Journal of Proteomics 283-284 (2023) 104928

Contents lists available at ScienceDirect "~ JOURNAL OF
PROTEOMICS

Journal of Proteomics

ELSEVIER journal homepage: www.elsevier.com/locate/jprot

Check for

Proteomic analysis of murine Tsc1-deficient neural stem progenitor cells e

Elisabetta Chiaradia®’, Ingrid Miller ®%1 " Giovanni Renzone ¢, Alessia Tognoloni?,
Alice Polchi, Federico De Marco ¢, Brunella Tancini ", Andrea Scaloni ¢, Alessandro Maginif

2 Biochemistry and Proteomics Laboratory, Department of Veterinary Medicine, University of Perugia, Perugia, Italy
Y Institute of Medical Biochemistry, University of Veterinary Medicine Vienna, Vienna, Austria

¢ Proteomics, Metabolomics & Mass Spectrometry Laboratory, ISPAAM, National Research Council, Portici, Italy

4 Department of Chemistry, Biology and Biotechnology, University of Perugia, Perugia, Italy

€ Research and Advanced Technologies Department, IRCCS Regina Elena National Cancer Institute, Rome, Italy

f Associazione Sclerosi Tuberosa, O.N.L.U.S., Rome, Italy

ARTICLE INFO ABSTRACT

Keywords: Tuberous sclerosis complex (TSC) is a rare, multisystem genetic disorder that leads to the development of benign
Tuberous sclerosis complex tumors in multiple organs and neurological symptoms. TSC clinical manifestations show a great heterogenicity,
Proteomics

with most patients presenting severe neuropsychiatric and neurological disorders. TSC is caused by loss-of-
function mutations in either TSCI or TSC2 genes, leading to overexpression of the mechanistic target of rapa-
mycin (mTOR) and, consequently, abnormal cellular growth, proliferation and differentiation as well as to cell
migration defects. Beside the growing interest, TSC remains a disorder poorly understood, with limited per-
spectives in the field of therapeutic strategies. Here we used murine postnatal subventricular zone (SVZ) neural
stem progenitor cells (NSPCs) deficient of TscI gene as a TSC model to unravel novel molecular aspects of the
pathophysiology of this disease. 2D-DIGE-based proteomic analysis detected 55 differently represented spots in
Tsc1-deficient cells, compared to wild-type counterparts, which were associated with 36 protein entries after
corresponding trypsinolysis and nanoLC-ESI-Q-Orbitrap-MS/MS analysis. Proteomic results were validated using
various experimental approaches. Bioinformatics associated differently represented proteins with oxidative stress
and redox pathways, methylglyoxal biosynthesis, myelin sheath, protein S-nitrosylation and carbohydrate
metabolism. Because most of these cellular pathways have already been linked to TSC features, these results were
useful to clarify some molecular aspects of TSC etiopathogenesis and suggested novel promising therapeutic
protein targets.

Significance: Tuberous Sclerosis Complex (TSC) is a multisystemic disorder caused by inactivating mutations of
TSC1 or TSC2 genes, which induce overactivation of the mTOR component. The molecular mechanisms un-
derlying the pathogenesis of TSC remain unclear, probably due to complexity of mTOR signaling network. To
have a picture of protein abundance changes occurring in TSC disorder, murine postnatal subventricular zone
(SVZ) neural stem progenitor cells (NSPCs) deficient of Tsc1 gene were used as a model of disease. Thus, Tsc1-
deficient SVZ NSPCs and wild-type cells were comparatively evaluated by proteomics. This analysis evidenced
changes in the abundance of proteins involved in oxidative/nitrosative stress, cytoskeleton remodelling,
neurotransmission, neurogenesis and carbohydrate metabolism. These proteins might clarify novel molecular
aspects of TSC etiopathogenesis and constitute putative molecular targets for novel therapeutic management of
TSC-related disorders.
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Abbreviations: AGEs, advanced glycation end-products; ALDO, fructose-bisphosphate aldolase; CA, carbonic anhydrase; FABP7, fatty acid-binding protein, brain;
FC, fold change; GFAP, glial fibrillary acidic protein; GLO1, glyoxalasel; hnRNPL, heterogeneous nuclear ribonucleoprotein L; MG, methylglyoxal; mTOR, mech-
anistic target of rapamycin; mTORC1, mTOR complex 1; NME1, nucleoside diphosphate kinase A; NSPCs, neural stem progenitor cells; SEGAs, subependymal giant
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1. Introduction

Tuberous sclerosis complex (TSC) is a rare, multisystem autosomal
dominant disorder that causes the development of benign tumors in the
brain and other organs, as well as various neurological symptoms. In
most cases, TSC is caused by loss-of-function mutations in either TSC1or
TSC2 genes encoding for hamartin and tuberin, respectively; additional
cases (about 10% of total) not related to mutations in TSCI or TSC2
genes were also identified [1]. Mutations in TSCI or TSC2 genes lead to
the hyperactivation of the mechanistic target of rapamycin (mTOR)
[2-5], which is a Ser/Thr protein kinase related to the PI3K-protein
kinase family, having a central role in regulating cell growth and
metabolism in response to physiological conditions and environmental
cues [6-8]. It is also involved in various cellular processes that directly
impact differentiation and migration of neuronal cells in the central
nervous system (CNS) [9].

TSC is characterized by a wide spectrum of clinical manifestations. In
general, most TSC patients present severe neuropsychiatric and neuro-
logical disorders including epilepsy, developmental delay and autism.
Moreover, mTOR hyperfunction results in the development of benign
tumors, known as hamartomas, in multiple organs, including brain,
kidneys, skin, lung and heart [10,11]. TSC brain lesions mainly consist
in cortical tubers, subependymal nodules (SENs) and subependymal
giant cell astrocytomas (SEGAs). Cortical tubers are characterized by
dysplastic neurons, multinucleated giant cells and loss of normal cortical
lamination that result from abnormalities during the development of the
cerebral cortex [12]. SENs are asymptomatic lesions that line the lateral
and third ventricles, and contain enlarged neurons, glia and giant cells
[10]. In some cases, SENs can evolve into SEGAs, which are larger le-
sions expressing both neuronal and astrocytes markers [13]. Even if
SEGAs are benign astrocytomas, they can block cerebrospinal fluid
drainage at the foramen of Monro causing obstructive hydrocephalus
and death [14]. Studies on TSC animal models have shown that neural
progenitor cells are the source of brain lesions, which result from ab-
normalities on cell proliferation, differentiation and migration during
neurogenesis [15-18]. Severe impairments in neuronal differentiation
and development as well as increased production of astro-glial cells have
also been observed in human neural models of TSC [19]. In agreement
with neurodevelopmental alterations associated with TSC, many studies
support a role of altered mTOR function in the impaired regulation of
various processes of neurogenesis and brain development/activity
[5,20]. It has been widely proven that mTORC1 hyperactivation causes
profound changes in the neuronal differentiation processes, leading to
reduced self-renewal of neural stem cells and premature differentiation
versus the astrocyte lineage, precluding neuronal and oligodendroglial
cell maturation [17,21]. Noteworthy, break of oligodendrocyte matu-
ration results in hypomyelination, which is another peculiar neurolog-
ical manifestation of TSC. mTOR signaling pathways also play a critical
role in proper neuron migration, supporting the defect in migration
observed in both TSC mouse models and patients [16,18,22,23]. In
particular, hyperactivation of mTORC1 in neural stem progenitor cells
(NSPCs) of postnatal subventricular zone (SVZ) halted neuronal migra-
tion to the olfactory bulb and resulted in abnormal neuron morphology
and circuit formation [16,24].

Consistent with the central role of mTOR hyperactivation in disease
onset, pharmacological treatments of TSC are mainly focused on the use
of mTOR inhibitors, such as everolimus or sirolimus [25]. Recently, the
promising results obtained by using a GABA transaminase inhibitor [11]
and cannabidiol [26] for the treatment of some TSC-related disorders
have highlighted the need of novel therapeutic strategies to cure the
different pathological manifestations of this disease.

Because of the high complexity of mTOR signaling network and the
numerous cellular processes involved, the molecular mechanisms un-
derlying the pathophysiology of TSC are still not fully understood. In the
last years, proteomic studies have been contributing to elucidate some
molecular aspects of CNS lesions and neurological manifestations of
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TSC. In particular, preliminary proteomic characterizations of some
different brain areas of human patients with TSCI1 mutations [27] and of
Tscl-knockout mice have been performed [28,29]. Although the
promising results evidenced protein alterations and cellular pathway
dysregulation linked to TSC clinical manifestations, further studies are
needed to define the effects of mTOR hyperactivation and their impli-
cations in the disease onset.

In this study, we have performed an original proteomic analysis of a
TSC-related cellular model using murine postnatal TscI-deficient SVZ
NSPCs. These cells well recapitulate the main features of TSC neural
stem cells including mTORC1 activation, the formation of abnormally
enlarged astrocytes-like cells and reduced migration ability [3]. There-
fore, this cellular model can be considered suitable to carry out a study
aimed to characterize TSC neural stem cells at the proteomic level.
Changes in the protein abundance due to the hyperactivated mTOR
signaling have been evidenced. Furthermore, functional enrichment and
network analyses evidenced the cellular processes and molecular path-
ways that could be involved in TSC disease.

2. Materials and methods
2.1. Murine Tsc1*® cell line generation and analysis

The TSC cell model was obtained as reported by Magini and co-
workers [3]. Briefly, TscI-deficient NSPCs (Tsclk°) were obtained from
NSPCs of the brain SVZ of six-week-old Tsc1™ conditional mice, which
have loxP sites flanking exons 17 and 18 of the TscI allele [3], by
transfection with GFP-Cre plasmid vector (Addgene) and using the
Nucleofector™ kit (Lonza), according to the manufacturer's procedure.
After transfection, GFP-expressing neurospheres were singularly recov-
ered, dissociated into single cells with Accutase (Gibco), plated at 10 x
10* cells/cm? and propagated at 37 °C in humid air with 5% CO; in
Complete NeuroCult™ NSC Proliferation Medium (NeuroCult medium;
Stem Cell Technologies) supplemented with 40 ng/mL human p-FGF2
(Thermo Scientific) and 40 ng/mL human EGF (Thermo Scientific). Tsc1
gene deletion (exons 17 and 18) was evaluated by PCR and Tsc1¥° clones
were successively analyzed by immunoblotting, as previously reported
[3].

Differentiation of both Tsc1™ and Tsc1*° cells was performed by
culturing cells in pre-coated matrigel six-well plates, according to the
manufacturer's procedure (Matrix growth factor reduced; Corning) [3].
NSPCs were incubated in NeuroCult medium containing both 40 ng/mL
B-FGF2 and EGF, for 24 h. After this time, the cells were maintained in
10 ng/mL p-FGF2 for additional 3 days, and then switched to DMEM/
F12 (GIBCO) medium containing 2% FBS (GIBCO).

Cell viability was estimated by trypan blue assay by using automatic
cell counter (Countess Automated Cell Counter; Thermo Scientific).

2.2. Immunofluorescence analysis

Immunofluorescence analysis was performed according to Magini
and coworkers [3]. Briefly, NSPCs were plated on matrigel pre-coated
12 mm round glass coverslips at a density of 15,000 cells/cm? and
incubated in NeuroCult medium containing both 40 ng/mL p-FGF2 and
EGF, for 24 h. After a fixing step using 4% v/v paraformaldehyde in
Dulbecco's phosphate-buffer saline (DPBS) and a blocking step in DPBS-
containing 5% v/v FBS, 0.3% v/v Triton X-100, for 1 h at room tem-
perature, the glass coverslips were incubated for 1 h in antibody solution
(DPBS, 1% w/v BSA, 0.3% v/v Triton X-100) with primary antibody:
anti-glial fibrillary acidic protein (GFAP; 1:300, Stemcell Technologies);
anti-nestin (1:200, Stem Cell Technologies); anti-phospho-S6 ribosomal
protein (5235/236) (1:100, Cell Signaling) or Alexa FluorR488 Phal-
loidin (1:1000, Thermo Fisher Scientific). After incubation with sec-
ondary antibodies, namely donkey anti-rabbit IgG Alexa FluorR488/594
or donkey anti-mouse IgG Alexa FluorR594 (Thermo Fisher Scientific),
for 1 h at room temperature, coverslips were mounted on glass slides
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using Vectashield with DAPI (Vector Laboratories Inc). Fluorescence
microscopy analysis was performed using a Nikon TE2000 microscope
(Nikon Instruments S.p.A, Florence, Italy) through a 60x oil immersion
objective; the image processing was performed using Adobe-Photoshop
CS software (Adobe Systems Incorporated).

2.3. Proteomic analysis

2.3.1. Protein extraction and two-dimensional differential in gel
electrophoresis (2D-DIGE)

Cells were collected, washed twice in PBS and lysed in 10 mM Tris-
HCl pH 7.5, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% v/v Triton-X
100, 10% v/v glycerol, 0.1% w/v SDS, 0.5% w/v Na-deoxycholate for
40 min, with vortexing for 2-3 s every 10 min. The supernatant obtained
after centrifugation (10.000 xg, 15 min, 4 °C) was dialysed by using the
Plus One Mini Dialysis Kit system (molecular mass cut off 1 kDa, GE
Healthcare Life Sciences, Amersham, UK) against DIGE labelling buffer
(8 M urea, 4% w/v CHAPS, 30 mM Tris-HCI pH 8.5) for 4 h at room
temperature. Protein concentration was measured using Bradford assay
[30], using homemade reagent and BSA as standard.

Two-dimensional differential in gel electrophoresis (2D-DIGE) was
performed using 3 different cell pools of Tsc1*® and Tsc1™ cells obtained
mixing 4 different cell cultures, respectively. Fluorescent labelling of
proteins was carried out with a CyDye DIGE Fluor Minimal dye labelling
kit (GE Healthcare); two-dimensional electrophoresis was carried out
according to Miller [31]. In short, Cy2 was used for the internal standard
(a pool of all samples), while Cy3 and Cy5 were used for Tsc1® and
Tsc1™* samples, respectively. This included reverse labelling for all
samples, based on manufacturer's recommendations, and the labelling
ratio was 8 nmol dye/mg protein. Twenty-five ug of Cy3 and of Cy5
labelled samples were mixed with 25 pg of internal standard (Cy2) and
diluted with rehydration buffer (8 M urea, 4% w/v CHAPS, 13 mM DTT,
1% ampholytes). Immobilized pH gradient strips pH 3-10, linear, 11 cm
strips (Serva #43031.01) were passively rehydrated for 5 h; samples
were applied by anodic cup-loading. The first dimensional separation
was performed in a Multiphor II electrophoresis system (GE Healthcare).
After isoelectric focusing, the proteins were reduced and alkylated,
incubating the strip for 10 min in an equilibration buffer (50 mM Tris-
HCl pH 6.8, 6 M urea, 30% v/v glycerol, 2% w/v SDS) containing
130 mM DTT, followed by a treatment in the same buffer containing
135 mM iodoacetamide, for 5 min. The second dimensional SDS-PAGE
was carried out in 140 x 140 x 1.5 mm gradient gels (T = 10-15%,
C = 2.7%) in a Hoefer SE600 system (Hoefer Scientific Instruments, San
Francisco, CA, USA). Images were captured on a Typhoon RGB. Quan-
titation of the fluorescence intensity of the protein spots and evaluation
including statistical analyses were carried out using the software
DeCyder V5.02 software (GE Healthcare). Statistically significantly
altered protein spots (P < 0.05, Student's t-test) with more than + 1.5-
fold changes (FC) were selected for MS-based protein identification.

2.3.2. Protein identification

Selected spots were visualized by silver staining, manually picked
from the gels using pipette tips or a scalpel and washed with water.
Those spots of interest were in-gel reduced with dithiothreitol, S-alky-
lated with iodoacetamide, and hydrolyzed with trypsin [32]. Peptide
mixtures were desalted/concentrated with pZip-TipC18 devices (Milli-
pore, USA) and analyzed using a nanoLC-ESI-Q-Orbitrap-MS/MS system
consisting of a Q-ExactivePlus Orbitrap mass spectrometer equipped
with a Nanospray Flex ion source (Thermo Fisher Scientific, USA) con-
nected to an UltiMate 3000 RSLC nano-liquid chromatographer (Dionex,
USA) [33]. Protein digests were separated on an Acclaim PepMap™
RSLC C18 column (15 cm-length x 75 pm inner diameter, 2 pm particles,
100 A pore size; Thermo Fisher Scientific, USA) using a gradient of
solvent A (0.1% v/v formic acid in H20) to solvent B (80% acetonitrile,
20% H50, 0.1% formic acid, v/v/v), at a total flow rate of 300 nL/min. A
linear gradient started 20 min after sample loading; eluent B ramped
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from 3% to 40% v/v over 40 min, and from 40% to 80% v/v over 5 min.
The mass spectrometer operated in data-dependent scan mode, allowing
the acquisition of all MS spectra in positive ionization mode within a
scan range of m/z 375-1500. A nominal resolution of 70,000 in full scan
MS was applied. MS/MS analyses were performed by higher collision
energy fragmentation (HCD) on the eight most abundant ions from the
preceding full scan, setting a dynamic exclusion duration of 30 s. MS/MS
spectra were acquired in the scan range of m/z 110-2000, with a
nominal resolution of 17,500. Isolation window and normalized colli-
sion energy were set at m/z 1.2 and 28%, respectively. Automatic gain
control target and maximum ion injection time were set to 50,000 and
110 ms, respectively. Precursor ions, both singly charged and with more
than six charges, were excluded from the fragmentation.

For protein identification, MASCOT software (v. 2.2.06, Matrix Sci-
ence, UK) was used to search raw data from nanoLC-ESI-Q-Orbitrap-MS/
MS analyses against an UniProtKB protein database (04/2022 release,
566,996 total entries), selecting Mus musculus as a taxonomy and com-
mon protein contaminants, as human Kkeratins, trypsin, and others.
Database searches were carried out allowing carbamidomethylation of
cysteines as fixed protein modification and oxidation of methionines,
deamidation of Asn/Gln and pyroglutamate cyclization from N-terminal
Gln as variable modification, a mass tolerance value of 20 ppm for
parent ions and of 0.05 Da for MS/MS fragment ions, trypsin as pro-
teolytic enzyme, and a maximum of 2 missed cleavages. All other pa-
rameters were kept as default. At least two sequenced peptides with an
individual peptide expectation value <0.01, corresponding to a confi-
dence level for peptide attribution >99%, determined the identification
of protein candidates. Decoy databases were used to calculate the false
discovery rate, which was <1% for all identifications. In all cases, the
fragmentation assignment was manually verified for all peptide spectra
matches before assigning protein candidates.

2.4. Bioinformatic analysis

Functional annotation and network analysis were performed with
STRING software (http://string-db.org/) and Cytoscape platform version
3.7.2 (https://cytoscape.org) using Mus musculus orthologous genes. In
particular, the two plugins of Cytoscape, namely Cluego and Clupedia
[34,35] were used to integrate the GO categories [Biological Process
(BP), Molecular Function (MF), Cellular Component (CC)], Reactome
Pathways, Kyoto Encyclopedia of Genes and Genomes (KEGG), and Wiki
Pathways annotation. The k score level was set at >0.4, while minimum
and maximum levels were set at 3 and 8, respectively.

2.5. Western blotting

Immunoblotting analysis was performed to confirm the cell model
characterization and for independent validation of DIGE results. Cells
were lysed through incubation in TNE buffer (10 mM Tris-HCI pH 7.4,
150 mM NaCl, 5 mM EDTA and 0.5% v/v Triton X-100) containing
protease and phosphatase cocktail inhibitors (Sigma-Aldrich), for 30
min, at 4 °C. Depending on the molecular mass of the component under
evaluation, extracted proteins (30 pg of total material) were separated
by 10% T or 12% T mini SDS-PAGE and blotted on PDVF membranes
(Immun-Blot® PVDF Membrane, BioRad). Protein immunodetection
was performed by incubating the membrane with primary antibodies
against hamartin (1:1000, Cell Signaling), phospho-p70S6K(T389)
(1:1000, Cell Signaling), p70S6K (1:1000, Cell Signaling), rabbit
phospho-4E-BP1(T37/46) (1:1000, Cell Signaling), 4E-BP1 (1:1000, Cell
Signaling), phospho-mTOR(S2448) (1:1000, Cell Signaling), mTOR
(1:1000, Cell Signaling), cofilin 1 (CFL1) (Thermo Fisher Scientific,
1:2000), aldolase C (ALDOC) (Thermo Fisher Scientific, 1:2000), thio-
redoxin (TXN) (Thermo Fisher Scientific, 1:2000), beta-tubulin (Thermo
Fisher Scientific, 1:8000) in 5% non-fat milk solutions of Tris-Buffered
Saline (TBS), at 4 °C, overnight. Anti-rabbit HRP-conjugate antibody
(Millipore, 1:10000) or anti-mouse HRP-conjugate (Millipore, 1:5000)
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were used as secondary antibodies. Protein bands were visualized with
Clarity Western ECL Substrate (Bio-Rad) and filtered images were ac-
quired using a GS-800 imaging systems scanner (Bio-Rad). A densito-
metric analysis was performed with Quantity One 4.5.0 software (Bio-
Rad) using tubulin as normalization factor. Western blot analyses for
independent validation of DIGE results were performed using 3 different
cell batches of Tsc1*® and Tsc1"'. Data are expressed as mean + SD
(standard deviation); non-parametric unpaired t-test, two-tailed, with a
95% confidence interval was performed when 2 groups were compared
using GraphPad Prism 5.0 software (GraphPad Software, Inc., San
Diego, CA, USA). P-values below 0.05 were considered statistically
significant.

3. Results
3.1. A murine CNS-derived cellular model of TSC

We here used murine postnatal SVZ Tsc1"*
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deficient (Tsclk°) counterpart. This was done with the aim of having a
cellular model of TSC disorder, which could be further investigated by
proteomics to unveil the molecular mechanisms associated with the
pathogenesis of this disease. To this purpose, Tsc1X° cells were generated
and validated as reported in our previous study [3]. In particular, the
activation of mTORC1 in Tsc1¥° cells, with respect to Tsc1*' ones, was
confirmed by measuring the corresponding increased phosphorylation
levels of both p70S6K and 4E-BP1, which are known as molecular tar-
gets of mTORC1. Evident results were obtained in both cases (Fig. 1A).
Activation of p70S6K was further confirmed by the increase in the
phosphorylation (5235/236) levels of S6 ribosomal protein (Fig. 1B),
which is known as a target of p70S6K. As expected, Tsc1¥© cells also
showed a proliferative rate higher than that of Tsc1"" cells (Fig. 1C).
Further, the differentiation rate of Tsc1*° cells cultured in matrigel pre-
coated wells and stimulated with both B-FGF2 and EGF for 24 h,
appeared more pronounced compared to that of Tsc1"" cells. Abnor-
mally enlarged nestin or GFAP-positive Tsc1*° cells were comparatively
evidenced in the immunofluorescence images obtained by using
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Fig. 1. A) Representative images and corresponding densitometric analyses of Western Blotting experiments; P-mTOR, Pp70S6K and P-4EBP1 were normalized over
total mTOR, p70S6K and, 4E-BP1, respectively. Values are the mean + SD of four independent experiments. ***p < 0.001, **p < 0.01 Tsc1*® vs Tsc1"'. B)
Immunofluorescence images (scale bar: 50 pm) of phospho-S6 ribosomal protein (S235/236) (P—S6) of NSPCs cultured in matrigel pre-coated glass coverslips, for 24
h. Bar graph of PS6-IF analysis, ***p < 0.01, Tsc1*° vs Tsc1"". C) Growth curve over 4 days. Values are the mean + SD of four independent experiments. *p < 0.05
Tsc1*° vs Tsc1™. D) Immunofluorescence images of both nestin and GFAP of NSPCs cultured on matrigel pre-coated glass coverslips, for 24 h (scale bar: 100 um).
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antibodies against both neural stem cell protein markers (Fig. 1D).

3.2. Proteomic variations in Tsc1-deficient SVZ NSPCs

3.2.1. 2D-DIGE analysis

With the aim to define quantitative protein changes associated with
different properties of Tsc1*® and Tsc1"t cells (Fig. 1), corresponding
protein extracts were compared with the 2D-DIGE approach. In partic-
ular, Tsc1*° and Tsc1""* protein extracts were prepared as reported in the
experimental section, labelled with specific dyes, resolved through two-
dimensional electrophoresis and compared by dedicated analysis of
corresponding gel images. A total of 1516 spots were matched over the
gels, among which 55 ones resulted differentially represented (p < 0.05
and fold-change >1.5) in Tsc1¥ versus Tsc1™ cell comparison. These
spots are numbered and shown in a representative 2D-DIGE map
(Fig. 2); they were selected for further protein identification, and thus
picked and subjected to trypsinolysis, followed by nanoLC-ESI-Q-
Orbitrap-MS/MS analysis. Identified proteins are listed in Table 1.
Corresponding protein identification details are reported in Supple-
mentary Table S1. Overall, 36 gene products were identified; among
them 19 protein entries resulted over-represented in Tsc1*® cells, while
17 ones were down-represented therein. Some proteins were identified
in multiple spots and always showed a coherent quantitative trend
(Table 1).

3.2.2. Functional annotation

To highlight a possible functional relationship between differentially
abundant proteins in Tsc1*® cells, identified components were subjected
to analysis with Search Tool for the Retrieval of Interacting Genes
(STRING). Various protein-protein interactions (PPIs) were detected,
which depicted a unique network consisting of 36 nodes, 105 edges,
5.83 average node degree, 0.59 average local clustering coefficient and
24 expected edges (Fig. 3). The corresponding PPI enrichment p-value
was 1.0 e 1°. A central core made of glyceraldehyde-3-phosphate de-
hydrogenase (Gapdh), fructose-bisphosphate aldolase A and C (AldoA

A

3 pH 10

100

(kD)

10
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and C), triosephosphate isomerase (Tpil) and transaldolase (Taldol)
was detected in this network, also including various proteins related to
redox stress, such as peroxiredoxin 6 (Prdx6), thioredoxin (Txnl) and
glutathione S-transferase P1 (Gstpl).

The gene ontology (GO) analysis of the STRING output revealed that
the most significant biological process (BP) categories were “response to
oxidative stress”, “response to reactive oxygen species”, “response to
nitrogen compound”, “protein folding”, and “carbohydrate metabolic
process”. Among cellular component (CC) assigned in the above-
mentioned network, 13 proteins occur in myelin sheath; on the other
hand, glycolysis and gluconeogenesis, oxidative stress and redox path-
ways were evidenced as enriched significant Wiki Pathways. The com-
plete list of STRING annotations is reported in Supplementary Table S2.

A functional analysis was also performed by using two Cytoscape
plugins, namely ClueGO and the CluePedia, and integrating GO terms
and pathways such as biological processes, molecular functions, cellular
component, reactome, KEGG annotations/genomes, and WikiPathways.
The « score level was set at >0.4. The main statistically significant (p <
0.05) functional groups annotating differentially abundant proteins in
Tsc1¥® cells were: i) oxidative stress and redox pathways; ii) methyl-
glyoxal biosynthetic process; iii) regulation of synaptic transmission
GABAergic; iv) myelin sheath; v) modification of post-synaptic actin
cytoskeleton; vi) protein S-nitrosylation; vii) biochemical pathways
related to carbohydrate metabolism; viii) dimethylarginase activity
(Fig. 4).

3.2.3. Validation of proteomic results

Immunoblotting analyses were performed to validate differentially
abundant proteins assigned after 2D-DIGE analysis of Tsc1*° versus
Tsc1™ cell extracts. In particular, dedicated experiments were per-
formed on aldolase, cofilin and thioredoxin (Fig. 5A and B); tubulin was
used as housekeeping protein. These experiments confirmed the in-
crease of all above-mentioned proteins, further supporting the hypoth-
esized changes in glucose metabolism, cytoskeleton and oxidative stress
in Tsc1*° cells, as measured by 2D-DIGE. Immunofluorescence images of

10

Ow

Fig. 2. Comparison of lysates from Tsc1*® and Tsc1"' cells. A) 2D-DIGE representative image of Tsc1*° sample (red, Cy3) vs. Tsc1"' sample (green, Cy5). Internal
standard (pool, Cy2) is not shown. Overlapping spots in yellow. B) 2D representative image of the same gel post-stained with silver nitrate. Encircled and numbered
spots resulted in consistently changed absorbance in the different sample groups; they were subjected to in-gel digestion with trypsin and were analyzed using
nanoLC-ESI-Q-Orbitrap-MS/MS for protein identification. Spots with successful protein identification are reported in Table 1. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1

Differentially represented protein spots in Tsc1%®

versus Tsc1™*
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cells. Spot number (marked and numbered in Fig. 2), UniProtKB accession, protein accession, protein

description, gene name, fold change value, corresponding P value, number of assigned unique peptides and Mascot score value are listed.

Spot UniProtKB Protein Protein description Gene AW ratio P-value Unique Mascot
n° accession accession name Tsc1% vs peptides score
Tscl™
1 P38647 GRP75_MOUSE Stress-70 protein, mitochondrial Hspa9 —1.60 0.025 10 595
2 Q8VBT9 ASPC1_MOUSE Tether containing UBX domain for GLUT4 Aspscrl -1.51 0.032 3 158
3 P80316 TCPE_MOUSE T-complex protein 1 subunit epsilon Cct5 —1.54 0.016 2 88
4 Q60864 STIP1_MOUSE Stress-induced-phosphoprotein 1 Stipl 1.50 0.012 25 1339
5 Q60864 STIP1_MOUSE Stress-induced-phosphoprotein 1 Stipl 1.60 0.00084 34 1826
6 Q60864 STIP1_MOUSE Stress-induced-phosphoprotein 1 Stip1 1.85 0.000013 46 2600
7 Q8R081 HNRPL_MOUSE Heterogeneous nuclear ribonucleoprotein L Hnrnpl 1.61 0.017 18 990
8 Q9CY58 PAIRB_MOUSE Plasminogen activator inhibitor 1 RNA-binding Serbpl 3.41 0.000059 21 1114
protein
9 P63038 CH60_MOUSE 60 kDa heat shock protein, mitochondrial Hspdl —1.88 5.3E-06 24 1439
10 P27773 PDIA3_MOUSE Protein disulfide-isomerase A3 Pdia3 -1.76 0.0002 25 1314
11 Q91ZJ5 UGPA_MOUSE UTP-glucose-1-phosphate uridylyltransferase Ugp2 1.97 0.003 25 1334
12 P60710 ACTB_MOUSE Actin, cytoplasmic 1 Actb -1.61 0.00017 18 1120
13 P62196 PRS8_MOUSE 26 S proteasome regulatory subunit 8 Psmc5 -1.92 0.001 24 1036
14 088844 IDHC_MOUSE Isocitrate dehydrogenase [NADP] cytoplasmic Idh1 -1.76 0.002 33 2026
15 Q9CWS0 DDAH1_MOUSE N(G),N(G)-dimethylarginine Ddahl —-1.92 0.000053 11 580
dimethylaminohydrolase 1
16 P45376 ALDR_MOUSE Aldose reductase Akr1bl 1.61 0.0069 14 822
17 Q93092 TALDO_MOUSE Transaldolase Taldol —-1.53 0.00011 16 805
18 P05063 ALDOC_MOUSE Fructose-bisphosphate aldolase C Aldoc 1.67 0.02 15 936
19 P05063 ALDOC_MOUSE Fructose-bisphosphate aldolase C Aldoc 2.26 0.0001 21 1376
20 P05063 ALDOC_MOUSE Fructose-bisphosphate aldolase C Aldoc 1.62 3.5E-06 18 1172
21 P05063 ALDOC_MOUSE Fructose-bisphosphate aldolase C Aldoc 2.30 0.0018 27 1841
22 P10107 ANXA1_MOUSE Annexin Al Anxal 2.36 0.00035 16 773
23 P05064 ALDOA_MOUSE Fructose-bisphosphate aldolase A Aldoa 1.55 0.000044 19 996
24 P05064 ALDOA_MOUSE Fructose-bisphosphate aldolase A Aldoa 1.55 0.000096 21 1353
25 P16858 G3P_MOUSE Glyceraldehyde-3-phosphate dehydrogenase Gapdh 1.54 0.024 13 828
26 P05064 ALDOA_MOUSE Fructose-bisphosphate aldolase A Aldoa 1.66 0.0016 21 1383
27 Q9CPV4 GLOD4_MOUSE Glyoxalase domain-containing protein 4 Glod4 -1.65 0.0013 16 963
28 P97371 PSME1_MOUSE Proteasome activator complex subunit 1 Psmel —1.88 0.017 17 991
29 P00920 CAH2_MOUSE Carbonic anhydrase 2 Ca2 1.71 0.00084 12 751
30 P16858 G3P_MOUSE Glyceraldehyde-3-phosphate dehydrogenase Gapdh 1.54 0.0017 16 1065
31 008709 PRDX6_MOUSE Peroxiredoxin-6 Prdx6 -1.63 0.022 12 592
32 P61759 PFD3_MOUSE Prefoldin subunit 3 Vbpl —2.08 0.00063 12 674
33 008709 PRDX6_MOUSE Peroxiredoxin-6 Prdx6 -1.59 0.026 7 343
34 008709 PRDX6_MOUSE Peroxiredoxin-6 Prdx6 —-1.60 0.038 26 1944
35 P17751 TPIS_MOUSE Triosephosphate isomerase Tpil 1.77 0.0015 17 1268
36 P17751 TPIS_MOUSE Triosephosphate isomerase Tpil 1.96 0.0011 17 1319
37 P19157 GSTP1_MOUSE Glutathione S-transferase P 1 Gstpl 1.59 0.0047 9 649
38 P19157 GSTP1_MOUSE Glutathione S-transferase P 1 Gstpl 2.19 0.0028 12 935
39 P19157 GSTP1_MOUSE Glutathione S-transferase P 1 Gstpl 1.79 0.000071 13 1007
40 P19157 GSTP1_MOUSE Glutathione S-transferase P 1 Gstpl 2.76 7.2E-08 9 639
41 P19157 GSTP1_MOUSE Glutathione S-transferase P 1 Gstpl 3.26 1.8E-06 13 962
42 P19157 GSTP1_MOUSE Glutathione S-transferase P 1 Gstpl 2.72 3E-07 8 617
43 P19157 GSTP1_MOUSE Glutathione S-transferase P 1 Gstpl 2.05 0.00063 11 840
44 Q01768 NDKB_MOUSE Nucleoside diphosphate kinase B Nme2 —1.63 0.0036 6 323
45 P18760 COF1_MOUSE Cofilin-1 Cfll 1.75 0.0071 13 699
46 P17742 PPIA_ MOUSE Peptidyl-prolyl cis-trans isomerase A Ppial 1.53 0.00031 12 898
47 P15532 NDKA_MOUSE Nucleoside diphosphate kinase A Nmel 1.55 0.0012 9 584
48 P10639 THIO_MOUSE Thioredoxin Txn 2.27 0.000089 6 318
49 P62077 TIM8B_MOUSE Mitochondrial import inner membrane translocase Timm8b 1.65 0.0087 4 248
subunit Tim8 B
50 P10639 THIO_MOUSE Thioredoxin Txn 2.97 0.000062 9 471
51 P51880 FABP7_MOUSE Fatty acid-binding protein, brain Fabp7 -1.89 8.8E-06 9 559
52 P51880 FABP7_MOUSE Fatty acid-binding protein, brain Fabp7 -1.74 0.000033 10 632
53 P62962 PROF1_MOUSE Profilin-1 Pfnl 1.51 0.0013 8 492
54 P70349 HINT1_MOUSE Histidine triad nucleotide-binding protein Hintl 1.85 0.00013 9 499
55 P31786 ACBP_MOUSE Acyl-CoA-binding protein Dbi —2.06 0.00047 10 631

cells stained with fluorescent-labelled phalloidin further confirmed the
occurrence of cytoskeletal changes in Tsc1X® cells compared to Tsc1™!
ones (Fig. 5C), as already hypothesized by proteomics.

4. Discussion

The aim of this study was to carry out a proteomic investigation of a
cellular model of TSC. The investigated disease may be based on mu-
tations of either of two genes, TscI and Tsc2, whose protein products,
hamartin and tuberin, form a functional signaling complex. The

mutations affect the interaction of hamartin and tuberin, inactivating
their complex and thus the downstream cellular signaling pathways.
Both gene mutations are reported to create similar pathogenesis [11].
Our model was already obtained earlier and characterized as deriving
from murine postnatal SVZ NSPCs after deletion of the Tscl gene,
described in our previous paper [3]. Resulting Tsc1*° cells exhibited
similar characteristics to TSC neural cells, such as hyperactivation of the
mTORCI signaling pathway, which result in an abnormally enlarged
astrocyte-like cell formation, increased cell proliferation rate and altered
cell migration pattern. Moreover, autophagy dysfunction and reduced
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Fig. 3. Protein-protein interaction (PPI) of differentially abundant proteins in Tsc1*° versus Tsc1"! cells (PPI enrichment p-value: <1.0°1°) after STRING analysis.
Functional protein association network of proteins listed in Table 1, as deriving from a database search in STRING. Gene name of proteins are reported, for full names

see Table 1.

nuclear TFEB levels were also observed. Some of these characteristics
were preliminary tested in this study to confirm the observed properties
of this cellular model of disorder and to correlate them with proteomic
results. Overall, proteomic results revealed some differentially repre-
sented proteins that highlighted peculiar molecular differences between
Tsc1*® and Tsc1™ cells, indirectly suggesting putative biochemical
pathways involved in the pathogenesis of TSC-associated disorders.
Proteomic results revealed alterations in cytoskeletal proteins that
may explain the changes in cell morphology and dendritic spine struc-
ture already reported in TSC cells, which were previously observed in
Tsc1*® cells as well and confirmed here. Functional analysis of differ-
entially represented proteins in Tsc1¥® cells highlighted the term
“modification of postsynaptic actin cytoskeleton”. In particular,
elevated levels of profilin 1 and cofilin were observed in Tsc1¥© cells.
These important actin-binding proteins control actin polymerization,
dynamics and function [36]. Moreover, profilin 1 plays a crucial role in
extra-synaptic functions and is required in brain morphogenesis for the
maintenance of the neuronal stem-cell compartment and the generation
of the differentiated neurons [37]. This protein is also involved in the
pathogenesis of neurological disorders, such as amyotrophic lateral
sclerosis and Fragile X syndrome [38], and acts as both an oncogenic and
tumor suppressor in cancer cells [38]. Cofilin is an actin depolymerising
factor that has already been associated with cytoskeleton and morpho-
logical changes of TSC cells [39]. In the context of cell cytoskeleton,
worth mentioning was also the observed down-representation in Tsc1k®
cells of T-complex protein 1 subunit epsilon (CCT5) and prefoldin, which
are both essential components of the protein quality control machinery
and chaperones involved in the co-translational folding of cytoskeletal
proteins. CCT5 is a component of the TRiC/CCT complex, which is

essential for cellular protein folding [40], while prefoldin acts as a co-
chaperone that transfers cytoskeletal proteins to TRiC/CCT [41].
Indeed, CCT5 depletion was demonstrated to induce uncontrolled pro-
liferation, altered dendrite morphogenesis and retarded dendrite growth
in neurons [42], as already observed in TSC.

GO analysis of differentially represented proteins in Tsc1*° cells also
highlighted that further structural changes probably occur in the
“myelin sheath”, as already observed in the frontal cortex and hippo-
campus of TscI-deficient mice [28]. Interestingly, Tsc1¥° cells showed a
down-representation of fatty acid-binding protein 7 (FABP7), which is
one of the factors affecting disorganized axonal myelinogenesis, a well-
known feature of TSC neurological disorders. Indeed, FABP7 is the main
fatty acid binding protein found in astrocytes/oligodendrocytes, and
plays a pivotal role in developmental myelination and myelin sheath
formation [43,44]. Moreover, the observed decreased levels of FABP7 in
Tsc1¥® cells suggested a possible impact of this protein on cell migration
[3], as depletion of this protein in FABP7-expressing astrocytes resulted
in a reduction of this phenomenon [43].

Further, Tsc1¥ cells showed increased levels of heterogeneous nu-
clear ribonucleoprotein L (hnRNPL) [45], UTP-glucose-1-phosphate
uridylyltransferase (UGP2) [46] and nucleoside diphosphate kinase A
(NMEL1). The increase of these proteins in Tsc1*° cells could explain the
alterations of cellular proliferation, differentiation and migration that
were previously observed in this model of TSC disease [3], and were
further confirmed in this study. In particular, hnRNPL is an RNA binding
protein that is highly expressed in TSC1- and TSC2-deficient cells [47].
NME1 plays an important role in the synthesis of nucleoside tri-
phosphates and Ser/Thr phosphorylation; this protein was already
found over-represented in mouse models of mTOR-driven hepatocellular

1k0
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carcinoma [48].

Differentially abundant proteins in Tsc1* cells also included com-
ponents involved in “regulation of synaptic transmission GABAergic”
and “methylglyoxal (MG) biosynthetic process”, thus supporting the
notion that synaptic functions as well as neurotransmitter systems might
also be affected in TSC disease. The alteration of the GABAergic trans-
mission system has already been described in TSC-deficient cells and
TSC neurological disorders, such autism spectrum disorders (ASD) and
epilepsy [49]; conversely, the impairment the MG system has never been
related to TSC so far. Interestingly, the reduction in the glyoxalase
domain-containing protein 4 (iso4) observed in Tsc1¥ cells may be
hypothetically associated with a corresponding, hypothetical increase of

MG therein. GLOD4 is a member of the glyoxalase 1 (GLO1) family and
belongs to the glyoxalase system, which catalyses the detoxification of
the methylglyoxal into D-lactate. The effects of MG seem to be mediated
by GABA receptors, as it is classified as a GABA agonist [50]. Moreover,
MG is a highly reactive compound that can react with proteins forming
advanced glycation end-products (AGEs) [51]. MG accumulation in the
brain plays a role in the pathogenesis of autism, whereas high MG and
AGEs levels have already been associated with protein misfolding,
oxidative stress, and glutamate system disturbance [51]. In this context,
Yang and colleagues demonstrated that a reduction of GLO1 levels in
embryonic mouse cortical neural precursor cells induces premature
neurogenesis and long-term alterations in cortical neurons postnatally
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Fig. 5. Validation of proteomic results. A) Representative images of Western blotting experiments obtained using Ab against aldolase, cofilin, thioredoxin and
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of three independent blots. C) Actin cytoskeleton analysis by fluorescent phalloidin, scale bar = 50 pm.

[52]. An impairment of the glyoxalase system however has never been
linked to TSC-related diseases. On the other hand, MG is a deviation
product of glycolysis that - as expected - may be upregulated in Tsc1ke
cells, as we found an increased representation of glycolytic enzymes
(GAPDH, ALDOA, ALDOC and TPI1). Upregulation of carbohydrate
metabolism has already been described in TSC-related disorders
[53,54], and glycolytic inhibitors have been previously proposed as
therapeutic agents for the treatment of TSC-associated tumors [55,56].
Notably, our results strengthen the idea that an alteration of glucose
metabolism generally occur in TSC cells. Overall, our proteomic data on
the activation of the glycolytic pathways in Tsc1*° cells are also in good
agreement with the corresponding cell medium acidification already
described by our previous paper [3]. However, concomitant mecha-
nisms can contribute this phenomenon in Tsc1*® cells, such as those
involving the increased representation of carbonic anhydrase (CA) 11, as
reported in this study. Cytosolic CA II is widely present in various can-
cers, including brain tumors and in other TSC mouse models [57]. CAs
can help to stabilize intracellular pH of tumor cells as well as extracel-
lular acidification associated with high metabolic rates and the malig-
nant behaviour of cancer cells [57,58].

Differentially abundant proteins in Tsc1X° cells also included com-
ponents involved in “oxidative stress and redox pathways”. This is not
surprising since high levels of reactive oxygen species (ROS) and
oxidative stress have already been described in TSC-deficient neurons
[59], and a correlation between redox balance and mTORC1 signaling
was previously established [60]. However, our results also move
attention toward nitrosative stress, as protein S-nitrosylation was one of
the terms evidenced in our functional analysis of deregulated compo-
nents in Tsc1* cells. Indeed, altered levels of peroxiredoxin 6, gluta-
thione S-transferase P1 and thioredoxin were observed in these cells. In
addition to exert an antioxidative function, these components act in
glutathione and redoxin systems modulating S-nitrosylation/S-deni-
trosylation of proteins [61]. By possibly altering protein conformation,
this post-translational modification was already described playing a
crucial role for neuronal differentiation and maturation [62]; recently, it
was also reported as a cause of cancer and neurodegenerative diseases,

as well as autism spectrum disorders [63]. In agreement with results of
this study, glutathione- and thioredoxin-dependent pathways were
already proposed as promising therapeutic targets for TSC-associated
tumors [64]. The occurrence of oxidative/nitrosative stress in Tsc1k°
cells was also suggested by the observed reduced levels of NADP+-
dependent isocitrate dehydrogenase (IDH1) and N(G),N(G)-
dimethylarginine dimethylaminohydrolase (DDAH1). In this context,
IDH1 is a cytoplasmic source of NADPH, which plays a key role in the
cellular defence against oxidative stress [65], while DDAH1 acts in
maintaining homeostatic control of NO by interacting with the nitric
oxide synthases (NOSs). A further suggestion of the impairment of
antioxidant pathways in Tsc1*® cells was the corresponding low abun-
dance of cyclophilin A (CyP-A) [66]. This protein is abundant in brain
tissues [67] and is secreted into the extracellular environment in
response to oxidative stress [68]. In the brain, CyP-A seems to sustain
antioxidant defences by modulating selenium transport [68].

Finally, proteomic analysis of Tsc1¥® cells also suggested an
impairment of the proteasome systems, as decreased levels of protea-
some activator complex subunit 1 (PSME1) and 26S proteasome regu-
latory subunit 8 (PSMC5) were observed. In this context, there is still
much debate regarding the role of mTOR signaling in proteasome-
mediated protein degradation. In particular, Zhang and colleagues
suggested that mTOR signaling increases the proteasome-mediated
degradation of proteins with the final goal to supply building blocks
to stimulate biosynthesis of novel polypeptide molecules [69].
Conversely, Zhao and co-workers [70] reported that mTOR activation
inhibits both autophagy and proteasomal degradation. In agreement
with the latter observation, Rousseau and Bertolotti reported that mTOR
activation induces a decrease in proteasome abundance [71], which is
rapidly alleviated upon TORC1 inhibition. Additional information on
deregulated protein biosynthetic pathways in Tsc1* cells were deduced
from corresponding high levels of plasminogen activator inhibitor 1
RNA-binding protein (SERBP1). This protein was already reported
modulating mRNA stability and protein synthesis, and was already
linked to the development of numerous tumor types and neurogenesis
[72-74].
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5. Conclusion

In the present study, a comparative proteomic analysis of murine
neuronal Tsc1*® and Tsc1"t cells has been performed. Results evidenced
changes in the relative abundance of 36 proteins, which have been an-
notated in different cellular pathways. Some of these pathways have
already been linked to TSC features, confirming the validity of this
cellular model of TSC disorder. Novel protein players were also high-
lighted that in a next future may possibly contribute to clarify the mo-
lecular processes underling TSC pathophysiology, which is still poorly
understood. In particular, we evidenced changes in proteins involved in
cytoskeleton remodelling, glucose metabolism, oxidative/nitrosative
stress, methylglyoxal biosynthesis, synaptic function, neurotransmitter
systems as well as in neurogenesis. Some of proteins have never been
associated with TSC-related disorders. However, the various pathogenic
variants of TscI and Tsc2 genes and the high variability of TSC clinical
manifestations require different approaches and models of investigation.
The impaired cellular pathways evidenced in our study could be inves-
tigated in other TSC models as they might represent, in the next future,
potential pharmacological targets of TSC for innovative therapeutic
strategies.
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