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Abstract

T7SC1 or TSC2 mutations cause Tuberous Sclerosis Complex (TSC), and lead to mechanistic target
of rapamycin (mTOR) hyperactivation evidenced by hyperphosphorylation of ribosomal S6
protein and 4-elongation factor binding protein (4E-BP1). Amino acid (AA) levels modulate
mTOR-dependent S6 and 4E-BP1 phosphorylation in non-neural cells, but this has not been
investigated in neurons. The effects of AA levels on mTOR signaling and S6 and 4E-BP1
phosphorylation were analyzed in 7sc2and Depdc5 (a distinct mTOR regulatory gene associated
with epilepsy) CRISPR-edited Neuro2a (N2a) cells and differentiated neurons. 7sc2or Depdc5
knockout (KO) led to S6 and 4E-BP1 hyperphosphorylation and cell soma enlargement, but while
75¢2 KO N2a cells exhibited reduced S6 phosphorylation (Ser240/244) and cell soma size after
incubation in AA free (AAF) media, Depac5 KO cells did not. Using a CFP/YFP FRET-biosensor
coupled to 4E-BP1, we assayed 4E-BP1 phosphorylation in living N2a cells and differentiated
neurons following 7sc2 or Depdc5 KO. AAF conditions reduced 4E-BP1 phosphorylation in 7sc2
KO N2a cells but had no effect in Depdc5 KO cells. Rapamycin blocked S6 protein
phosphorylation but had no effect on 4E-BP1 phosphorylation, following either 7s5¢2or Depdc5
KO. Confocal imaging demonstrated that AAF media promoted movement of mTOR off the
lysosome, functionally inactivating mTOR, in 75¢2 KO but not Depdc5 KO cells, demonstrating
that AA levels modulate lysosomal mTOR localization and account, in part, for differential effects
of AAF conditions following 7sc2versus Depdc5 KO. AA levels and rapamycin differentially
modulate S6 and 4E-BP1 phosphorylation and mTOR lysosomal localization in neurons following
T5¢2 KO versus Depdc5 KO. Neuronal mTOR signaling in mTOR associated epilepsies may have
distinct responses to mTOR inhibitors and to levels of cellular amino acids.
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Introduction

Tuberous Sclerosis Complex (TSC) is a multi-system disorder caused by mutations in 75C1
or 7SC2 (Crino et al., 2006) that is highly associated with epilepsy, autism, and intellectual
disability. 75C1 or 7SC2mutations cause hyperactivation of the mechanistic target of
rapamycin (mTOR) signaling pathway and lead to malformations of cortical development
(MCD) linked to the neuropsychiatric phenotypes in TSC; 7SCZ2variants cause a more
severe neurological phenotype than 7SCZ (Curatolo, 2015; Curatolo et a/., 2015). The
association between mTOR complex 1 (MTORC1) hyperactivation, evidenced by enhanced
p70S6kinase (S6K) and ribosomal protein S6 (S6) phosphorylation, and abnormalities in
neuronal size, axon outgrowth, dendritic arborization, and excitability has been
demonstrated in TSC mouse models (Choi et a/., 2008; Zeng et al., 2011; Crino, 2013;
Lafourcade et al., 2013; Tsai et al., 2014; Crowell et al., 2015). Many of the anatomic and
behavioral abnormalities in 7scZ and 7sc2 conditional KO mice are reduced with the mTOR
inhibitor rapamycin (sirolimus).

In addition to 75C1/7SC2, variants in additional mTOR pathway genes have been linked to
MCD and epilepsy (so-called “mTORopathies”). Among these, Dep Domain Containing 5
(DEPDC5) is the most common mutation found in focal MCD associated with epilepsy
(Baldassari et al.,, 2019). Like 7SC1/TSC2, DEPDC5 mutations cause mTORC1
hyperactivation in neurons and thus treatment with mTOR inhibitors is under consideration
for epilepsy associated with DEPDC5 variants. However, clinical trials of mTOR inhibitors
in TSC have yielded only modest efficacy for epilepsy (French et al.,, 2016) suggesting that
these compounds may not fully rescue the network consequences of hyperactivated
mTORC1 signaling. Furthermore, it is unclear whether mTOR hyperactivation driven by all
mTOR pathway gene mutations will respond similarly to mTOR inhibitors.

Apart from S6K and S6, mTORC1 phosphorylates the translational repressor eukaryotic
initiation factor 4E binding protein-1 (4E-BP1; Thr 37/46), which in turn releases elongation
initiation factor 4E (elF4E) from inhibition and fosters 5’-cap dependent protein translation
associated with cell growth. Recently, a constitutively activated 4E-BP1 construct resistant
to mTORCL1 phosphorylation rescued cell soma enlargement, altered dendritic complexity,
and cortical dyslamination caused by transfection of constitutively activated Rheb (RhebA),
an mTOR activator, into the mouse embryonic cerebral cortex (Lin et al., 2016). Knockdown
of S6K did not rescue cortical dyslamination in this strain suggesting independent effects of
S6K and 4E-BP1 on brain structure. Similarly, S6K knockdown did not rescue cortical
dyslamination in a rat strain with constitutively activated mTOR (Kassai et a/., 2014).
Interestingly, despite strong mTORC1 kinase activity targeting Thr37/46 of 4E-BP1 in
HEK293T cells (Kang et al., 2013), rapamycin has limited effect preventing 4E-BP1
Thr37/46 phosphorylation in vitro. Thus, while rapamycin may block some mTOR signal
effects mediated via S6K, unopposed effects of 4E-BP1 phosphorylation may have
functional consequences in neurons.

In non-neural cells, cellular amino acid levels regulate mTORCL kinase activity by
modulating the subcellular localization of mMTORC1 (Bar-Peled et al., 2013); this effect in
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neurons has not been fully defined. Optimal kinase activity is achieved when mTORCL1 is
tethered to the lysosomal membrane. In non-neural cells, several protein complexes e.g.,
CASTOR, Sestrins, GATOR1, and KICSTOR synergistically modulate the location of
MTORCL1 on the lysosome, and in turn mTORCL kinase activity, in response to intracellular
amino acid levels (Wolfson and Sabatini, 2017). In HEK293T cells, when amino acids are
replete, signaling from GATOR2 to GATOR1 allows active mTORC1 to remain attached to
the lysosome (Bar-Peled et a/., 2013; Sancak and Sabatini, 2009). Conversely, when
intracellular amino acid levels are low, GATOR1 exerts GAP activity on lysosomal RAG
proteins thereby preventing mTORC1from contacting the lysosomal surface in non-neural
cells. Despite much work in non-neural cells, the movement of mMTORC1 onto and off of the
lysosome, the role of amino acids on mTORC1 signaling, and the effects of altered amino
acid levels on 4E-BP1 phosphorylation has not been comprehensively studied in neurons.
Previous work in neurons demonstrated that knockdown of the GATOR1 subunits Depdc5
and Apri3leads to mTOR hyperactivation (S6 phosphorylation) even under amino acid
depletion conditions (Iffland et a/., 2018) suggesting differential effects of nutrient
deprivation on mTOR activation. Rapamycin has no effect on the subcellular localization of
mTORCL1 in non-neural cells (Sancak and Sabatini, 2009) and thus, both unchecked 4E-BP1
phosphorylation and lysosomal mTOR localization persist despite pharmacological mTOR
inhibition.

Thus, as a strategy to define how nutrients govern mTOR activation in neurons, we
examined phosphorylation of S6 protein (PS6) and 4E-BP1 in the setting of amino acid
deprivation following CRISPR editing of 7sc2or Depdc5. To assess dynamic changes in
mTOR activation in living neurons, we implemented a novel FRET-based assay with live-
cell confocal microscopy to visualize changes in 4E-BP1 phosphorylation and mTOR
subcellular localization in mouse neuroblastoma (N2a) cells and differentiated neurons.

Materials and Methods

CRISPR/Cas9 construct generation and validation

Guide RNA targeting the spCas9 endonuclease to regions in the mouse genome encoding
7sc2 and Depdc5 were calculated 7 sifico using ChopChop software (chopchop.cbu.uib.no).
A scramble gRNA (-GACTACCAGAGCTAACTCA-) was used as a transfection and gRNA
control. /n silico guide RNAs were then assembled into oligonucleotides (Integrated DNA
Technologies, Coralville, IA), annealed using ligase buffer (Promega, Madison, WI) at 98°C
for 5 min. Annealed gRNA were then sub-cloned into PX330-based plasmid (addgene
#48138) using Golden Gate Assembly containing an mCherry reporter linked to Cas9 via a
T2a multicistronic element. Plasmid assembly was confirmed by Sanger sequencing
(Genewiz, South Plainfield, NJ).

To validate that our gRNA containing CRISPR/Cas9 plasmid created indels in our regions of
interest, DNA from 7sc2, Depdc5, and scramble FAC-sorted cells lines (as described below)
as well as wildtype (WT) N2aC was assayed for mis-matched DNA pairs (EnGen Mutation
Detection Kit; New England Biolabs, Ipswich, MA) with PCR primers targeted towards our
genomic region of interest (Integrated DNA technologies, Coralville, 1A).
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Cell Culture and establishment of cell lines—Neuro2a cells (N2aC; Sigma-Aldrich,
St. Louis, MO) were selected for analysis because they express neuronal marker proteins
(Figure S10), have a high transfection efficiency, are readily FAC sorted, and can be rapidly
differentiated into neurons. N2aC were cultured in complete medium consisting of EMEM
(Invitrogen, Carlsbad, CA) supplemented with 10% FBS (Invitrogen, Carlsbad, CA). To
create stable CRISPR/Cas9 edited cell lines, N2aC were transfected using Lipofectamine
LTX with Plus reagent (ThermoFisher Scientific, Waltham, MA) and 30 ug of plasmid
diluted in 300 pl Opti-MEM (Invitrogen, Carlsbad, CA) for 48 hours. Cotransfection
experiments were performed by using 30 pg of each plasmid. After 48hrs of transfection,
cells were trypsinized (0.25%), centrifuged, washed with ice-cold PBS, passed through a
cell strainer into a 5 ml conical tube and assayed by flow cytometry (University of Maryland
School of Medicine Flow Cytometry Core) for sorting based on mCherry (Cas9)
fluorescence (BD FACSArria Il cell sorter; Becton Dickinson and Company, Franklin Lakes,
NJ). mCherry+ sorted cells were placed into PBS containing 1% serum until re-plating.
Cells were replated in complete media and grown to confluence.

N2a Cell Differentiation

Undifferentiated N2aC, both WT and KO cell lines, were plated onto glass bottom video
dishes and allowed to adhere for 24 hrs. After 24hrs, cells were incubated in EMEM media
containing 0.5% fetal bovine serum and 20 pM retinoic acid (Millipore Sigma, St Louis,
MO) for 24 hrs. After incubation in retinoic acid containing media, N2aC display a change
in cell body morphology and extend MAP2 positive neurites, confirmed in live cells using an
ZOE Fluorescent Cell Imager (Bio-Rad, Hercules, CA). After confirming neurite extension,
cells were transfected with mechanistic target of rapamycin activity reporter (TORCAR) as
described above.

Quantitative and Statistical analysis of cell size data

Cell soma diameter was measured in digital images of CRISPR-edited, scramble control, or
WT N2aC lines in ImageJ (Schneider et al., 2012). Each measurement was taken using the
longest dimension of each soma in 50 total cells (25 cells in 2 replicates). To define the
mTOR dependency of cell size changes, cells were incubated with the mTOR inhibitor
rapamycin (50 nM, 24hrs, Cell Signaling Technologies, Danvers, MA), torinl, a specific
ATP-competitive dual kinase inhibitor of mMTORC1 and mTORC2 (50 nM; 24 hrs; Torcris,
Bristol, UK), or amino acid free (AAF) media (1 hr., DMEM, US Biological, Salem, MA)
using DMSO as a vehicle control. Statistical analysis of cell size differences was assessed in
Origin (Northampton, MA) using one-way ANOVA (p < 0.05 considered statistically
significant). Measurements were graphed using a box and whisker plot where the box
represents the standard error of the mean and the whiskers represent the 5-95% confidence
interval.

Analysis of mTORC1 activity using live-cell imaging

N2aC were plated on video dishes coated with poly-L-lysine. Cells were grown to 30-40%
confluence and co-transfected with TORCAR (pcDNA3-Lyso-TORCAR was a gift from J.
Zhang; Addgene plasmid # 64929; http://n2t.net/addgene:64929; RRID:Addgene_64929)
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(Zhou et al., 2015; Zhou et al., 2016) and CRISPR-Cas9 7sc2 or Depdc5 KO plasmids,
scramble plasmid or left as wildtype cells. Cells were transfected with Lipofectamine LTX
with Plus enhancing reagent (Thermofisher) in optimum and serum-free physiological
media. For each chamber slide approximately 30 ug of each plasmid was used. Cells were
transfected for 48 hours. After 48 hours, transfection media was removed, and warm
complete imaging media was washed on. Cells were cultured for an additional 24 hours in
complete DMEM imaging media (FluoroBrite DMEM, ThermoFisher Scientific, Waltham,
MA).

Cells were imaged on a Zeiss LSM Duo slit scanning confocal microscope with lasers
allowing us to visualize CFP, YFP and RFP channels. Cells were first selected by Cas9 (red)
expression followed by determination of TORCAR transfection (green). Images were taken
at 40x magnification simultaneously recording fluorescence from the CFP and YFP FRET
channels using time-lapse imaging at two-minute intervals for 60 minutes. First, a 10-minute
baseline in complete imaging media was established and then experimental media was
washed on. Experimental conditions were defined as follows: 1) complete media baseline, 2)
AAF imaging media (no phenol red; US Biologicals, Salem, MA) with or without glucose
(5.5 mM), 3) complete imaging media with rapamycin (150 nM), 4) complete imaging
media with torinl (100 nM), 5) complete imaging media with rapamycin followed by
washing on AAF media with rapamycin (150 nM), 6) complete imaging media with torinl
followed by washing on AAF media with torinl (100 nM), 7) complete imaging media
followed by washing on AAF media and then by washing on complete imaging media again,
or 8) complete imaging media containing 150, 250, 350, 450, or 550 nM rapamycin (n=5
cells imaged in each group).

After recording CFP and YFP fluorescence data, the CFP to YFP ratio (C:Y) was calculated
(Zhou et al., 2016), averaged across 5 cells per group and a best-fit line was generated in
Origin statistical software (Northampton, MA). For experiments with one media change a
linear best-fit line was generated. For experiments with multiple media changes a
polynomial bet-fit line was generated. For each group, the individual C:Y for each cell is
graphed (blue) along with the average C:Y (dashed black line) and best-fit line (red). All
data were normalized to account for focal plane changes and differences in transfection
efficiency. Percent change was also calculated and is defined as the average of data points
recorded during the 10 minute baseline compared to the last data point recorded for each
cell. These values were also used to calculate standard error. Statistical differences were
determined using a one-way ANOVA with a p value of < 0.05 deemed significant. Statistical
significance was determined using the average C:Y ratio during each 10 minute baseline and
compared to the overall change in C:Y for each experimental manipulation. A representative
video of the time-lapse recording can be found in the supplemental material (Movie S1).

Immunocytochemistry

N2aC were fixed in 4% PFA at room temperature for 20 minutes and then permeabilized in
phosphate-buffered saline (PBS) containing 0.3% Triton X-100 (ThermoFisher Scientific,
Waltham, MA). Cells were blocked for 2 hours at room temperature (RT) in 5% normal goat
serum (Jackson ImmunoResearch, West Grove, PA). Cells were incubated in one of the
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following primary antibodies in blocking solution containing 5% normal serum at 4°C
overnight: F-actin (1:1000; Abcam, Cambridge, UK), mTOR (1:1000; Abcam, Cambridge,
UK), lysosome associated membrane protein 2 (LAMP2; 1:1000; Thermofisher, Waltham,
MA), microtubule associate protein 2 (MAP2; 1:1000; Abcam, Cambridge, UK), Tau
(1:500; Abcam, Cambridge, UK), Nestin (1:1,000; Proteintech, Rosemont, IL), tubulin beta
Il isoform (TUJ1; 1:500; Millipore, Darmstadt, Germany), or tyrosine hydroxylase (TH;
1:1,000, Abcam, Cambridge, UK). The secondary antibody, containing a fluorochrome
(Alexa Fluor 488 or Alexa Fluor 594; all 1:100 dilution; Molecular Probes, Eugene, OR),
was incubated with the cells for 2 hours at RT. DAPI counterstain was used to visualize
nuclei and was applied along with mounting media during coverslipping. Apoptosis and
necrosis assays were performed using WT live N2aC plated in chamber slides using the
Annexin V-FITC Early Apoptosis Detection Kit (Cell Signaling Technology, Danvers, MA).
Experimental N2aC were incubated in AAF media for 60 minutes prior to imaging. As a
positive control for apoptosis and necrosis, 25 nM Etoposide was incubated with WT N2aC
for 24 hrs. As a negative control, WT N2aC were used after incubation in complete media.

Western blot analysis

Cells were lysed in RIPA lysis buffer (50 mM Tris HCI, pH 8.0; 150 mM NaCl; 1% NP-40;
0.5% sodium deoxycholate; and 0.1% SDS) with a protease (Sigma-Aldrich, St. Louis, MO)
and phosphatase inhibitor (ThermoFisher Scientific, Waltham, MA) followed by brief
sonication. Lysates were centrifuged at 4°C for 20 minutes at 14,000 g, and supernatants
collected. Protein concentrations (ug/ml) were determined on a nanodrop spectrophotometer
(ThermoFisher Scientific, Waltham, MA). A sample mixture containing 30 g of protein,
Nupage Reducing Agent and Nupage Loading Buffer (Invitrogen, Carlsbad, CA) was
denatured for 10 minutes at 90°C and loaded onto a Bolt BT Plus 4-12% gel (Invitrogen,
Carlsbad, CA). After electrophoresis, proteins were transferred onto P\VVDF membranes
(Immobilon; EMD millipore, Darmstadt, Germany) at 4°C. The membranes were blocked in
Odyssey Blocking Buffer (Li-Cor, Lincoln, Nebraska) for 1 hr. at RT. Membranes were
probed overnight at 4°C in Odyssey Blocking Buffer with antibodies recognizing PS6
(Ser240/244; rabbit monoclonal; 1:1000; Cell Signaling, Danvers, MA), total S6 ribosomal
protein (mouse monoclonal; 1:500; Cell Signaling, Danvers, MA), 7sc2(1:1,000, Cell
Signaling, Danvers, MA). Odyssey secondary antibodies 800CW or 680RD were used to
visualize bands on the blot (1:1000; Li-Cor, Lincoln, Nebraska). To ensure equal loading,
antibodies recognizing p-actin (1:10,000, Abcam, Cambridge UK) followed by Odyssey
secondary (1:1,000, 2 hrs, RT; Li-Cor, Lincoln, Nebraska) were used. Blots were developed
using an Odyssey Clx scanner and scanned at 169 um resolution with exposure for both 700
and 800 nm channels set at 3.5 (relative intensity, no units; Li-Cor, Lincoln, Nebraska). All
blots were performed in triplicate and densitometry analysis was performed in Image J
(Schneider et al., 2012) normalizing band density to B-actin loading control. Densitometry
data were analyzed in Origin software (Northampton, MA). Band density from each blot
was averaged and the standard error calculated.

MTOR-lysosome colocalization assay

CRISPR-edited cell lines were plated into chamber slides and allowed to adhere for 24
hours. After 24 hrs, cells were incubated in AAF or complete media for 60 minutes and then
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PFA fixed. Cells were labeled with mTOR and LAMP2 antibodies. Using a spinning disk
confocal microscope (Nikon, Tokyo, Japan), cells were selected and a region of interest
(ROI) was isolated. Fluorescence intensity of mTOR and LAMP2 was measured within the
ROI using ImageJ (Schneider et al., 2012). A Pearson’s correlation test (Excel, Microsoft,
Redmond, WA) was then performed to determine whether or not an increase in fluorescence
intensity in mTOR correlated with an increase in fluorescence intensity in LAMP?2 - the
higher the correlation coefficient (R), the greater the degree of colocalization between
mTOR and LAMP2. ROIs were measured for 10 N2aC in 7sc2 KO, Depdc5 KO, scramble
control, and wildtype cells each in either AAF or replete amino acid conditions. Statistical
significance was determined using a one-way ANOVA of averaged R values, with p < 0.05
deemed significant. To better visualize the degree of colocalization in digital images, each
ROI was reconstructed into a 3D fluorescence intensity surface plot. 3D surface plots were
then converted into short video clips to better visualize fluorescence colocalization across
the entire ROI.

Molecular and Functional Validation of CRISPR/Cas9 constructs

Neuro2a cells (N2aC) were transfected with CRISPR/Cas9 plasmids containing gRNAs
targeting murine 7sc2 (exon 29) or Depdc5 (exon 16). After FAC sorting by mCherry
fluorescence (Cas9 expression), cell lines were established (Figure S1). To assess whether or
not Cas9 cleavage resulted in indels in our region of interest, extracted DNA was analyzed
by T7 assay. Upon exposure to T7 endonuclease, heteroduplexes caused by mismatched
DNA pairs appear as separate bands when visualized on an agarose gel. In 7sc2and Depdc5
KO cell lines, a reaction product was observed after T7 digest and in positive control
specimens but not in DNA obtained from WT or scramble transfected N2aC (Figure S1A,B)
using PCR primers spanning the KO region for 7sc2and Depdc5. Further, 75¢2 KO cell
lines did not express 7sc2 protein compared with WT and scramble control N2aC lines.
Published results with antibodies recognizing Depdc5 have been highly variable in Western
blot analysis (Iffland et a/., 2018; Kim et al., 2015) and thus we did not assay for Depdc5
protein levels.

Increased phosphorylation of ribosomal S6 protein (PS6) and enhanced cell size has been
demonstrated in resected MCD tissue specimens from TSC and individuals with DEPDC5
mutations (Baldassari et a/., 2019; Crino, 2013; Crino, 2015; Ribierre et al., 2018). An
increase in PS6 levels was observed in 7sc2and Depdc5 KO N2aC compared to WT and
scramble N2aC lines (Figure S1E,G; densitometry data in Figure S2) with no commensurate
change in non-phosphorylated S6 protein levels. Cell soma size was quantified using
fluorescent microscopy in digital images of F-actin-labeled N2aC (Figure S1C) and was
significantly increased following 75¢2 KO and Depdc5 KO (p<0.001; Figure S1D). Cell
soma size increases were mTOR dependent, as treatment with rapamycin (50 nM for 24 hrs)
or torinl (50 nM for 24hrs) rescued soma size increases in both 7sc2and Depdc5 KO cells
compared with DMSO vehicle (Fig S1D).
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FRET Detection of 4E-BP1 Phosphorylation

TORCAR (mTORC1 Activity Reporter) is a CFP/YFP FRET biosensor coupled to 4E-BP1
(Zhou et al., 2015; Zhou et al., 2016) that targets the lysosomal membrane via LAMP1
(lysosomal associated membrane protein-1, similar to LAMP2) and identifies changes in the
phosphorylation state of 4E-BP1 at the lysosomal surface (see Figure 1F, and representative
video in Movie S1). Live-cell confocal fluorescence microscopy was used to analyze and
calculate the ratio of CFP to YFP (C:Y) fluorescence where changes in C:Y ratio indicates a
cognate change in 4E-BP1 phosphorylation and serves as a proxy for changes in mMTORC1
activity. By convention in each data figure, media change after a 10 minute baseline in
complete media for each condition is represented in each data figure by a vertical black line;
individual cell C:Y ratios are depicted as blue lines, the average C:Y from each 5- cell
cohort is depicted by black dashed lines, and the red line is the best fit line for each cohort.

To establish baseline activity of mMTORC1, WT N2AC were transfected with TORCAR and
live-cell imaging was performed for 60 minutes in complete media. The C:Y ratio (n=5
cells, Figure 1A,E) remained constant over the 60 minute epoch demonstrating little baseline
fluctuation in mTOR signaling to 4E-BP1. Then, following a 10 minute baseline incubation
in complete media, AAF media, complete media containing rapamycin, or complete media
containing torinl, were washed onto cells. While incubation of WT N2aC in AAF media
caused a decrease in C:Y (12.2%, p<0.05; Figure 1B,E), and torinl treatment caused a 7.9%
decrease in C:Y (p < 0.05; Figure 1D,E), rapamycin in complete media had no effect on C.Y
ratio (Figure 2C,E). Thus, AAF media and torinl caused reduced 4E-BP1 phosphorylation,
while rapamycin did not alter 4E-BP1 phosphorylation in WT N2aC. Next, CRISPR/Cas9
scramble transfected N2aC were assayed under AAF media, rapamycin, or torinl
conditions. After a 10 minute baseline, scramble co-transfected cells incubated in AAF
media showed an 8.9% decrease in C:Y (p<0.05; Figure S6A,D), however, no significant
change in C:Y (Figure S6B,D) was observed in cells incubated with complete media
containing rapamycin. A 7.1% decrease in C:Y was observed in scramble transfected N2aC
after incubation with torinl in complete media (p<0.05; Figure S6C,D). We tested a range of
rapamycin concentrations on TORCL signaling. C:Y ratio was not significantly altered by
rapamycin in WT N2aC at doses ranging from 150-550 nM (Figure S8) but all cell types
responded consistently to torinl treatment (Figures 1,2,4). In contrast to our results, previous
studies in mouse embryonic fibroblasts and /77 vivo mouse models showed that loss of 7s5¢2
resulted in sustained mTORC1 kinase activity during amino acid starvation or protein
restriction (Demetriades et al., 2014; Guenther et al., 2014). Thus, our findings suggest
differential effects of AAF media on mTOR signaling in neuronal cells compared with non-
neural cells. These data demonstrate that WT and CRISPR/Cas9 scramble transfected cells
behave similarly when incubated in AAF media or mTOR inhibitors. An important
observation was that despite no significant changes in C:Y ratio (4E-BP1 phosphorylation)
in N2aC after incubation with rapamycin, ribosomal S6 protein phosphorylation was
reduced after incubation with rapamycin (Figure S1F,H) providing evidence that rapamycin
appears to differentially effect S6 and 4EBP1 phosphorylation in N2aC (see also, Choo et
al., 2008) while torinl altered both 4E-BP1 and S6 phosphorylation.
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In parallel experiments, we demonstrate that incubating WT N2aC in AAF media for 60
minutes does not result in apoptosis or necrosis, that alterations in C:Y were not due to
extracellular glucose concentrations in the experimental media, and that the effects were not
due to photobleaching of the FRET TORCAR sensor (Figures S3-5).

mMTOR activation following Tsc2 KO, but not Depdc5 KO, is abolished by amino acid

depletion

The canonical (via Tsc1/Tsc2) and amino acid signaling (via Depdc5) arms of the mTOR
pathway function independently in response to different signaling cues to modulate
mTORC1 kinase activity. We hypothesized that an intact amino acid regulatory arm could be
leveraged to inhibit 7s¢2 KO-induced mTOR pathway hyperactivation in N2aC. To test this,
C:Y ratio was assayed in 7sc2and Depdc5 KO N2aC under AAF media conditions, in
complete media containing rapamycin, or in complete media containing torinl (Figure 2).
Incubation in AAF media resulted in a 7.0% decrease in C:Y in 75¢2 KO N2aC (p< 0.05;
Figure 2A,G) but no significant change in C:Y in Depdc5 KO cells (Figure 2D,G). We next
hypothesized that amino acid deprivation would produce an inhibitory effect that would
override, and function independently of, pharmacological mTOR inhibition. We posited that
CRISPR/Cas9 Tsc2 KO cells would show a decrease in C:Y after combined rapamycin (150
nM) and AAF media incubation similar to AAF media incubation alone. After a 10 minute
baseline, WT, scramble, 75¢2KO, and Depac5 KO N2aC were incubated in complete media
containing rapamycin for 20 min. During this time period, there was no significant change in
C:Y observed across all cell types (Figure 3E). After 20 minutes, complete media containing
rapamycin was removed and AAF media containing 150 nM rapamycin was washed on for
30 minutes. During this time period a statistically significant decrease in C:Y (p < 0.05) was
observed in 75¢2 KO, and WT and scramble conditions, but not Depdc5 KO cells where no
change in C:Y was observed (Figure 3B-E). Thus, rapamycin did not add to the effects of
AAF conditions on C:Y. Next, the combined effects of AAF media and torinl (100 nM)
were assayed. As we have demonstrated (Figures 1,2,4), torinl alone resulted in a decrease
in C:Y in each experimental cell type. Therefore, we hypothesized that concomitant AAF
media and torinl incubation would result in a decrease in C:Y similar to what is observed
with torinl media alone. To test this, after a 10 minute baseline, WT, scramble, 75¢2 KO,
and Depdc5 KO N2aC were incubated in torinl containing complete media for 20 min.
During this time period a decrease in C:Y across all cell types was observed (Figure 4E).
After 20 minutes, complete torinl containing media was removed and AAF media
containing 100 nM torinl was washed on for 30 minutes. During this time period a decrease
in C:Y similar to what was observed with torinl alone (see Figure 4E). These data suggest
that mTOR inhibition caused by amino acid deprivation is independent of and is not
augmented by pharmacological inhibition.

Amino acid levels alter mTOR lysosomal localization following Tsc2 KO but not Depdc5 KO

We next hypothesized that AAF conditions would alter localization of mTOR to the
lysosomal surface. WT, scramble, 7s5¢2KO, and Depdc5 KO cell lines we re incubated in
AAF media for 60 minutes, fixed in 4% PFA and probed for mTOR and LAMP2. Images
were captured on a spinning disk confocal microscope, ROIs were selected and then
reconstructed in 3D to better visualize areas of colocalization defined by a higher correlation
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between mTOR and LAMP2 (see Methods). Videos of the 3D surface plots yielded dynamic
visualization of the colocalization across the cell body (see Movies S2-9). In complete
media, WT, scramble, 75¢2KO, and Depdc5 KO N2aC have a correlation coefficient (R) of
0.87,0.90, 0.87, and 0.92, respectively between mTOR and LAMP?2 labeling (Figure 5 and
6A) demonstrating high colocalization of mTOR to the lysosomal membrane. However, after
incubation in AAF media, WT, scramble, and 7s5¢2 KO N2aC showed a statistically
significant decrease in colocalization between mTOR and the lysosome as compared to cells
in complete media (Figure 5, 6A) with R’s of 0.76, 0.78, and 0.71, respectively,
demonstrating a reduction in mTOR colocalization with the lysosome. No significant change
in R level for mTOR-lysosome colocalization was observed in Depdc5 KO cells incubated in
AAF media (R=0.88, Figure 6A). After incubation in AAF media, levels of PS6 are
abolished in WT, scramble, and 75¢2 KO cells but not in Depdc5 KO cells as measured by
Western blot (Figure 6C, densitometry data in Figure S7). Similarly, 7s¢2 KO but not
Depdc5 KO N2aC displayed a statistically significant decrease in cell size after incubation in
AAF media for 1 hr. (Figure 6B).

Cell size and 4E-BP1 phosphorylation in differentiated neurons

Our results demonstrate that amino acid deprivation rescues soma diameter and reduces both
S6 and 4E-BP1 phosphorylation in undifferentiated N2aC following 7s¢2or Depdc5 KO.
We next investigated whether amino acid deprivation would result in a decrease in soma
diameter and a decrease in 4E-BP1 phosphorylation in differentiated neurons. To obtain
neurons, KO and WT cell lines were differentiated using retinoic acid and then transfected
with TORCAR plasmid or incubated in AAF or complete media. After 1 hr. of incubation
AAF media, 75¢2 KO but not Depdc5 KO or WT N2a neurons show a decrease in soma
diameter (Fig. 7A,B; p<0.05) compared to neurons in complete media, similar to what was
observed in undifferentiated N2a cells (Fig 6B). WT, 7s¢2 KO, and Depdc5 KO
differentiated neurons transfected with TORCAR were incubated in AAF media, complete
media containing rapamycin, or complete media containing torinl. Incubation in AAF media
led to a decrease in C:Y in WT (7.4%; p<0.05) and 75¢2 KO (14.0%) neurons (Figure 7E).
As was observed in undifferentiated N2aC, no change in C:Y was observed when Depdc5
KO neurons were incubated in AAF media (Figure 7C,E). Further, no change in C:Y was
observed in any cell type incubated in complete media containing 150 nM rapamycin
(Figure 7D,E). WT, Tsc2KO, and Depdc5 KO neurons incubated in complete media
containing 100 nM torinl displayed a 6.8%, 11.8% and 7.6% decrease in C:Y, respectively
(p < 0.05; Figure S9). These data are similar to what was observed in undifferentiated N2a
cells (Figure 1,2) demonstrating a consistent effect of AAF conditions on 4E-BP1
phosphorylation in immature and differentiated neurons.

Discussion

We demonstrate that mTOR pathway hyperactivation induced by 7s¢2 KO but not Depdc5
KO, in undifferentiated N2aC and differentiated neurons is abolished by amino acid
deprivation as measured by S6 phosphorylation in Western assay and by 4E-BP1
phosphorylation using live cell imaging and FRET detection. We specifically implemented
FRET in living neurons to show the dynamic changes occurring over minutes to an hour
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since most prior studies have looked in more static conditions over longer time epochs.
Further, we demonstrate that AAF media conditions result in movement of mTOR off of the
lysosomal membrane, the key step in functionally inactivating mTORC1 (Sancak and
Sabatini, 2009), in 75¢2 KO and WT neurons, but not Depdc5 KO neurons. Rapamycin
reduced S6 phosphorylation, but did not alter 4E-BP1 phosphorylation, in undifferentiated
and differentiated neurons following 75¢2 KO or Depac5 KO in N2aC. Finally, while
rapamycin decreased cell size in both 75¢2 KO and Depdc5 KO cells, AAF media
incubation resulted in decreases in soma diameter in 75¢2 KO, but not Depdc5 KO, cells.
These data demonstrate that 4E-BP1 phosphorylation is insensitive to rapamycin and
exhibits variable responses to amino acid deprivation following 7s5¢2 KO versus Depadc5 KO
in neurons. Furthermore, movement of MTOR onto and off of the lysosome (a key step in
modulation of mTOR signaling) varies in response to AAF conditions following 75¢2 KO
versus Depac5 KO in neurons. Our findings suggest that pharmacological inhibition of
mTOR with rapamycin and related compounds may not fully ameliorate all signaling effects
of mTOR activation in neurons and that changes in cellular nutrient status in neurons may
have distinct effects in neurodevelopmental disorders linked to individual mTOR pathway
gene variants i.e., 7SC2versus DEPDC5. Ribosomal S6 and 4E-BP1 are targets of
mTORC1 kinase activity responsible for different aspects of cap-dependent protein
translation. However, mTOR inhibition by rapamycin in non neural cell types results in
differential inhibition of S6 phosphorylation (strongly inhibited), and 4E-BP1 (less
inhibited; Choo ef al., 2008). Thus, cells can maintain cap-dependent translation even in the
presence of rapamycin due to the relative resistance of 4E-BP1 to rapamycin. Indeed, our
data demonstrate that S6 phosphorylation is rapidly inhibited by rapamycin but that there is
little change in 4E-BP1 phosphorylation in neurons during live-cell imaging even at high
rapamycin concentrations. Direct mTOR inhibition via torinl results in a decrease in the
phosphorylation of both ribosomal S6 and 4E-BP1 (Thoreen et al., 2009) and thus
compounds like torinl, with direct kinase activity on both mTORC1 and mTORC?2 isoforms
may have clinical relevance. Similarly, AAF media incubation resulted in a decrease in
phosphorylation of both ribosomal S6 and 4E BP1. These findings suggest that mTORC1
inhibition via amino acid modulation may provide a method to prevent phosphorylation of
both S6 and 4E-BP in neuronal cells. An intriguing aspect of mTOR inhibition by amino
acid deprivation in non-neural cells is the ability of AAF conditions to dissociate mTOR
from the lysosomal surface, functionally inactivating mTORCL1 and separating it from its
binding partners (Bar-Peled et a/., 2013). This effect is not achieved by rapamycin or torinl.
In fact, rapamycin may enhance the localization of mMTORCL1 to the lysosomal surface
(Ohsaki et al., 2010). Thus, our findings in neurons raise the possibility that the modest
clinical efficacy of everolimus (40% seizure reduction in 50% of patients given high dose
everolimus on seizures (Franz et al., 2018) might reflect partial inhibition of mMTORC1 with
residual and unaccounted for effects of 4E-BP1 phosphorylation and cap-dependent
translation in neurons. Increased S6 phosphorylation caused by mTOR pathway gene
variants results in abnormal morphology, both cell size and process outgrowth, in neurons /in
vitro (Sokolov et al., 2018) and in human brain tissue specimens from patients with
mTORopathies in which PS6 immunolabeled cells are a frequent finding (see Iffland and
Crino, 2017). However, recent evidence points toward 4E-BP1 as a driver of pathology in
cortical malformations as well. For example, knockdown of 4E BP2, an isoform of 4E-BP1,
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is sufficient to produce abnormal neuronal migration /in vivo (Lin et al., 2016). Further,
constitutive expression of 4E-BP2 prevents abnormal neuronal positioning, mMTORC1
hyperactivation-associated cytomegaly, and partially rescued dendritic hypertrophy (Lin et
al., 2016). Therefore, mechanisms of mTOR inhibition that impact the phosphorylation of
both ribosomal S6 protein and 4E-BP isoforms equally may more effectively result in
reversal/prevention of TSC-associated neuronal pathology. Interestingly, AAF media
conditions result in morphological changes in 75¢2 KO and WT neurons but not in Depdc5
KO neurons. Depdc5 KO cells maintained increased levels of both PS6 and P4E-BP1 during
AAF media incubation as well as increased cell size suggesting that our results following
Tsc2 KO are dependent on a functional GATOR1 complex, the key complex in the amino
acid regulatory arm of the mTOR pathway. GATORL1 proteins are enriched in brain and may
thus provide a target to produce enhanced mTOR pathway inhibition in the brain of TSC
patients (Dibbens et a/., 2013) while impacting mTOR signaling in other organ systems to a
lesser degree.

Several amino acids including leucine, methionine, and arginine have been linked to mTOR
pathway function and specific amino acids sensors for each of these amino acids including
Sestrin 1/2, SAMTOR, and CASTOR, respectively, have been defined in non-neuronal cells
(Chantranupong et al., 2014; Chantranupong et al., 2016; Gu et al., 2017). These amino
acids will likely provide insights into how specific amino acids effect mTOR signaling in
neurons. There are multiple pharmacological targets within the amino acid regulatory arm of
the mTOR pathway that could be leveraged to mimic the effect of removal of dietary amino
acids. These include compounds that target amino acid transporters (Hafliger et a/., 2018) or
amino acid sensors (Hasegawa et al,, 2019). Indeed, in a phase 1 study using NV-5138 to
activate Sestrin, the leucine sensor in the amino acid regulatory arm of the mTOR pathway,
an mTORC1-dependent antidepressant effect was observed (Hasegawa et al., 2019). Thus,
targeting this arm of the mTOR pathway can indeed have an impact on both mTOR
signaling and the pathophysiological consequences associated with aberrant mTOR pathway
function.

Conclusions

We demonstrate that amino acid depletion reduces 4E-BP1 phosphorylation and soma size in
neuronal cells caused by mTOR pathway hyperactivation following 75¢2 KO. Localization
of mMTORCL1 to the lysosome was diminished under AAF conditions following 7s5¢2 KO.
Torinl, but not rapamycin, mimicked the effects of AAF media following 75¢2 KO. AAF
media, but not rapamycin dually affected both S6 and 4E-BP1 phosphorylation.
Manipulation of amino acids and rapamycin treatment did not alter the effects of Depdc5
KO on 4E-BP1 phosphorylation or localization of mTORCL to the lysosome. These findings
demonstrate that cellular amino acid levels and rapamycin have distinct effects on mTOR
signaling in neurons via S6 versus 4E-BP1 protein phosphorylation, and thus, each may have
differential effects in the setting of distinct mTOR pathway gene mutations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research Highlights
. TSC is highly associated with epilepsy and autism caused by mutations in
T7SClor 75¢C2
. MTOR pathway hyperactivation is abolished by amino acid deprivation in
75¢2 KO cells
. MTOR pathway hyperactivation is not abolished by amino acid deprivation in

Depdc5 KO cells

. Response of mTOR signaling to nutrients may have relevance for clinical
therapeutics
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Figure 1: 4E-BP1 Phosphorylation in WT N2aC.
C:Y was measured in WT N2aC transfected with TORCAR alone. Cells were incubated in

(A) complete media, (B) AAF media, (C) complete media with rapamycin, or (D) in
complete media with torinl after a 10 minute baseline in complete media for each condition.
A non-significant 4.2% increase in C:Y is observed over the 60 minute recording period in
cells incubated in complete media while there was a 12.2% decrease in C:Y in WT cells
incubated in AAF media (E, p<0.05). WT N2aC incubated with rapamycin (C) showed no
change in C:Y, while exposure to torinl (D, p<0.05) led to a 7.9% decrease in C:Y (E). Only
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co-transfected cell were used for live-cell imaging experiments. Error bars in (E), standard
error of the mean.*p<0.05.
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Figure 2: Decrease in C:Y ratio is observed in Tsc2 KO, but not Depdc5 cells after incubation in
AAF media.

75¢2 KO (solid bars in G) and Depdc5 KO (striped bars in G) cells transfected with
TORCAR were incubated in AAF media (A, D), in complete media with rapamycin (B,E),
or in complete media with torinl (C,F). After incubation in AAF media (A), C:Y was
decreased in 75¢2 KO cells (7.0%, (G); p<0.05). No change in C:Y was observed after
incubation in complete media containing rapamycin in 75¢2 KO (B) and Depdc5 KO (E)
N2aC, respectively. An average percent decrease in C:Y of 9.9% and 15.4% was observed in
both 75¢2 KO and Depdc5 KO N2a cells (p<0.05) after incubation in complete media
containing torinl (C,F), respectively. In (H), representative images of TORCAR and
CRISPR/Cas9 plasmid co-transfected cells are shown. AAF= amino acid free, rapa =
rapamycin, KO = knockout. Error bars in (D), standard error of the mean. *p<0.05.
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Figure 3: Addition of rapamycin to AAF media does not enhance the inhibitory effect of amino
acid free conditions.
After a 10 minute baseline in complete media WT, scramble, 7s¢2KO, Depdc5 KO cells

transfected with TORCAR were incubated in complete media containing rapamycin (A-D,
150 nM, mins 10-30, solid bars in E) followed by incubation in AAF media containing
rapamycin (150 nM, mins 30-60, striped bars in E). During incubation in complete media
containing rapamycin, an average increase in C:Y was observed across each experimental
group (E, not significant). After incubation in AAF media containing rapamycin, a decrease
in C:Y ratio was observed in WT (7.9%; A, E; p<0.05), scramble (B,E; 4.7%; p<0.05), and
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75¢2 KO (C,E; 8.1%; p<0.05). No statistically significant changes were observed in Depdc5
KO N2aC (E). *p<0.05.
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Figure 4: Addition of torinl to AAF media does not enhance the inhibitory effect of AAF
conditions.

After a 10 minute baseline in complete media WT, scramble, 75¢2 KO, and Depdc5 KO
cells transfected with TORCAR were incubated in complete media containing torinl (A-D,
100 nM, mins 10-30, solid bars in E) followed by incubation in AAF media containing
torinl (100 nM, mins 30-60, striped bars in E). During incubation in complete media
containing torinl, an average decrease in C:Y was observed across each experimental group:
WT = 3.8%, Scram = 3.0%, 7sc2=3.7%, Depdc5=2.2% (p <0.05). After incubation in
AAF media containing torinl, similar percent decreases in C:Y ratio were observed in WT
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(A; 4.9%), scramble (B; 3.2%), 75¢2KO (C; 3.4%) and in Depdc5 KO N2aC (D); 1.7%) (p
<0.05); Results were statistically significant from baseline but not between groups (e.g.,
torinl in complete media vs. torinl in AAF media).
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Figure 5: Reduced colocalization between mTOR and the lysosomal membrane in Tsc2 KO but
not Depdc5 KO cells in AAF conditions.

WT, scramble, 75¢2KO, and Depdc5 KO cell lines incubated in AAF media (60 minutes),
fixed in 4% PFA and visualized with antibodies targeting mTOR (red; alexa 594) or LAMP2
(green; alexa 488) on a spinning disk confocal microscope. Regions of interest (ROIs; cell
bodies) were selected in digital micrographs and 3D reconstructed (Image J; arrows). ROIs
of mTOR and LAMP?2 colocalization are orange or yellow (arrow, A) and ROIs where
mTOR and LAMP?2 are not colocalized appear as distinct red and green areas (arrow, B).
After incubation in AAF media WT (B), scramble (D), and 75¢2 KO (F) cell lines display a
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decrease in colocalization between mTOR and the lysosomal membrane vs. incubation in
complete media (A, C, E). However, no statistical difference in colocalization was observed
in Depdc5 KO cell lines incubated in AAF media (H) vs. complete media (G). Statistical
data for digital micrographs are in Fig. 6. High-definition videos showing 3D surface
visualization of colocalization are provided (Movies S2-S9).
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Figure 6: AAF conditions alter sub-cellular localization and soma size in Tsc2 KO N2aC.
A) Correlation analysis (R) of fluorescence intensity of mTOR and LAMP2 (see Fig. 5)

reveals high correlation between mTOR and the lysosomal membrane with R values of 0.87
(WT), 0.90 (Scram), 0.87 (75¢2), and 0.92 (Depdc5). A statistically significant decrease in
colocalization between mTOR and the lysosomal membrane was observed in WT (0.76),
scramble (0.78) and 75¢2 KO (0.71) cells after incubation in AAF media (60 min incubation
for each group, n = 10 cells per group, p<0.05). Depdc5 KO cells display an enhanced
colocalization in complete media (R= 0.92) vs. WT, scramble and 7s¢2 KO cells. Depdc5
KO cells displayed a nonsignificant decrease in (R) after AAF media incubation media (R=
0.88; n =10 cells per group). Incubation in AAF media results in decreased phosphorylated
S6 levels in 75¢2KO, scramble and WT N2aC but not Depdc5 KO N2aC (densitometry in

Figure S7).
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Figure 7: Tsc2 KO neurons exhibit morphological changes and decreased C:Y ratio in AAF
media.
Differentiated N2aC were incubated in complete or AAF media for 1 hour, were fixed, and

probed with MAP2 antibodies to visualize cell bodies (A). Incubation in AAF media led to a
decrease in soma diameter in 75¢2 KO but not Depdc5 KO or WT neurons (N= 50 per
group; B; p<0.01). TORCAR transfected 75¢2 KO, Depdc5 KO, and WT neurons were
incubated in AAF media (C, striped bars in E) or in complete media with rapamycin (D;
solid bars in E). A 7.4% decrease in C:Y was observed in WT neurons incubated in AAF
media (C, E; p<0.05). A 14.0% decrease (p<0.05) in C:Y was observed in 75¢2 KO neurons
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but no change in C:Y was observed in Depdc5 KO neurons (C, E). No significant change in
C:Y was observed in WT neurons after rapamycin in complete media (D, E). Data on torinl
treated WT, 75¢2KO, and Depdc5 KO cells can be found in Figure S9. AAF= amino acid
free, rapa = rapamycin, KO = knockout. Error bars in (D), standard error of the mean.
*p<0.05, ** p<0.01.
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