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Analysis of Proteins That Rapidly Change Upon
Mechanistic/Mammalian Target of Rapamycin
Complex 1 (InTORC1) Repression Identifies
Parkinson Protein 7 (PARK7) as a Novel Protein
Aberrantly Expressed in Tuberous Sclerosis

Complex (TSC)*=
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Grant Schoenhardtsf, Boris V. Zemelmant§9], Yehia Mechref**, and

Kimberly F. Raab-Graham$§1)|[++11]

Many biological processes involve the mechanistic/mam-
malian target of rapamycin complex 1 (nTORC1). Thus,
the challenge of deciphering mTORC1-mediated func-
tions during normal and pathological states in the central
nervous system is challenging. Because mTORC1 is at the
core of translation, we have investigated mTORC1 func-
tion in global and regional protein expression. Activation
of mMTORC1 has been generally regarded to promote
translation. Few but recent works have shown that sup-
pression of mMTORC1 can also promote local protein syn-
thesis. Moreover, excessive mTORC1 activation during
diseased states represses basal and activity-induced pro-
tein synthesis. To determine the role of mMTORC1 activa-
tion in protein expression, we have used an unbiased,
large-scale proteomic approach. We provide evidence
that a brief repression of mTORC1 activity in vivo by ra-
pamycin has little effect globally, yet leads to a significant
remodeling of synaptic proteins, in particular those pro-
teins that reside in the postsynaptic density. We have also
found that curtailing the activity of mTORC1 bidirection-
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ally alters the expression of proteins associated with
epilepsy, Alzheimer’s disease, and autism spectrum
disorder—neurological disorders that exhibit elevated
mTORC1 activity. Through a protein-protein interaction
network analysis, we have identified common proteins
shared among these mTORC1-related diseases. One such
protein is Parkinson protein 7, which has been implicated
in Parkinson’s disease, yet not associated with epilepsy,
Alzheimers disease, or autism spectrum disorder. To ver-
ify our finding, we provide evidence that the protein ex-
pression of Parkinson protein 7, including new protein
synthesis, is sensitive to mTORC1 inhibition. Using a
mouse model of tuberous sclerosis complex, a disease
that displays both epilepsy and autism spectrum disorder
phenotypes and has overactive mTORC1 signaling,
we show that Parkinson protein 7 protein is elevated in
the dendrites and colocalizes with the postsynaptic
marker postsynaptic density-95. Our work offers a com-
prehensive view of mMTORC1 and its role in regulating re-
gional protein expression in normal and diseased
states. Molecular & Cellular Proteomics 15: 10.1074/
mcp.M115.055079, 426-444, 2016.

The mechanistic/mammalian target of rapamycin complex
1 (MTORC1)" is a serine/threonine protein kinase that is highly

" The abbreviations used are: mTORC1, mechanistic/mammalian
target of rapamycin complex 1; AD, Alzheimer’s disease; AHA, azi-
dohomoalanine; APP, amyloid precursor protein; ASD, autism spec-
trum disorder; BONCAT, bioorthogonal noncanonical amino acid
tagging; Cl, confidence interval; cKO, conditional knockout; Cre, Cre-
recombinase; DAVID, database for annotation, visualization and inte-
grated discovery; DIV, day in vitro; Dlg4, discs large homolog 4;
DMSO, dimethyl sulfoxide; EASE, expression analysis systematic
explorer; FDA, Food and Drug Administration; GAP-43, growth-asso-
ciated protein-43; GO, gene ontology; GRIN, glutamate receptor,
ionotropic NMDA subtype; ICC, immunocytochemistry; GluN, gluta-
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expressed in many cell types (1). In the brain, mTORCH1 tightly
coordinates different synaptic plasticities — long-term poten-
tiation (LTP) and long-term depression (LTD) — the molecular
correlates of learning and memory (2-5). Because mTORC1 is
at the core of many synaptic signaling pathways downstream
of glutamate and neurotrophin receptors, many hypothesize
that dysregulated mTORC1 signaling underlies cognitive def-
icits observed in several neurodegenerative diseases (3,
6-17). For example, mTORC1 and its downstream targets are
hyperactive in human brains diagnosed with Alzheimer’s dis-
ease (AD) (18-20). Additionally in animal models of autism
spectrum disorder (ASD), altered mTORC1 signaling contrib-
utes to the observed synaptic dysfunction and aberrant net-
work connectivity (13, 15, 21-27). Furthermore, epilepsy,
which is common in AD and ASD, has enhanced mTORC1
activity (28-32).

Phosphorylation of mMTORC1, considered the active form, is
generally regarded to promote protein synthesis (33). Thus,
many theorize that diseases with overactive mTORC1 arise
from excessive protein synthesis (14). Emerging data, how-
ever, show that suppressing mTORC1 activation can trigger
local translation in neurons (34, 35). Pharmacological antag-
onism of N-methyl-p-aspartate (NMDA) receptors, a subtype
of glutamate receptors that lies upstream of mTOR activation,
promotes the synthesis of the voltage-gated potassium chan-
nel, Kv1.1, in dendrites (34, 35). Consistent with these results,
in models of temporal lobe epilepsy there is a reduction in the
expression of voltage-gated ion channels including Kv1.1 (30,
31, 36). Interestingly in a model of focal neocortical epilepsy,
overexpression of Kv1.1 blocked seizure activity (37). Be-
cause both active and inactive mTORC1 permit protein syn-
thesis, we sought to determine the proteins whose expression
is altered when mTORC1 phosphorylation is reduced in vivo.

Rapamycin is an FDA-approved, immunosuppressive drug
that inhibits mTORC1 activity (38). We capitalized on the
ability of rapamycin to reduce mTORC1 activity in vivo and the
unbiased approach of mass spectrometry to identify changes

mate receptor, NMDA subtype; KAR, kainic acid receptor; Kcna1,
potassium voltage-gated channel subfamily A member 1 gene;
KEGG, Kyoto Encyclopedia of Genes and Genome; KO, knockout;
Kv1.1, voltage-gated potassium channel subfamily A member 1 type
1 protein; L, lysates; LTP, long-term potentiation; LTD, long-term
depression; Mapk3, mitogen-activated protein kinase 3; mGilu;
metabotropic glutamate receptor; mMRNA, messenger ribonucleic ac-
id; mTOR, mechanistic/mammalian target of rapamycin; NCBI, Na-
tional Center for Biotechnology Information; NMDA, N-methyl-D-as-
partate; P, postsynaptic density/pellet; P-bodies, processing bodies;
Park7/DJ-1, Parkinson protein 7; PLA, proximity ligation assay; PPI,
protein—protein interaction; PSD, postsynaptic density; PSD-95, PSD
95kDa protein; Rapa, rapamycin; S/SOL, soluble/supernatant; SEM,
standard error of the mean; SFARI, Simons Foundation Autism Re-
search Initiative; SNAP-25, synaptosomal-associated 25 kDa; SNCA,
a-synuclein; SUMO3, small ubiquitin-like modifier 3; SYN1, synapsin
1; TSC, tuberous sclerosis complex; TX-100, triton X-100; UT, Uni-
versity of Texas; WT, wildtype.

in protein expression. Herein, we provide evidence that
mTORC1 activation bidirectionally regulates protein expres-
sion, especially in the PSD where roughly an equal distribution
of proteins dynamically appear and disappear. Remarkably,
using protein—protein interaction networks facilitated the
novel discovery that PARK?, a protein thus far only implicated
in Parkinson’s disease, (1) is up-regulated by increased
mTORCH1 activity, (2) resides in the PSD only when mTORC1
is active, and (3) is aberrantly expressed in a rodent model of
TSC, an mTORC1-related disease that has symptoms of ep-
ilepsy and autism. Collectively, these data provide the first
comprehensive list of proteins whose abundance or subcel-
lular distributions are altered with acute changes in mTORCH1
activity in vivo.

EXPERIMENTAL PROCEDURES

Sample Preparation—We used three sets of paired sibling male
Sprague-Dawley rats (seven to 9-weeks old) that were housed to-
gether. Within each pair, one received rapamycin (10 mg/kg) and the
other received an equal volume of DMSO (carrier, control) via intra-
peritoneal (intraperitoneal) injection. After one hour, the animals were
sacrificed. Cortices were homogenized, nuclei were pelleted by low
speed centrifugation (100 X g), and the resulting supernatant was
analyzed as cell lysates (L). To obtain synaptoneurosomes, homoge-
nized cortices were processed as described (39). An aliquot of the
synaptoneurosome fraction from each animal was solubilized in 1%
triton X-100 (10min) and centrifuged (12,000 X g) to yield a triton
X-100-soluble fraction (soluble, S) and a triton X-100-insoluble frac-
tion (pellet, PSD). To prepare protein for LC-MS/MS, lysates, soluble,
and PSD fractions were further solubilized in SDS-sample buffer.
SDS-solubilized fractions were run on a 10% SDS-polyacrylamide gel
(4min). The migration was stopped as the ladder began to separate.
Gel plugs containing the sample were sectioned and sent for mass
spectrometry analysis. Animal experiments were performed accord-
ing to the National Institutes of Health’s Guide for the Care and Use
of Laboratory Animals and approved by the UT-Austin Institutional
Care and Usage Committee.

Western Blot Analysis—Proteins were separated by SDS-poly-
acrylamide gel electrophoresis (PAGE). To visualize the proteins, we
used the following antibodies: rabbit anti-phospho-mTOR Ser2448
(1:2000; Cell Signaling, Danvers, MA), mouse anti-mTOR (1:5000; Life
Technologies, Grand Island, NY), mouse anti-Park7 (1:2000; Novus
Biologicals, Littleton, CO) mouse anti-PSD-95 (1:10,000; NeuroMab,
Davis, CA), mouse antisynapsin 1 (1:10,000; Synaptic Systems, Goet-
tingen, Germany), rabbit polyclonal anti-a tubulin (1:50,000; Abcam,
Cambridge, MA), mouse ribosomal S6 (1:1000, Cell Signaling) and
rabbit anti-phospho-S6 (1:1000, Cell Signaling). Membranes were
subsequently incubated in fluorescence-conjugated secondary anti-
bodies (AF680, Life Technologies; AF800, LiCor, Lincoln, NE; 1:5000).
Using the Odyssey CLx infrared imaging system, we obtained fluo-
rescent images of the membranes. ImageJ (National Institutes of
Health) software was used for densitometry analyses of proteins.

In-gel Tryptic Digestion—The gels were cut into 1 mm cubes after
washing gels with water for 15min. Gel pieces were transferred to a
clean Eppendorf tube followed by adding 100 pl of water and incu-
bating for 15min. All the water was removed. This washing step was
repeated with 50% acetonitrile (ACN) and 100% ACN two times. A
100 ul volume of 100 mm ammonium bicarbonate buffer was added
followed by a 5min incubation. All the liquid was removed and the
samples were subjected to drying in speed-vacuum until they were
completely dried. For reduction/alkylation, 100 ul of 10 mm dithiothre-
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itol (DTT) suspended in 100 mm ammonium bicarbonate buffer was
added to the dried samples. This was followed by incubation in a
water bath at 55 °C for 45min. After removing the alkylation solution,
100 wl of 55 mm iodoacetamide (IAA) suspended in 100 mMm ammo-
nium bicarbonate buffer was added into the reduced samples fol-
lowed by incubating at 37.5 °C for 30 min. The alkylated samples
were then washed with 100 wl of 100 mm ammonium bicarbonate
buffer and incubated for 5min. A 100 ul of acetonitrile was added to
make one to one ratio of solutions with incubation for 15min. All the
solutions were removed. The samples were then dried before diges-
tion. Trypsin digestion solution was prepared with 4 pl trypsin in 96 ul
of 100 mm ammonium bicarbonate buffer. The amount of trypsin was
determined using enzyme/protein ratio of 1:50 w/w because 200 ug
of proteins were loaded into the gel. A 100 ul of trypsin digestion
solution was added to the alkylated samples and then incubated for
45 min on ice. This allows the gels to absorb the trypsin digestion
solution. The solution was removed if it was excessive. The samples
were incubated at 37.5 °C overnight. The addition of 2% trifluoroace-
tic acid (TFA) acidified the digestion. The tryptic digests were ex-
tracted from the gel by adding 0.1%TFA and incubating in ice water
bath with sonication. The solutions were then collected in a separate
clean Eppendorf tube. This extraction step was repeated with 30%
ACN/0.1% TFA and 60% ACN/0.1% TFA three times. The collected
peptides were then dried in a speed-vacuum and resuspended in
0.1% formic acid prior to LC-MS/MS analysis.

Mass Spectrometry—

LC-MS/MS—Trypsin digested samples were subjected to LC-
MS/MS analysis using Dionex 3000 Ultimate nano-LC system (Di-
onex, Sunnyvale, CA) interfaced to LTQ Orbitrap Velos mass spec-
trometer (Thermo Scientific, San Jose, CA) equipped with a nano-ESI
source. The samples were initially online-purified using a PepMap 100
C18 cartridge (3 um, 100A, Dionex). The purified peptides were then
separated using a PepMap 100 C18 capillary column (75 um id X 150
mm, 2 um, 100A, Dionex). The separation of peptides was achieved
at 350 nl/min flow rate, using the following gradient: 0-10 min 5%
solvent B (98% ACN with 0.1% formic acid), 10-65 min ramping
solvent B 5-20%, 55-90 min ramping solvent B 20-30%, 90-105 min
ramping solvent B 30-50%, 105-110min maintaining solvent B at
80%, 110-111 min decreasing solvent B 80-5%, and 111-120 min
sustaining solvent B at 5%. Solvent A was a 2% ACN aqueous
solution containing 0.1% formic acid. The separation and scan time
was set to 120 min.

The LTQ Orbitrap Velos mass spectrometer was operated with
three scan events. The first scan event was a full MS scan of 380—
2000 m/z at a mass resolution of 15,000. The second scan event was
CID MS/MS of parent ions selected from the first scan event with an
isolation width of 3.0 m/z, a normalized collision energy (CE) of 35%,
and an activation Q value of 0.250. The third scan event was set to
acquire HCD MS/MS of the parent ions selected from the first scan
event. The isolation width of HCD experiment was set to 3.0 m/z while
the normalized CE was set to 45% with an activation time of 0.1 ms.
The CID and HCD MS/MS were performed on the five most intense
ions observed in the MS scan event.

Data Processing— Quantitation was attained employing normalized
spectral counts that were calculated by Scaffold Q+ (Proteome Soft-
ware, Inc., Portland, OR).

The identification of proteins/peptides was achieved using MAS-
COT database (40). Proteome Discoverer version 1.2 software
(Thermo Scientific, San Jose, CA) was used to generate a mascot
generic format file (*.mgf) that was subsequently employed for data-
base searching using MASCOT version 2.3.2 (Matrix Science Inc.,
Boston, MA). Parent ions were selected from a mass range of 350—
10000Da with a minimum peak count of one. The parameters from
Mascot Daemon were set to search against the UniProt Rattus data-

base (UniProt release 2013_11). Oxidation of methionine was set as a
variable modification while carbamidomethylation of cysteine was as
a fixed modification. The formation of propionamide adducts on cys-
teine, N terminus and C terminus of peptides was added as variable
modification because of the use of polyacrylamide gels. Trypsin was
selected with missed cleavages up to two. Peptides were searched
with a precursor ion mass tolerance of 6ppm or better and fragment
ion mass tolerance of 1.5Da. The MASCOT results were imported to
Scaffold version 3.6.3 (41) (Proteome Software, Inc.). Scaffold proba-
bilistically validates the identification of peptides and proteins as-
signed by MASCOT using PeptideProphet (42) and ProteinProphet
(43) algorithms, respectively. Peptide identifications were accepted
with a MASCOT ion score greater than 20, whereas protein identifi-
cations were accepted with a probability greater than 99%. The
accepted proteins contain at least two identified peptides. The
number of entries in the database (or subset of databases)
searched was 7875 entries. The false discovery rate (FDR) was
0.2% for identification of peptides and proteins. Quantitation of
identified proteins was then achieved based on spectral counts
after normalization (supplemental Table S1A-S1C). The mass spec-
trometry proteomics data have been deposited to the Proteome-
Xchange Consortium (http://proteomecentral.proteomexchange.org)
via the PRIDE partner repository with the data set identifier
PXD002724.

Bioinformatics —

Data Preparation—From the three biological replicates that were
generated for each condition or treatment, namely DMSO (control)
and rapamycin (supplemental Table S1A), we thresholded the identi-
fied peptides by removing proteins that returned zero spectral counts
in two biological replicates from each condition. We then averaged
each protein across replicates for each condition, excluding zero
values from the average. The thresholded protein list for each condi-
tion was used for Gene Ontology classification as detailed below. The
data were further processed by dividing the averaged rapamycin
spectral count data by the averaged DMSO spectral count data for
each subcellular fraction. This produced three lists of rapamycin
fold-change over control for each of the subcellular fractions. Finally,
we applied a log, transformation to the fold-change data allowing us
to easily compare difference in protein abundance for each protein
found in its respective fraction. Mitochondrial proteins were filtered
from fractions based on the MitoMiner database for R. Norvegicus
mitochondrial proteins (44).

Gene Ontology Clustering—The unique protein lists for each con-
dition described above were loaded into DAVID—an online tool for
functional annotation and Gene Ontology clustering (45, 46). Data
were analyzed in DAVID using the biological process (BP_FAT) ontol-
ogy as well as the KEGG pathway database (KEGG_PATHWAY). We
used the DAVID Functional Annotation Chart and Functional Annota-
tion Clustering using the default settings (EASE score threshold =
0.1). DAVID EASE score is a modified version of the Fischer Exact p
value that allows for comparison of cluster enrichment.

Network Analysis— Gene Ontology clustering was first performed in
DAVID to produce a Functional Annotation Chart. This chart was then
loaded into the Cytoscape plugin Enrichment Map which performed
further enrichment to identify clusters of high overlap and visualization
in the form of an undirected network (47). We used the following
Enrichment Map tuning parameters to enrich DAVID results: p value
cut-off = 0.001, Q-value cut-off = 0.05, and overlap coefficient
cut-off = 0.6. We used both Cytoscape 2.8.3 and Cytoscape 3.1.0 for
our analysis (48). Network statistics, random network generation, and
network merge analysis (to identify unique GO terms in each treat-
ment) were performed in Cytoscape 2.8.3 using the base plugins.
Protein—protein interaction networks were generated using the Biso-
Genet plugin (49). Inputs were mapped as protein identifiers using
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protein—protein interaction data from the BioGRID and MINT data-
bases. Network was built by adding neighbors to seed proteins up to
a distance of 2. Our output network was represented in terms of
proteins. Networks were analyzed using degree, betweenness, and
closeness centrality network statistics. Hub proteins were identified
using the degree network statistic.

Gene Diseases Databases—For all gene lists, we matched genes in
the database overlapping with our own protein list. The ASD gene list
was obtained from SFARI (Simons Foundation Autism Research Ini-
tiative) (50). The epilepsy gene list was obtained from the CarpeDB
online epilepsy gene database (http://www.carpedb.ua.edu/). The
Alzheimer’s disease gene list was obtained from the AlzGene data-
base top 10 list in combination with the Alzheimer’s disease pathway
from the KEGG Pathway database (hsa05010) (51, 52).

Statistics, Data Analysis, and Image Processing— Data processing
and preparation were performed in Microsoft Excel 2010 and the R
programming language (http://www.r-project.org/). Statistics and vi-
sualization was performed with the R programming language and
GraphPad Prism 6. The following R packages were used for analysis:
equivalence (http://cran.r-project.org/web/packages/equivalence/in-
dex.html), ggplot2, gplots (http://cran.r-project.org/web/packages/
gplots/index.html), moments (http://cran.r-project.org/web/packages/
moments/index.html), plyr, and reshape2 (53-57). R Scripts for
generating figures and statistical analysis deposited at:
http://github.com/snamjoshi/MCP2015_Niere_Namjoshi_etal.

Bio-orthogonal Noncanonical Amino Acid Tagging and Proximity
Ligation Assay Tandem (BONCAT-PLA)—Visualization of new pro-
teins was conducted similar to Workman et al. (58). Following incu-
bation of 21 DIV hippocampal neurons in 500 ul methionine-free
media for 30 min at 37 °C, azidohomoalanine (AHA, Life Technolo-
gies) and equal volume of rapamycin (final concentration = 200 nm) or
DMSO were added to the media. 1 h after treatment, cells were fixed
as described by Workman et al. (568, 59). Click-it metabolic labeling
was then performed according to manufacturer’s instructions (Life
Technologies). Biotin-alkyne was used to detect new proteins. PLA
was subsequently conducted according to manufacturer’s directions
(Duolink, Sigma). Mouse, anti-biotin (1:500, Abcam), rabbit anti-
GAP-43 (1:500, Abcam), rabbit anti-SNAP-25 (1:100, Abcam), mouse
anti-PARK7 (1:1000, Sigma), rabbit anti-biotin (1:500, Sigma), and
chicken anti-MAP2 (1:2000, Abcam) antibodies were used.

Stereotaxic In Vivo Virus Injection And Hippocampal Immunohisto-
chemistry—To remove TSC1 in Tsc1 conditional knockout mice
(Tsc1™Pik/y, Jackson Laboratory, Bar Harbor, ME), Cre-recombi-
nase and GFP packaged in adeno-associated virus (AAV-Cre and
AAV-GFP) were stereotaxically injected into the hippocampus of 7 to
8-week-old male mice as described (58). The following coordinates
(from bregma) were used: —2.2 mm A/P, £ 1.5 mm M/L; —2.5 mm
A/P, and = 1.6 mm M/L. Two weeks after injection, mice were
transcardially perfused with phosphate buffered saline (0.1 m) and the
brains were postfixed in 4% paraformaldehyde. Fifty-micrometer-
thick hippocampal slices were prepared and checked for GFP ex-
pression. Slices that expressed GFP were processed from immuno-
histochemistry as described (60) using the following primary
antibodies: mouse anti-PARK7 (1:100, Sigma Aldrich), guinea pig
anti-PSD95 (1:100, Synaptic Systems), and chicken anti-MAP2 (1:
500). After overnight primary antibody incubation in 4 °C, the follow-
ing secondary antibodies were used: AF405, Cy3, and AF647.

Immunocytochemistry (ICC)—Dissociated hippocampal neurons,
18-25 days in vitro (DIV), were prepared from embryonic rat pups
(E17-18) similar to Sosanya et al. (35). For Tsc1 cultures, neurons
were prepared from postnatal (0-3 days) Tsc7 conditional knockout
pups similar to Niere et al. (61). Cre-2A-GFP (Puro), CMV-lentivirus
(GenTarget, Inc., San Diego, CA) was used to reduce TSC1 expres-
sion. GFP (CMV)-Puro lentiviral particles was used as a control. Virus

was added to cultures at 7-9 DIV and allowed to express for 9-14
days. GFP immunofluorescence was used to identify infected pyram-
idal neurons. Cells were fixed in 4% paraformaldehyde for 10 min at
37 °C and permeabilized in 0.2% Triton X-100 for 10 min similar to
Niere et al. (61). Fixed cells were incubated in primary rabbit anti-
GAP43 (1:500, Abcam), rabbit anti-SNAP25 (1:100, Abcam), or mouse
anti-PARK?7 (1:1000, Sigma Aldrich), and chicken anti-MAP2 (1:2000,
Abcam). Goat anti-Synapsin (1:500, Santa Cruz Biotechnology, Dal-
las, TX) and guinea pig anti-PSD95 (1:500, Synaptic Systems) were
used to visualize the pre- and postsynaptic structures, respectively.
Following overnight primary antibody incubation in 4 °C, appropriate
secondary antibodies (1:500, Life Technologies) were applied: Alex-
aFluor488 (AF488), AF647, AF405, and Cy3 (Jackson ImmunoRe-
search). Note, chicken anti-MAP2 used in conjunction with AF405
produces a granular appearance when imaged. In any given cell
culture experiment, image acquisition across all conditions was per-
formed on the same day using similar duration and intensity of exci-
tation light. All fluorescence images were acquired on a Leica SP5
disk confocal microscope (Wetzlar, Germany) using an oil-immersion,
63x lens, sampled at 1024 X 1024.

Image Analysis—For PSD-95 and synapsin colocalization analysis,
Z-stacks of nine planes at 0.5 um/plane for each dendrite were
imaged. Only one plane that had the strongest signal from the protein
of interest was analyzed. The Pearson’s correlation coefficient (PCC)
was determined using the ImageJ plugin JACoP. The same threshold
value was applied across all conditions using the threshold function in
Imaged. For BONCAT-PLA, Z-stacks of eight to nine planes at 0.5
um/plane were imaged. For BONCAT/PLA analysis, two planes, for a
total of 1 um thickness that had the brightest MAP2 signals were max
projected using Imaged. The projected images were analyzed for PLA
and MAP2 immunofluorescence (IF). PLA and MAP2 signals were
thresholded to at least thrice above background that remained con-
stant within an experiment. To determine the background for each
signal in Metamorph, the average fluorescence intensity in a circular
region of ~90 um? adjacent to the region of interest was obtained.
The dendritic PLA value for each protein was normalized to the
corresponding MAP2 IF as a volume control. For BONCAT-PLA
measurements, the product of the total area, intensity, and puncta
number of BONCAT-PLA in each dendrite was quantified. Dendritic
MAP2 IF was determined by multiplying the total area and average
intensity of MAP2. The BONCAT-PLA/MAP2 values were normalized
to the average BONCAT-PLA/MAP2 of control (DMSO) dendrites to
reflect the total change in protein with treatment. Secondary dendrites
(50 um long and 1 um thick) were used for analysis to minimize
variability in dendritic caliber. To quantify dendritic PARK7 in hip-
pocampal slices, Z-stacks of 12 planes were used at 1 um/plane.
Only one plane where MAP2 signal is distinct but not saturated was
analyzed. For each dendrite, the product of the total area and inten-
sity of PARK7 was determined and normalized to its corresponding
MAP2 immunofluorescence as a volume control. Each dendritic
PARK7/MAP2 value was normalized to the average PARK7/MAP2 of
wildtype dendrites. To outline the dendrites in hippocampal slices, the
MAP?2 signal was saturated to define the dendrite. The “Find Edges”
function in ImageJ was used to create an outline of the dendrite.

RESULTS

Rapid mTORC1 Suppression In Vivo Affects Synaptic Pro-
cesses—Having previously shown that repressing mTORC1 in
dissociated hippocampal neurons induced Kvi.1 mRNA
translation in dendrites, we sought to identify in vivo the
effects of briefly reducing mTORC1 activity on the proteomic
expression of the cortex (34, 35). We used naive rats because
our goal was to identify proteins that may be common across
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all diseases where mTORC1 activity is aberrantly regulated
without biasing our data toward any one disease. We also
took advantage of tandem mass spectrometry (LC-MS/MS)
which can identify numerous proteins in a mixture and is not
dependent upon access to antibody epitopes (62). Because
local translation is rapid, we used a single intraperitoneal
injection of rapamycin (10 mg/kg) and harvested cortices
within one hour to detect changes in protein expression that
may be because of new protein synthesis (34, 61, 63-67).
To verify the effectiveness of intraperitoneal injection of
rapamycin in reducing mTORC1 activity in vivo, we com-
pared cortical lysates (Lysates) isolated from rats injected
with carrier (control/DMSQO) to those injected with rapamy-
cin by Western blotting for the active form of mTORCH1
(P-mTORC1) and its downstream target ribosomal S6 (P-
S6). Indeed, one hour after systemic administration, rapa-
mycin effectively reduced the activities of mMTORC1 (0.50 +
0.14 of control) and ribosomal S6 (S6) (0.21 + 0.08 of
control), as indicated by the ratio of the phosphorylated
protein over the total protein (.e. P-mTORC1/mTORC1 and
P-S6/S6; Fig. 1A) (31).

Next, we performed LC-MS/MS analyses on cortical lysates
from carrier and rapamycin treated rats. To assess the con-
sistency of spectral count measurements among replicates
(i.e. three independent rats/treatment), we measured the av-
erage standard errors across all proteins for each treatment
(supplemental Fig. S1A; DMSO = 0.169 = 0.006, RAPA =
0.157 = 0.006). We also calculated spectral count correla-
tions across all proteins for each replicate within a treatment
(supplemental Fig. S1B; r? > 0.93 (DMSO), r* > 0.94 (RAPA),
average r? across replicates). The small variability in standard
error and tight correlation among all replicates across all
proteins in each treatment denote consistent sample prepa-
ration and spectral count measurements.

We first ascertained the global influence of rapidly sup-
pressing mTORC1 by constructing biological networks using
the Gene Ontology (GO) of each protein identified in the
lysates fraction. Normalized spectral counts were averaged
for each of the three biological replicates across all treat-
ments. To find the most highly enriched biological processes,
proteins were filtered into unique lists that were loaded into
DAVID (45, 46). DAVID uses a modified version of Fisher’s
Exact Test to produce an “EASE” score that measures the
significance of clustering enrichment among the proteins un-
der consideration. Because of the high number of biological
processes that resulted from DAVID clustering data, we used
the DAVID functional annotation chart in conjunction with the
Cytoscape plugin Enrichment Map to visualize gene/protein
clusters with the highest overlap (47, 48). This approach al-
lowed us to create biological networks organized into highly
enriched functional units (Fig. 1B). Each node in this network
is a GO biological process containing a statistically significant
cluster of proteins from either rapamycin or control/DMSO
treatment (based on DAVID EASE score). The edge connect-

ing the nodes illustrates the relatedness of the biological
processes, such that a shorter edge indicates a greater over-
lap of proteins between processes. GO biological processes
that contain a high overlap in common proteins were circled
and given a label that generally describes the processes it
contains.

To differentiate rapamycin-dependent biological processes
in lysates, we overlapped control/DMSO and rapamycin net-
works and colored unique edges between the two fractions in
red (Fig. 1B). This approach revealed a high level of overlap
between the GO biological process cluster for the DMSO
(gray) and RAPA (blue) networks (Fig. 1B). We further charac-
terized the networks by mean closeness centrality, mean
clustering coefficient, and mean neighborhood connectivity
(supplemental Table S2) (68, 69). This evaluation also indi-
cated a stark similarity between DMSO and rapamycin net-
works, suggesting that acute attenuation of mTORC1 activity
does not largely alter the global network. However, our anal-
ysis unexpectedly revealed that a brief inhibition of mMTORC1
significantly affected GO biological processes observed at the
synapse—ion homeostasis, metal ion transport, regulation of
membrane potential, and regulation of secretion—in addi-
tion to the expected changes in translation, as indicated by
the red connections (see supplemental Table S3 for unique
GO terms between treatments). Furthermore, synaptic ves-
icle maturation particularly stood out with its high level of
unique connections between vesicle trafficking, neuron pro-
jection and morphogenesis, and protein transport (Fig. 1B,
green arrow, lower right corner). These results suggest that
acute alterations in mMTORC1 activity greatly impact synap-
tic function.

PSD Proteome is Labile During Brief Rapamycin Exposure
and Contains More mTORC1-Responsive Proteins—Because
network analysis of lysates revealed stark changes in synaptic
processes after one hour of mMTORC1 inhibition, we isolated
synaptoneurosomes from cortices of control and rapamycin-
treated rats. Through a series of filtration steps and detergent
solubilization, we isolated fractions of synaptoneurosomes
that were soluble (supernatant, S, containing neuronal pro-
cesses void of the PSD) and insoluble (pellet, P, PSD) in the
detergent, triton X-100 (TX-100) (Fig. 2A, illustration of bio-
chemical isolation) (70, 71). We used this modified approach
for enriching PSD to allow us to identify promising proteins
that directly interact with resident proteins of PSD (see Ex-
perimental Procedures). To verify the purity of the fraction-
ation we assayed for well-characterized resident proteins of
each fraction. As indicated by Western blot analysis, the pellet
is enriched for PSD-95—a postsynaptic marker—and the su-
pernatant is enriched for tubulin and synaptophysin 1—a pre-
synaptic marker (Fig. 2B) (72-74). Furthermore, phospho-S6
(P-S6)—a downstream marker of mTORC1 activity—was re-
duced in the PSD, indicating that mTORC1 was successfully
inhibited by rapamycin in this fraction (DMSO = 1.00 = 0.31;
RAPA = 0.12 = 0.05) (Fig. 2C). Next, we subjected soluble
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Fic. 1. Rapamycin reduces mTORC1 activity and rapidly alters translation and synaptic function. A, One hour, systemic administration
of rapamycin (10 mg/kg body weight) reduced mTORC1 activity as measured by densitometric analyses of phosphorylated mTORC1
(P-mTORCH1, Ser2448) and its downstream target, phosphorylated ribosomal S6 (P-S6). To obtain fold-changes in activity, ratios of P-mTORC1
to mTORC1 and P-S6 to S6 were normalized to DMSO values. In DMSO, P-mTORC1 and P-S6 values equal 1 (dashed line, home cage control).
Rapamycin, P-mTORC1 = 0.50 = 0.14; Rapamycin, P-S6 = 0.21 = 0.08 (Mean = S.E.). n = 3 animals per condition. Statistics: *, p < 0.05;
Student’s t test. B, Enrichment network comparing differences in proteins GO clustering between DMSO and rapamycin treatments for the
lysate fraction. Network generated from the GO biological process database by output from the DAVID Functional Annotation Chart and further
enrichment with Enrichment Map (see Experimental Procedures). Tuning parameters used to enrich DAVID results: p value cut-off = 0.001,
Q-value cut-off = 0.05, overlap coefficient cut-off = 0.6. A node represents a GO biological process containing genes from the experimental
treatments. An edge indicates proteins shared between nodes. Edge thickness corresponds to the number of proteins shared between nodes
and edge length corresponds to enrichment overlap between nodes. Light blue lines indicate DMSO treatment and dark blue indicates
rapamycin treatments. Two edges of different colors connecting the same nodes indicate proteins shared between processes for both
treatments. Red lines indicate unique differences in biological processes between treatments. Green arrow indicates biological process of
synaptic vesicle maturation, the node with the most unique connections. Annotations based on general description of processes contained in
the cluster. Network statistics listed in supplemental Table S2.

and PSD fractions to LC-MS/MS to determine the proteins licates we measured the average standard errors and spectral
that were up- or down-regulated during acute reduction of count correlations across all proteins (supplemental Fig. S2A;
mTORCT activity. Again, to assess consistency between rep- PSD/DMSO = 0.222 + 0.007, PSD/RAPA = 0.198 = 0.006;
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Fic. 2. Proteins in postsynaptic region rapidly and bidirectionally respond to mTORC1 repression. A, Schematic diagram indicating the
steps and reagents used to generate the PSD-enriched (P), and triton X-100-soluble (S) portions of the cortices. To isolate P and S,
synaptoneurosomes were solubilized in triton-X 100 (TX-100, 1%). B, By Western blot analysis, top, TX-100-insoluble pellet (P) was enriched
in postsynaptic density-95 (PSD-95, postsynaptic marker) while bottom, TX-100-soluble supernatant (S) was enriched for synapsin 1 (SYN1,
presynaptic marker) and tubulin. C, In the PSD, rapamycin reduces P-S6 level (DMSO = 1.00 + 0.31; RAPA = 0.12 = 0.05; n = 3 animals per
condition). Actin was used as loading control because PSD fraction is void of tubulin, as shown in B. Statistics: *, p < 0.05; Student’s t test.
D, Histogram showing log, transformed fold-change levels across the PSD (supplemental Table S4-S5). Central gray box represents proteins
that changed by 0-10% compared with control conditions. For PSD fraction: n = 401 proteins, Ni,gs foig-change = 0 = 210, Niggs fold-change < 0 =
191. Descriptive statistics: mean = S.D. = —0.006 = 0.5; variance = 0.25 Cl [0.224, 0.281]; skewness = 0.40; kurtosis = 4.14. Cl for variance
calculated from X2 statistic. Bartlett’s Test shows variances of lysates, PSD, and soluble fold-change distributions are unequal (p < 0.0002).
E, Number of proteins in PSD where computing log, fold-change (RAPA/DMSO) was not possible because the average spectral counts for
either rapamycin or DMSO treatments was zero. These proteins are described as “out-of-range.” DMSO column represents 50 proteins whose
average spectral counts for the rapamycin treatment condition was zero. RAPA column represents 39 proteins whose average spectral counts
for DMSO treatment condition was zero (supplemental Table S6).

Normalized S6 activity

o
)

432 Molecular & Cellular Proteomics 15.2


http://www.mcponline.org/cgi/content/full/M115.055079/DC1
http://www.mcponline.org/cgi/content/full/M115.055079/DC1

ASBMB

—~
o~
o~

o~

MOLECULAR & CELLULAR PROTEOMICS

MCP

mTORC1 Rapidly Shifts Expression of Disease Proteomes

P S

P S

ALDH5A1 APOE v
ALDH7A1 e ATP2A2
AMPH BIN1
APOE L CALM1
ATP1A2 CDK5
BSN GAPDH I
CAMK2A GNAQ
CAMK2B MAPK1
CAMK2D MAPT
CDK5 PLCB1 N
DNM1 PLD3
DPYSL2 PPP3CA
GAD2 PPP3CB
GAP-43 PPP3R1
GRIA2 SNCA
HOMER1 c
KCNA1 i )
KCNAB2 ALDH5A1
LGI1 ATP2B2
BAIAP2
PCMT1 N\ ol
PRKCG
PURA DPP6
S100B GAP-43
GSTM1
SLC12A5
HOMER1
SLC1A2
MAPK1
SLC1A3 NLGN3
SLC30A3 \\
PRKCB
SNAP-25
SYN1
STXBP1
SV2A SN2
SV2B SYNGAP1
SYN1
SYN2 Log2 Fold Change
SYT1 il i
mgm . 12 0 13
Not t
VAMP2 I
YWHAB - N
NN e

Fic. 3. mTORCH1 inhibition swiftly alters the expression of epi-
lepsy, Alzheimer’s disease (AD), and autism spectrum disorder
(ASD) proteomes in a region-specific fashion. Epilepsy genes were
obtained from the CarpeDB epilepsy gene database. AD genes were
obtained from the AlzGene (top 10 list) and the KEGG Pathway

SOL/DMSO = 0.184 = 0.005, SOL/RAPA = 0.179 = 0.005;
supplemental Fig. S2B; r* > 0.85 (PSD/DMS0), r* > 0.88
(PSD/RAPA); r? > 0.90 (SOL/DMSO0), r? > 0.90 (SOL/RAPA)).

To determine how acute mTORC1 repression affects the
subcellular distribution of proteins, we examined changes in
expression. The average value of each protein that was de-
tected in rapamycin was normalized to the average value of
the corresponding protein in DMSO and thus reported as the
fold change of RAPA/DMSO. We found that the majority of the
proteins (~73-75%) in PSD changed their expression profiles
within one hour after reducing mTORC1 activity as deter-
mined by variance (PSD: 0.25 CI[0.224, 0.281]) and fold-
changes in protein expression (see supplemental Table S4 for
PSD proteins that are insensitive to mTORC1 activity and
supplemental Table S5 for PSD proteins whose expression
changes). Furthermore, the direction of change as indicated
by the histogram is approximately equal between the ex-
pected reduction with mTORC1 inhibition (negative fold-
change) and the unexpected increase (positive fold-change)
in expression (Fig. 2D). More interestingly, we discovered
out-of-range proteins that could only be detected in either
DMSO or rapamycin (Fig. 2E; supplemental Table S6). In PSD,
50 proteins could no longer be detected, whereas 39 new
proteins were identified upon inhibiting mTORC1. The dy-
namic disappearance and emergence of out-of-range pro-
teins in PSD suggest that mTORC1 not only regulates the
expression of proteins but also regulates them in a site-
specific fashion.

Brief Rapamycin Exposure Alters Localization and Expres-
sion of Proteins Associated with mTORC1-Related Disor-
ders—Dysregulated mTORC1 signaling is implicated in many
neurological disorders such as epilepsy, Alzheimer’s disease
(AD), and autism spectrum disorder (ASD) (11, 12). We thus
examined our data for disease-related proteins whose ex-
pressions were up-regulated in a region-specific fashion dur-
ing a brief reduction in mTORC1 activity. Like Kv1.1, these
newly identified proteins that are up-regulated with mTORC1
inhibition could potentially serve as novel therapeutic targets
(87). Using available databases, we compiled a list of proteins
associated with epilepsy (from CarpeDB), Alzheimer’s disease
(AlzGene and KEGG Alzheimer’s disease pathway (hsa05010))

Database for AD (KEGG hsa05010). ASD genes were obtained from
the Simons Foundation Autism Research Initiative (supplemental Ta-
ble S7-S8). Using these databases heatmaps were generated to
represent protein expression in our PSD (P) and soluble (S) fractions
following mTORCH1 inhibition. For heatmaps, textured icons indicate
out-of-range proteins with fold-changes of 0/Control (red textured) or
RAPA/O (yellow textured). Gray indicates that the protein was not
detected in the fraction. Textured gray indicates that the fold-change
was not quantifiable because only one of the three biological repli-
cates for that treatment condition produced a nonzero spectral count
value. A, Heatmap showing the log, fold-change for the epilepsy
proteins. B, Heatmap showing the log, fold-change for the AD pro-
teins. C, Heatmap showing the log, fold-change for the ASD proteins.
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Fic. 4. mTORC1 suppression oppositely alters the appearance of new SNAP-25 and GAP-43. A, Representative merged images of

newly synthesized SNAP-25 protein (green) as determined by BONCAT-PLA when mTORCH1 is active (left) or repressed (right) in or near
MAP2-positive dendrites (red) of hippocampal cultured neurons. Scale bar = 20 um. B, Blown up dendrite outlined in A by a dotted box.
Control- (left) and rapamycin-treated (right) dendrite showing new SNAP-25 (top), MAP2 (middle), and merged image (bottom). Arrows indicate
new SNAP-25 protein. Scale bar = 5 um. C, Quantification of new SNAP-25 localized within or near the dendrite. Note, SNAP-25 increases
with rapamycin. (DMSO = 1.00 = 0.20, n = 33 dendrites; RAPA = 2.18 + 0.34, n = 37 dendrites). D, Representative merged images of newly
synthesized GAP-43 protein (green) and MAP2-positive dendrites (red) and cell bodies treated with carrier (left) or rapamycin (right). Scale bar =
20 wm. E, Blown up dendrite outlined in D by a dotted box. Control- (left) and rapamycin-treated (right) dendrite showing new GAP-43 (top),
MAP2 (middle), and merged image (bottom). Arrows indicate new GAP-43 protein. Scale bar 5 = um. F, Quantification of new GAP-43 protein
in or near dendrites. Note, GAP-43 protein synthesis is reduced with rapamycin. (DMSO = 1.00 * 0.12, n = 38 dendrites; RAPA = 0.39 = 0.08,
n = 30 dendrites). MAP2 signal is saturated for visualization purposes to clearly see all dendritic branches associated with new SNAP-25 or

GAP-43. Statistics: **, p < 0.01; **, p < 0.001; Student’s t test.

and ASD (SFARIgene) (supplemental Table S7A). We then
determined which of these candidate genes appeared in our
MS/MS data sets (supplemental Table S7B). This list was then
filtered to remove all mitochondrial genes. Proteins that were
detected in two out of three samples per treatment or absent
in all samples were considered for fold-expression and spatial
distribution analyses as indicated on the heat maps (Fig. 3).
We detected 38 epilepsy, 15 AD, and 14 ASD-associated
proteins (Fig. 3; supplemental Table S8). A brief one hour
reduction in mMTORC1 signaling was sufficient to alter the
expression of select proteins bidirectionally with ~23%
(red) and ~17% (yellow) increasing their expression when
mTORC1 is active and inhibited, respectively (beyond = 0.5
log,, fold change; supplemental Table S8). As expected, Kv1.1
protein (Kcnal) was only detected in the soluble fraction when
mTORC1 was repressed, confirming our previous findings
(81, 34, 35). Notably, ~11% of the disease-related proteins
showed changes where mTORC1 activity had a different im-
pact depending on the subcellular fraction. Our analyses sug-
gest that proteins associated with aberrant mTORC1 disor-

ders are differentially regulated at the subcellular level by
mTORCT1 activity.

Rapid mTORC1 Inhibition Bidirectionally Regulates Protein
Syntheses of GAP-43 and SNAP-25—A few proteins ap-
peared to be up-regulated in the PSD at one hour after
mTORCH1 inhibition (Fig. 3). We focused our attention on
SNAP-25 as reduction of SNAP-25 has been observed in
age-related dementia including AD (75-77). This reduction
has been largely attributed to a loss of synapses or dysfunc-
tion of presynaptic vesicular release (75-78). Unexpectedly,
we found SNAP-25 to be up-regulated in the PSD with rapa-
mycin treatment, arguing that SNAP-25 may be important
postsynaptically as well. To determine if the increase in
SNAP-25 in the PSD with mTORCH1 inhibition was because of
new protein synthesis we used bio-orthogonal noncanonical
amino acid tagging (BONCAT) and proximity ligation assay
(PLA) in tandem, after repressing mTORC1 for one hour in
cultured hippocampal neurons (Fig. 4) (58, 59). BONCAT iden-
tifies newly synthesized proteins that incorporate an azido-
homoalanine (AHA)-tagged noncanonical amino acid. Using
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Fic. 5. Rapid mTORC1 repression bidirectionally modifies subcellular expression of SNAP-25 and GAP-43. A, Representative images
of neurons showing differential expression of SNAP-25 (red) colocalizing with the postsynaptic density protein PSD-95 (green) and the dendritic
protein MAP2 (blue) when mTORCH1 is active (DMSO, left panel) or repressed (Rapamycin, right panel). Scale bar = 20 um. See also
supplemental Fig. S3. B, Blown up dendrites, indicated by dotted box in A, of SNAP-25 (top), PSD-95 (middle) and merged image showing
colocalization (bottom). White arrows indicate SNAP-25 that colocalize with PSD-95. Blue arrows indicate SNAP-25 that colocalize with
synapsin. C, Same dendrite as in B, representative staining of the presynaptic protein synapsin (top) colocalized with SNAP-25 (bottom,
merged). Scale bar = 5 um. D, Normalized PCC averaged over many dendrites for SNAP-25 and the postsynaptic marker PSD-95 or the
presynaptic marker synapsin and SNAP-25. All raw PCC values were normalized to the average PCC between SNAP-25 and synapsin in
control condition (DMSO, D). Dotted line indicates the average normalized PCC between SNAP-25 and synapsin in control condition. Note,
there was an increase in the PCC of SNAP-25 with PSD-95 in rapamycin treatment (DMSO, D, = 1.63 = 0.12, n = 34 dendrites; Rapamycin,
R, = 2.12 = 0.07, n = 24 dendrites). There was no significant difference in PCC between treatments for SNAP-25 and synapsin (DMSO =
1.00 = 0.13, n = 34 dendrites; Rapamycin = 1.16 = 0.11, n = 24 dendrites). E, Representative images of neurons showing differential
expression of GAP-43 (red), PSD-95 (green), and MAP2 (blue) when mTORCH1 is active (DMSO, left panel) or repressed (Rapamycin, right
panel). Scale bar 20 uMm. F, Blown up dendrites, indicated by dotted box in E, of GAP-43 (top), PSD-95 (middle) and merged image showing
colocalization (bottom). White arrows indicate GAP-43 that colocalize with PSD-95. Blue arrows indicate GAP-43 that colocalize with synapsin.
See also supplemental Fig. S3. G, Same dendrite as in F, representative staining of synapsin (top) colocalized with GAP-43 (bottom, merged).
Scale bar = 5 um. H, Normalized PCC averaged over many dendrites for GAP-43 and the postsynaptic marker PSD-95 or the presynaptic
marker synapsin and GAP-43. All raw PCC values were normalized to the average PCC between GAP-43 and synapsin in control condition
(DMSO, D). Dotted line indicates the average normalized PCC between GAP-43 and synapsin in control condition. Note, there was a decrease
in the normalized PCC of GAP-43 with PSD-95 in rapamycin treatment (DMSO, D, = 1.36 = 0.08, n = 36 dendrites; Rapamycin, R, = 1.00 =
0.09, n = 36 dendrites). There was no significant difference in PCC between treatments for GAP-43 and synapsin (DMSO = 1.00 + 0.09, n =
36 dendrites; Rapamycin = 0.92 = 0.08, n = 36 dendrites). Statistics: *, significantly different by one-way ANOVA, Tukey’s multiple
comparison; #, significantly different by single t test from PCC of SNAP-25 or GAP-43 with synapsin in DMSO. Chicken anti-MAP2 was imaged
with 405 nm laser (see “Experimental Procedures”).
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Fic. 6. Protein—protein interaction (PPI) network analysis determines Parkinson protein 7 (PARK7) as a candidate molecule that may
give rise to pathologies common in epilepsy, AD and ASD. A, Venn diagrams depicting candidate genes common between epilepsy,
Alzheimer’s disease (AD), and autism spectrum disorder (ASD). (Left, Databases) Venn diagram for genes obtained from disease databases
(supplemental Table S7A). The genes in the intersection include amyloid precursor protein (APP) and glutamate receptor ionotropic,
N-methly-p-aspartate 2A (Grin2A/GIuN2). (Right, Our data) Subset of left Venn diagram showing only those genes present in our data set
(Supplemental Table S9B-S9D). B, Protein—protein interaction networks for epilepsy (left), AD (right), and ASD (bottom) based on candidate
genes. The combined PPI network (center) was seeded with epilepsy, AD, and ASD candidate proteins found in our data set (supplemental
Table S8). Network seed genes are represented by nodes colored in red (epilepsy), magenta (AD), blue (ASD), or orange (combined PPI
network). Light blue nodes indicate intermediate PPI interactions between seed genes. Green nodes indicate proteins connected to hub
proteins of high degree and/or betweenness centrality (highly trafficked or connected nodes), referred to in the text as “terminal hub proteins.”
Proteins around central PPI network indicate proteins connected to the terminal hub proteins including PARK?Y.

GAP-43 in PSD, we previously showed that Gap-43 mRNA
decays with mTORCH1 inhibition (35). Because our MS/MS
data showed that GAP-43 is reduced in the PSD, we sus-

alkyne-azide click chemistry, proteins that contain AHA are
labeled with biotin. In combination with PLA, which emits a
fluorescent signal only when two antibodies (anti-biotin and

anti-SNAP-25) are within 30—40 nm of each other, we are able
to identify new SNAP-25 protein specifically. Rapamycin, as
predicted, increased new SNAP-25 in dendrites (2.18 = 0.34
of control; Fig. 4A-4C). We selected GAP-43 protein as a
control that is down-regulated in PSD with mTORC1 inhibition
(79). Consistent with our MS/MS analyses showing reduced

pected that mTORC1 inhibition attenuates GAP-43 protein
synthesis. Indeed, there was a significant reduction in new
GAP-43 in rapamycin-treated neurons relative to control neu-
rons (0.39 = 0.08 of control; Fig. 4D-4F), supporting our
previous report that mTORC1 inhibition reduces Gap-43
mRNA (35). We noticed that the signal for both SNAP-25 and
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representative Western blots. Bottom: densitometric analysis of Western blots. (DMSO = 1.00 = 0.06; Rapamycin, RAPA, = 0.24 = 0.10; n =
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GAP-43 within or near dendrites was punctate—perhaps sug-
gesting synaptic localization. We attempted to co-label pre-
and postsynaptic sides of the synapse in combination with
BONCAT-PLA. However, the antibodies for the presynaptic
protein synapsin and the postsynaptic protein PSD-95 did not
work after the BONCAT-PLA procedure. Nevertheless, these
data do suggest that inhibition of mTORC1 for one hour
promotes new synthesis of SNAP-25 protein while reducing
synthesis of new GAP-43.

Acute mTORC1 Repression Bidirectionally Regulates the
Expression of SNAP-25 and GAP-43 in the PSD—To deter-
mine if changes in expression of SNAP-25 and GAP-43 with
mTORC1 inhibition are synaptic, we treated cultured hip-
pocampal neurons with carrier (control) or rapamycin (200 nw)
for 1 hour. We subsequently immunostained for GAP-43 or
SNAP-25, while costaining for MAP2, PSD-95, and synapsin
to visualize SNAP-25 and GAP-43 at the synapse. We then
asked if the amount of SNAP-25 or GAP-43 that colocalizes
with the pre- or postsynaptic terminals changes with
mTORC1 activity. To do this we determined the amount of
colocalized protein by plotting the fluorescence intensity of
GAP-43 or SNAP-25 with the intensity of PSD-95 or synapsin
and calculated the Pearson’s correlation coefficient (PCC) on
a pixel-by-pixel basis. Because both SNAP-25 and GAP-43
have been best characterized presynaptically, we used the
PCC between SNAP-25 or GAP-43 and synapsin to normalize
between conditions (80, 81). We found that rapamycin-treated
neurons expressed more SNAP-25 that colocalized with the
postsynaptic protein PSD-95, shifting its normalized PCC
from 1.6 = 0.12 to 2.1 * 0.07 (Fig. 5A-5D). In contrast,
rapamycin reduced the normalized PCC between GAP-43
and PSD-95 from 1.36 + 0.08 to 1.0 = 0.09 (Fig. 5E-5H).
Interestingly, rapamycin had no significant effect on the nor-
malized PCC for either SNAP-25 or GAP-43 with the presyn-
aptic protein synapsin. Consistent with the localization of
Gap-43 and Snap-25 mRNAs in the dendrites, our findings
show that GAP-43 and SNAP-25 proteins are present post-
synaptically (82, 83). Moreover, we show that acute mTORCH1
inhibition oppositely regulates the colocalization of SNAP-25
and GAP-43 with the postsynaptic marker PSD-95.

Protein—Protein Interaction Network Analysis Exposes Snca
and Park7 as Novel Protein Hubs Shared by Epilepsy, AD, and

ASD—Seizures are commonly observed in epilepsy, AD, and
ASD. We, therefore, considered the possibility that the pro-
teins linked to these disorders (Fig. 3) interact with each other
in some way to elicit a shared disease phenotype. Using a
Venn diagram to determine which of the previously identified
candidate proteins are common in epilepsy, AD and ASD, we
found that few if any were shared by the three disorders (Fig.
6A; two genes from published data (left) and zero genes from
our data (right)). We next sought to determine potential
protein—protein interactions (PPI) using epilepsy-, AD-, and
ASD-related proteins from our MS/MS data. To do this, we
first created a PPl network for each disease by seeding each
network with its relevant disease-related proteins (48 for ep-
ilepsy, 44 for AD, and 19 in ASD). We then constructed each
network by adding neighbors to the seed proteins up to a
distance of two nodes to exact intimate protein interactions
(Fig. 6B, left, right, bottom). Using the degree statistic, we
looked for the top nodes that formed the largest number of
connections to other nodes (supplemental Table S9A1-
S9A3), thus allowing us to identify intermediate molecules
(herein referred to as hubs) that may link proteins implicated in
epilepsy, AD, and ASD. To identify common hubs for all three
disorders, we created a network using all 102 proteins iden-
tified in these diseases (Fig. 6B, center). The combined net-
work identified several candidate common hubs (supplemen-
tal Table S9A4, top 10 hubs), with mitogen-activated protein
kinase 3 (MAPK®), small ubiquitin-like modifier 3 (SUMO3),
a-synuclein (SNCA), and Parkinson protein 7 (PARK7/DJ-1)
showing the highest degree statistics in epilepsy, AD, and
ASD (Fig. 6B, center). To verify that these common hubs were
specific to epilepsy, AD, and ASD, we chose 102 random
neuronal proteins from the R. norvegicus protein database
(NCBI) and created a PPl network under the same parame-
ters. MAPK3, SUMOS3, SNCA, and PARK7 hubs were not
identified as top candidates by the random PPl network,
suggesting that the epilepsy-, AD-, and ASD-associated pro-
teins that we have identified from our MS/MS data are
uniquely interconnected.

Because these common hubs interact with a high number
of proteins, altering the protein abundance of a hub could
strongly affect the expression of neighboring proteins, as
indicated by their exclusive connections to a cluster of pro-

colocalize with the postsynaptic protein PSD-95. Blue arrows indicate PARK7 that colocalize with the presynaptic protein synapsin. F, Same
dendrite as in D, representative staining of synapsin (top) colocalized with PARK7 (bottom, merged). Scale bar = 5 um. G, Normalized PCC
averaged over many dendrites for PARK7 and PSD-95 or PARK7 and synapsin. All raw PCC values were normalized to the average PCC
between PARK7 and synapsin in control condition (DMSO, D). Dotted line indicates the average normalized PCC of PARK7 and synapsin in
DMSO. Note, PCC of PARK7 with PSD-95 (DMSO, D, = 1.47 + 0.08, n = 24 dendrites; Rapamycin, R, = 1.17 = 0.05, n = 24 dendrites) and
synapsin (DMSO = 1.00 =+ 0.08, n = 24 dendrites; Rapamycin = 0.67 * 0.06, n = 24 dendrites) decreased at 1 hour after mTORC1 inhibition.
Statistics: * and **, significantly different by one-way ANOVA, Tukey’s multiple comparison; #, significantly different by single t test from PCC
of PARK7 with synapsin in DMSO. H, Representative images of newly synthesized PARKY7 protein, as determined by BONCAT-PLA, when
mTORCHT is active (left, top) or repressed (right, top) in or near MAP2-positive dendrites (middle panels). Arrows indicate new PARK? protein.
Overlay images of new PARK7 proteins and MAP2 (bottom panels). Scale = 5 um. See supplemental Fig. S7. I, Rapamycin reduces new
PARK7 (DMSO = 1.00 = 0.11, n = 26 dendrites; RAPA = 0.76 = 0.05, n = 36 dendrites). Statistics: *, p < 0.05; Student’s t test. Chicken
anti-MAP2 was imaged with 405 nm laser (see “Experimental Procedures”).
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KO = 1.79 + 0.22, n = 18 dendrites). Statistics: *, p < 0.05; Student’s t test. C, Tsc1 cKO mice expressing CRE (KO) or GFP (WT) in the CA1

Molecular & Cellular Proteomics 15.2 439



SBMB

A

MOLECULAR & CELLULAR PROTEOMICS =

P

MC

mTORC1 Rapidly Shifts Expression of Disease Proteomes

teins (Fig. 6B, arrow from each hub pointing to green clusters
or terminal hub proteins; supplemental Table S9). Although
two out of the top four hubs for the combined PPI network
were identified in our MS/MS data set: PARK7 and SNCA (Fig.
6B; supplemental Table S10), none of them are currently
identified as common to the epilepsy, AD, and ASD databases
(supplemental Table S7A). Moreover, although SNCA has
been identified in AD (Fig. 3B), PARKY is absent in all three
disorders. Our collective findings highlight the advantage of
constructing PPI networks to identify common molecules that
may underlie shared pathologic phenotypes of mTORC1-re-
lated disorders.

PARK?7 Levels at the Synapse Require Active mTORC1—
Because we identified PARK7 as a novel hub common to
epilepsy, AD, and ASD (Fig. 6B), we performed GO functional
annotation to gain insight into how changes in PARK7 expres-
sion may alter the expression of terminal hub proteins (Fig.
7A; supplemental Table S10C). Not surprisingly, PARK? is
linked to translation-related processes, suggesting a putative
central role in diseases with elevated mTORC1 activity and
aberrant translation, like epilepsy, AD, and ASD (Fig. 7A). Of
note, our MS/MS data indicate that mTORC1 activity favors
an overall increase in PARKY7 throughout the dendrite with the
biggest impact at the PSD (Fig. 7B, heat map). After perform-
ing Western blot analysis on cortical PSD fractions isolated
from rats that were intraperitoneal injected with carrier or
rapamycin for one hour (Fig. 7C), we found that PARK7 was
significantly reduced in the PSD by ~75% when mTORC1
was inhibited (Rapamycin = 0.24 = 0.10, Control = 1.00 =
0.06, p < 0.002), confirming our MS/MS data.

Next, we measured the colocalization of PARK7 with the
postsynaptic protein PSD-95 and the presynaptic protein syn-
apsin. Remarkably, rapamycin reduced the normalized PCC
of PARK7 and PSD-95 as well as PARK7 and synapsin from
~1.47 to 1.17 and ~1.00 to 0.67, respectively (Fig. 7D-7G).
Thus, our MS/MS, Western blot analysis, and colocalization
findings show that mTORC1 inhibition reduces PARK? at the
synapse.

If active mTORC1 increases total PARKY7 protein through
new translation, then rapamycin should reduce synthesis of
new PARK7 protein. Surprisingly, using BONCAT-PLA, we
found that acute inhibition of mMTORC1 reduced synthesis of
new PARKY proteins in dendrites only by ~25% (Fig. 7TH-71;
RAPA = 0.76 = 0.05, Control = 1.00 = 0.11). Although these
results show that mMTORC1 positively regulates the translation
of Park7 mRNA, the dramatic loss of PARK7 in the PSD also
suggest that inhibiting mTORC1 may indirectly destabilize
PARKY protein.

PARK7 Expression is Elevated in Dendrites of Neurons in a
Mouse Model of Tuberous Sclerosis Complex—To test the
power of our PPl network to identify new proteins that may be
aberrantly expressed in neurological disorders, we used a
mouse model of tuberous sclerosis complex (TSC), a disease
that exhibits epilepsy and autistic behaviors. In the Tsc1 con-
ditional knockout (cKO) mouse, expression of Cre recombi-
nase virus elevates mTORCH1 activity by knocking down the
expression of TSC1 protein, an upstream repressor of mTOR.
We prepared dissociated hippocampal neurons from Tsc1
cKO mice and infected them at 7-9 DIV with Cre (Tsc7 KO) or
GFP (control/WT) for 9-14 days. Using an immunohistochem-
ical approach, we then measured dendritic PARK7 expression
at 21 DIV. We found that PARK7 protein in dendrites was
markedly increased in neurons infected with Cre (WT =
1.00 £ 0.22, KO = 1.79 £ 0.11; Fig. 8A-8B), suggesting that
mTORC1 activation enhances dendritic PARK7 expression.

To further extend these findings we stereotaxically injected
a recombinant adeno-associated virus (rAAV) for Cre (Tsc1
KO) or EGFP (control) into the hippocampus of adult Tsc1
cKO mice. Immunostaining of hippocampi from these mice
showed an increase in the downstream marker of mTORCH1
activity, phospho-S6 ribosomal protein, along with the typical
increase in cell body size relative to control (Fig. 8C and
supplemental Fig. S6) (84). Of note, the increase in basal
levels of dendritic PARK7 in Tsc1 KO mice agreed with our
results in cultured neurons (WT = 1.00 + 0.08, KO = 1.97 +
0.06; Fig. 8C, 8D, and 8E). Moreover, these mice showed

region of the hippocampus. Phospho-ribosomal S6 protein (P-S6, left panel) staining as a downstream indicator of mTORC1 activity. Slices
were costained with PARKY (right). No changes in MAP2 or GFP expression were observed in WT and KO neurons (See supplemental Fig. S5).
Enlarged cell bodies, characteristic of overactive mTORC1 signaling, are observed in KO. PARK? is pseudocolored to easily visualize the
difference in PARK7 immunofluorescence between WT and KO neurons. Scale bar = 20 um. (See supplemental Fig. S6 for low magnification
images) D. Colocalization analysis of PARK7 and the postsynaptic density protein PSD-95 in the dendrites located in the stratum radiatum of
CA1 hippocampal slices from WT and Tsc1 KO. MAP2 staining (left panel) of hippocampal slices show the representative dendrites (outlined
by orange dashed boxes). * denotes cell body in WT and KO to show that blown up images are approximately at an equal distance from cell
bodies. Scale bar = 5 um. Dendrites indicated by the orange dashed boxes (left panel) were blown up (right panels, outlined by white dashed
lines) to visualize the colocalization between PARK7 and PSD-95. Representative dendrites show that PARK7 expression (average signal
intensity indicated below for relative comparison) is higher in the KO than the WT. Increased colocalized pixels between PARK7 with PSD-95
in the KO are noted by the higher PCC reported below the merged images. Scale bar = 2.5 um. Pseudocolored images of PARK7 and PSD-95
show increased expression of PARK7 in KO dendrites. E, Quantification of basal PARK? in the dendrites of WT and KO stratum radiatum as
shown in D. Note, ~twofold increase in KO (WT = 1.00 = 0.08, n = 36 dendrites; KO = 1.97 * 0.06, n = 36 dendrites). For each dendrite,
PARK? immunofluorescence (IF) was normalized by its respective MAP2 IF. F, Quantification of average PCC over many dendrites between
PARK7 and PSD-95 (WT = 0.10 = 0.01, n = 36 dendrites; KO = 0.30 = 0.03, n = 36 dendrites). PCC increases in KO, consistent with
overactive mTORC1 signaling. Statistics: Student’s t test; ***, p < 0.001. Chicken anti-MAP2 was imaged with 405 nm laser (see “Experimental
Procedures”).
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more PARK7 colocalized with PSD-95 than control mice
(WT = 0.10 = 0.01, n = 36 dendrites; KO = 0.30 = 0.03,n =
36 dendrites; Fig. 8D and 8F). As predicted by our MS/MS and
bioinformatics analyses, our findings show that in a disease
model where mTORC1 is overactive PARK7 expression
increases.

DISCUSSION

Combined Neuroproteomics Approach Sets a Framework
for New Discoveries in mTORC1-Dependent Synapse Remod-
eling—To generate a comprehensive view of acute mTORC1
function, we have employed tandem mass spectrometry in
concert with bioinformatics analyses. Our multipronged ap-
proach has shown that mTORC1 widely acts on protein ex-
pression by inducing differences in regional expression of
proteins and the appearance and disappearance of proteins
within a rapid timescale. One of the most striking findings is
that ~75% of the proteins found within the PSD fraction
change in abundance, suggesting that mMTORC1’s immediate
and most pronounced function is to remodel the synapse.

mTORCT1 Signaling Dynamically and Bidirectionally Regu-
lates Protein Expression—Numerous studies have established
the positive function of mMTORC1 activation on protein expres-
sion, but very few have examined its opposite effect (33-35,
85). Having previously shown in cultures that repression of
mTORC1 by rapamycin increases Kv1.1 translation locally in
dendrites, we present here that reduction of mTORC1 activity
in vivo up-regulates protein expression in a region-specific
manner (34). Specifically, we observe that ~30% of proteins
in the PSD are elevated upon mTORC1 repression (Fig. 2D).
One of these proteins is SNAP-25, which markedly increased
in the PSD at 1 hour after inhibitihg mTORC1. Although
SNAP-25, a part of the SNARE complex, has been best char-
acterized for its presynaptic role in neurotransmitter release,
reduced levels are associated with postsynaptic dysfunction.
Notably, these include phenotypes that are associated with
ASD such as reduced spine density, amplitude of miniature
excitatory postsynaptic potentials (NEPSP), and activity in-
duced forms of potentiation (84, 86—-89). Moreover, SNAP-25
has recently been shown to facilitate the removal of kainate
receptors (KARs), which are implicated in epileptogenesis,
from the membrane surface (83, 90-95). Our results may help
explain why in part rapamycin reduces seizure frequency in
mTOR-related diseases, possibly through the increased ex-
pression of SNAP-25 in the PSD and the removal of KARs.

PARK7 is a Putative, Dysregulated Translational Hub in
Overactive mTOR-Related Diseases—Individuals with neuro-
logical diseases that have dysregulated mTOR activity often
suffer spontaneous seizures (3, 6-17). We, therefore, looked
for common proteins that are associated with epilepsy, AD,
and ASD. Surprisingly, we did not detect a single protein
shared by available databases for the three disorders that was
also in our data set. By creating a PPI network of our disorder-
associated data sets, however, we identified PARK7 as a

putative protein shared by epilepsy, AD, and ASD. PARKY is
reported to be involved in transcriptional regulation and com-
plexes with processing bodies (P-bodies) suggesting that it
may also play a central role in translational regulation as
suggested by our PPI network (96, 97). We hypothesize that
the PARKY translational module is aberrantly regulated in
diseases with overactive mTORC1. Supporting our hypothe-
sis, we have found increased protein expression in the den-
drites of Tsc1 KO neurons, in which mTOR is overactive.
Thus, exploring how PARK7 affects the expression of other
proteins may represent a previously unexplored avenue for
reversing dysregulated protein synthesis in ASD and other
mTORC1-related diseases.

Our work, overall, provides evidence that changes in
mTORC1 activity induce a rapid and dramatic remodeling of
the synaptic proteome by increasing and decreasing synthe-
ses of specific proteins and by altering the local expression of
synaptic proteins. However, the precise subcellular targeting
mechanisms remain to be determined. We also show that
establishing PPl network hubs—common proteins and their
associated molecules—or interactomes sets the stage for
identifying proteins, like PARK7, that may account for pheno-
typic similarities among mTORC1-related diseases. Identifi-
cation of these common hub proteins can open new avenues
to mitigate debilitating phenotypes shared by many neurolog-
ical disorders.
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