,: positive control. Cell counting

Although xCT is highly expressed in some cancers [41,
52, 53], its regulatory mechanism is largely unknown. We
observed that XCT expression was augmented in Tsc2 ™,
Tsc2™'~ or Pten™ cells and tissues, and sensitive to rapa-
mycin treatment. Expression of xCT is stimulated by
mTORCI1 but not by mTORC2. mTOR stimulated Octl
expression and the enhanced Octl then transactivated the
expression of xCT via directly binding to the promoter of
Slc7all gene. Since mTOR is probably the most frequent
activated signaling pathway in cancer, mTOR-mediated
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of Tsc2™/~ MEF cells treated with 0.15mM SASP combined with
5 mM NAC (c¢) or 2 uM Ferr-1 (d) for 48 h. Cell counting of Tsc2™/~
MEEF cells treated with 0.5 mM SASP combined with 2 uM Z-VAD-
FMK (e) or 5puM Nec-1 (f) for 48 h. *P <0.05, **P<0.01, ***P<
0.001. Data are presented as means + SEM

xCT expression through induction of Octl may be
responsible for the xCT overexpression observed in many
cancers.

Previous studies have shown that xCT is critical in the
development of glioma and pancreatic cancer [52, 53]. Our
data demonstrate that depletion of xCT suppresses cell
proliferation and tumorigenesis induced by TSC2 or PTEN
deficiency. xCT is a plasma membrane antiporter, which
moves cystine into cells in exchange for glutamate [37, 38].
The amino acid transport function of XxCT may play an
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Fig. 7 Inhibition of mTOR and xCT suppresses cell proliferation and
tumorigenesis. a WT and Tsc2™~ MEF cells were treated with rapa-
mycin (Rapa) for 48 h at the indicated concentration in triplicate. Cell
viability was determined by counting viable cells. *P <0.05, **P <
0.01. Data are presented as means = SEM. b Tsc2~~ MEF cells were
treated in triplicate with 0.5 nM rapamycin (Rapa), 0.15 mM SASP or
0.5 nM rapamycin, and 0.15 mM SASP for 48 h. Cell viability was

important role in tumor development. Cysteine is a non-
essential amino acid as it can be synthesized by liver [54].
Some cancers including leukemia and lymphoma cannot
synthesize cysteine [40, 41], due to lack of cystathionase
[55], which is needed in the final step of cysteine synthesis.
Thus, some tumors may rely on cystine/cysteine from
microenvironment for survival. When transported into cells
by xCT, cystine is rapidly reduced to cysteine as metabolic
intermediates to maintain the survival and growth of the
tumor. Therefore, mTOR signaling pathway may promote
tumor development through xCT-mediated alteration of
amino acid metabolism.

Being an inhibitor of xCT, SASP has been widely used
in the treatment of chronic inflammatory diseases such as
rheumatoid arthritis, ulcerative colitis, and Crohn’s disease.
SASP has also been used in the treatment of lymphoma and
breast cancer [56, 57]. In this study, SASP inhibited cell
proliferation and tumor formation of Tsc2-deficient cells,
likely through induction of ferroptosis. Inhibition of xCT is
thus a potential novel strategy for the treatment of TSC and

SPRINGER NATURE

o

1.5 1

*k

1.0 1

0.5

Relative cell numbers

0.0 -
Rapa
SASP - - +

]
+
]

+

d

Receptor tyrosine kinase

il
pIP2 =K, pip3—» AKT— TSC1/TSC2
PTEN

Rheb-GlTP <+<— Rheb-GDP

mTOR

v
OCT1
Y

xCT

VRN
Cell proliferation Pheomelanin

v
Hypopigmented
Macules

Tumorigenesis

checked by counting viable cells. Combination index < 1; **P <0.01.
Data are presented as means = SEM. ¢ Nude mice bearing s.c. tumor of
ELT3 cells were treated with rapamycin, SASP or the combination of
SASP and rapamycin. The relative tumor sizes were plotted and the
data represent mean+ SEM. n=6-7. *P<0.05. d Schematic illus-
tration of mTOR-Oct1-xCT signaling cascade control cell proliferation
and melanin metabolism

other tumors induced by oncogenic mTOR. The old drug,
SASP, may be repurposed for the treatment of hyperactive
mTOR-mediated diseases, such as TSC. mTOR not only
regulates xCT but also modulates other effectors. Besides
mTOR, XxCT may be modulated by other regulators.
Therefore, combination treatment of rapamycin and SASP
exerted a synergistic suppression of tumor development.
As a first visible sign of TSC, hypopigmented macules
might be caused by abnormal melanogenesis. A recent
study shows that mTOR disruption of melanogenesis
through AKT/GSK3p/p-catenin/MITF axis [58]. Hypopig-
mented macules are alleviated in TSC patients treated with
mTOR inhibitors [59, 60]. In mammals, the pigment mel-
anin can be classified as eumelanin and pheomelanin. xCT
is a major regulator of melanin synthesis. After transported
into the cells by xCT, cystine is rapidly reduced to cysteine
[38]. Cysteine switches eumelanin synthesis to pheomelanin
production by conjugating with dopaquinone to become
intermediates of pheomelanin [61, 62]. We present here that
the color of fur in Tsc/-sKO mice is lighter than that of
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control mice. Hyperactive mTOR enhances pheomelanin
production and inhibits eumelanin synthesis in the skin of
Tsc1-sKO mice. mTOR and xCT inhibitors reverse eume-
lanin synthesis. mTOR upregulation of xCT alters melanin
synthesis in mice and thus may cause hypopigmented
macules in patients. Notably, hypopigmented macules are
by nature not tumors. As xCT promotes tumorigenesis and
alters melanin synthesis, the relationship between tumor-
igenesis and hypopigmented macules in TSC patients are to
be studied. The aberrant mTOR-Oct1-xCT signaling path-
way nevertheless contributes to hypopigmented macules
and tumors with abnormally differentiated cells in TSC.

In conclusion, mTOR stimulates Octl transactivation of
XCT. mTOR-Octl-xCT signaling cascade is essential for
cell proliferation, tumor growth and pheomelanin produc-
tion. The components in this cascade may be targeted for
the treatment of tumor and other lesions caused by abnor-
mal mTOR signaling propagation. Since SASP is an
existing old drug, this XxCT inhibitor may be readily tested
for its efficacy for the treatment of TSC and other related
diseases.
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