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MTORC1-selective inhibitors
rescue cellular phenotypes in
TSC iPSC-derived neurons
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The mechanistic target of rapamycin (mTOR) pathway plays an important role
in regulating multiple cellular processes, including cell growth, autophagy,
proliferation, protein synthesis, and lipid synthesis, among others. Given the
central role of this pathway in multiple cellular processes, it is not surprising
that mTOR pathway dysregulation is a key mechanism underlying several
neurological disorders, including Tuberous Sclerosis Complex (TSC). TSC
patients typically present with pathogenic variants in the TSC1 or TSC2 genes,
which encode proteins forming a complex that plays an important role in
modulating mTOR activity. We previously reported cellular and functional deficits
in induced pluripotent stem cell (iPSC)-derived neurons from TSC patients.
These deficits were reversed by inhibiting mTOR activity using rapamycin
treatment, revealing the role of mTOR signaling in the regulation of cell
morphology and hyperexcitability phenotypes in TSC patient-derived neurons.
However, chronic rapamycin treatment inhibits both mTORC1 and mTORC2
activity and its clinical use is associated with significant side effects. With the
development of novel mMTORC1-selective compounds, we aimed to assess
whether selective inhibition of mTORC1 likewise reversed the cellular and
functional deficits found in TSC patient-derived neurons. Our results indicate
that the novel, selective mTORCL1 inhibitors nearly fully reversed the cellular and
functional deficits of TSC2~/~ iPSC-derived neurons in a fashion and magnitude
similar to rapamycin, as they all reversed and near-normalized their neuronal
hyperexcitability and abnormal morphology as compared to the DMSO-treated
cells. These data suggest that mTORC1-specific compounds could provide
clinical therapeutic benefit similar to rapamycin without the same side effects.
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1 Introduction

Many neurodevelopmental disorders (NDDs) are associated
with changes in the mechanistic target of rapamycin (mTOR)
pathway (Parenti et al, 2020). The mTOR pathway regulates
proliferation, cell growth, protein synthesis, lipid synthesis, and
autophagy, which lead to its important roles in nervous system
development, including regulation of progenitor proliferation,
neurite outgrowth, and neuronal maturation (Lipton and Sahin,
2014). In addition, the mTOR pathway has been shown to play
an important role in synaptic function (Weston et al., 2014).
Further, there are well-defined monogenetic variants in genes that
code for mTOR pathway proteins that lead to disrupted mTOR
signaling and that have been associated with intellectual disability,
epilepsy, and autism spectrum disorder (Moloney et al., 2021;
Parenti et al., 2020; Reijnders et al., 2017; Vasic et al., 2021;
Winden et al., 2018). One example of this is Tuberous Sclerosis
Complex (TSC), which is caused by variants in TSCI or TSC2
genes (Rosset et al, 2017). TSC1 and TSC2 proteins form a
complex that helps regulate mTOR activity by regulating RHEB,
which serves as a brake on the activity of mTORCI, one of the
key complexes of mTOR signaling (Huang and Manning, 2008).
Researchers have also shown that the TSC1/TSC2 complex affects
the activity of a second mTOR-containing complex called mMTORC2
(Huang et al., 2008; Huang and Manning, 2009). More recently,
it has been shown that reduction of the mTORC1 component
Raptor, but not the mMTORC2 component Rictor, rebalanced mTOR
signaling in TscI mouse knock-out neurons (Karalis et al., 2022).
Therefore, dysfunctional TSC1 or TSC2 disrupts normal regulation
of mTORCI1 and mTORC2, with several studies pointing toward
mTORCI hyperactivity as a potential driver for disease phenotypes
(Costa et al., 2016; Switon et al., 2017).

We have previously utilized TSC patient induced pluripotent
stem cell (iPSC)-derived neurons to show that dose-dependent
reduction in TSC2 expression leads to dosage-sensitive cellular
changes in neuronal morphology, including changes in gene
expression, increased soma size and neurite outgrowth, as well
as neuronal hyperexcitability (Winden et al., 2023; Winden et al.,
2019). Further, we previously showed that chronic rapamycin
treatment could rescue the hyperexcitability phenotype in TSC2-
deficient iPSC-derived neurons. While rapamycin, an allosteric
mTOR inhibitor, primarily inhibits mMTORC1, prolonged treatment
with rapamycin or its analogs (termed rapalogs) has been shown to
inhibit mTORC2 as well (Lamming, 2016; Sarbassov et al., 2006).
Chronic administration of rapalogs has been suggested to cause
undesirable side effects such as reduced insulin sensitivity and
hyperlipidemia (Bissler et al., 2017; Trelinska et al., 2015). Since
mTORC2 influences glucose metabolism and insulin signaling, a
subset of these undesirable side effects of long-term rapamycin
treatment have been suggested to be mediated due to the inhibition
of mTORC2 (Lamming et al, 2012). Therefore, more precise
targeting of mTORCI1 hyperactivation is desirable for therapeutic
development.

Several mTORCI-selective inhibitors have been developed
recently (Balgi et al., 2009; Kang et al., 2019; Mahoney et al., 2018;
Schreiber et al., 2019) and have been evaluated in a number of
immortalized cell lines in the context of tumor reduction or in
rodent models in vivo (Schreiber et al., 2019) and in vitro (Di Nardo
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et al., 2020) to assess the effects of mMTORC1-inhibition in the brain
and in neurons, respectively. However, studies describing their
effects on the morphology and function of human neurons have
not been reported to our knowledge. Human iPSC-based models
offer a promising approach to model TSC as well as to provide
a relevant platform to study the effects of mTORCI-selective
inhibitors (Afshar Saber and Sahin, 2020; Yang et al., 2024). Here,
we used TSC2~/~ iPSC-derived neurons to test whether novel
mTORCI-selective inhibitors rescued established cellular deficits as
effectively as rapamycin. There is a significant volume of published
literature studies, both in vitro (in PC3 or other cell systems)
and in vivo, confirming the high mTORCI selectivity of these
novel rapamycin analogs, including the tool compound, DL001
(Schreiber et al., 2019). Here, we also present AlphaLISA data
demonstrating this selectivity. When we assessed these compounds
in our iPSC-derived neuron model, we found that all three novel
compounds rescued the hyperexcitability and neuron morphology
phenotypes with similar potency as rapamycin. This suggests that
mTORCI inhibition is sufficient to rescue cellular phenotypes
found in TSC2~/~ iPSC-derived neurons.

2 Materials and methods

2.1 Novel mTORC1-selective compounds

The general Markush structures of the compounds used in this
work can be found in the issued US patent US11230557B2. More
specifically, the three compounds used in this study differ in the
types of substitutions made in the R1, R2, and R3 positions of
the broad Markush structure (Supplementary Figure 1). The purity
of all compounds produced was greater than 95% for all assays.
The general process utilized in the purification of the produced
compounds can be found in the examples provided within the
issued US patent US11230557B2.

2.2 AlphaLISA mTORC1 vs mTORC2
selectivity assay

PC3 cells were cultured in Ham’s F12K medium (Gibco,
#21127-022) containing 10% of FBS (Sigma #F7524, batch
BCBV4855). PC3 cells were seeded at 20 000 cells/well in 90 pl
of culture medium in 96-well plates. 24 h after seeding, cells were
treated with compounds for 8 h (1% final DMSO concentration).
Cells were washed with PBS and treated for 16 h in starvation
medium (Ham’s F12K without FBS). Cells were then stimulated by
adding FBS (12% final concentration) and incubated for 15 min.
Wells were washed with PBS and 50 pl of AlphaLISA lysis
buffer (Revvity) was added. After 30 min of lysis at RT under
shaking, 10 pl (p70S6 assay) or 5 pl (pAKT and total AKT
assays) of lysate was transferred in 384-well plates. Alpha Lisa
assays were performed according to the manufacturer’s instructions
(Revvity AlphalISA Surefire ULTRA P70 S6K #ALSU-PP70-
A500, AKT1/2/3 (pS473) #ALSU-PAKT-B500, and ULTRA AKT
1 #ALSU-TAKT1-B500 kits). Briefly, 5 pl of acceptor beads mix
was added to each well and incubated for 2 h at RT. Then, 5 pl
of donor beads mix was added per well and incubated for 2 h at RT
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in the dark. Plates were measured on an Envision reader with the
AlphaLISA module.

For the AlphalISA data analysis, the software used was
GraphPad Prism version 10.4.1. The equation used is the 4-
parameter logistic fit. For the mTORCI IC50 determination, no
constraints were applied in the calculations. For the mTORC2
calculation, the top value was constrained to 100. The equation
in GraphPad Prism is denoted as Y = Bottom + (Top -
Bottom)/(1 + 10" [[LogEC50 - sX]*HillSlope]).

2.3 iPSC lines

The subject recruited for this study was consented at Boston
Children’s Hospital with the approved institutional review board
protocol number P00008224. Informed consent was obtained from
the participant or the participant’s parent if the participant was
unable to provide consent. The iPSC line used in this study was
previously characterized, including descriptions of reprogramming
methods and quality control characterization (Ebrahimi-Fakhari
et al,, 2016; Sundberg et al., 2018; Winden et al., 2019). Briefly, the
TSC2~/~ iPSC line used in this study was originally derived from
a female patient with TSC who was found to have heterozygous
expression levels of TSC2. The iPSCs were derived by episomal
expression of Oct4, Sox2, KIf4, and L-Myc. The second allele was
knocked down using TALEN-based gene editing of the TSC2* line
to generate the biallelic TSC2~/~ line.

The TSC2~/~ iPSCs were previously reported to express
the pluripotency markers NANOG, TRA1-60, OCT4, and SSEA4
and exhibit a normal karyotype (Sundberg et al, 2018). For
routine cell culture, the iPSCs were cultured in StemFlex
medium (ThermoFisher #A3349401) on Geltrex-coated plates
(ThermoFisher #A1413301) and were passaged once a week,
or when the cells reached 70% confluence, with Gentle Cell
Dissociation Reagent (STEMCELL Technologies #07174). A low-
passage stock was expanded and karyotyped and all neuronal
cultures were derived from iPSCs within 10 passages of the normal
karyotype.

2.4 Neuronal differentiation

TSC2~/~ iPSC-derived cortical neurons were differentiated
in two to three replicate batches, defined as independent plating
of starting material iPSCs and use of reagents to differentiate
iPSCs into neurons. The NGN2-induced cortical neurons were
differentiated following previously published methods (Winden
et al, 2019; Zhang et al, 2013) that are also described here.
To establish a line of iPSCs expressing the NGN2 vector, on
differentiation day - 2, iPSCs were dissociated with Accutase
(Innovative Cell Technologies #AT104) and plated as single cells
at 90,000 cells/cm? in mTeSR-1 media supplemented with 10 pM
ROCK inhibitor (Y-27631, Cayman Chemical #10005583), on
Geltrex-coated 12-well plates. While iPSCs were routinely cultured
with StemFlex (as noted above), the NGN2 differentiation was
optimized with mTeSR-1 media, so the switch was made to this
media prior to initiating differentiation. One day after re-plating
as single cells, on differentiation day - 1, iPSCs were transduced
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with lentiviral vectors expressing NGN2 and rtTA and 8 pg/ml
polybrene (Sigma-Aldrich #TR-1003-G). The lentiviral particles
were produced and concentrated at the Viral Core at Boston
Children’s Hospital and were added to the culture at an MOI
of 5 for each vector. Both plasmids are available at Addgene
with the following IDs: 52047 and 20342. To initiate neuronal
induction on differentiation day 0, NGN2 expression was induced
via treatment with 2 pug/ml doxycycline (Millipore #324385). Cells
then underwent selection for expression of the NGN2 vector via
treatment with 1 pg/ml puromycin (Invitrogen #ant-pr-1) for
24-48 h. Longer puromycin treatment was chosen when non-
neuronal clusters appeared to remain after the first 24 h of
puromycin treatment. This selection helps to generate a relatively
pure population of neurons. For the first 2 days of differentiation,
the following growth factors and supplements were added to the
N2 medium (DMEM/F-12 with GlutaMax, 1x N2 supplement,
1x non-essential amino acids): 10 ng/ml BDNF (Peprotech #450-
02), 10 ng/ml NT3 (Peprotech #450-03), and 0.2 mg/L laminin
(ThermoFisher #23017-015). After day 2, the cells were fed with
B27 media (Neurobasal-A, 1x B27 supplement, 1x GlutaMax)
containing the following growth factors and supplements every
other day until differentiation day 6: 10 ng/ml BDNE 10 ng/ml
NT3, 0.2 mg/mL laminin, 2 pg/ml doxycycline, and 2 pM
Ara-C (Sigma-Aldrich #C1768). For morphological and multi-
electrode array (MEA) analyses, NGN2 neurons were dissociated
on day 6 with > 16 units/mL papain (Worthington #LK003178)
supplemented with > 166 Kunits/mL DNase I (Worthington
#LK003172) for 20 min at 37 °C. On day 6, astrocytes (NCardia
Astro.4U) were added in co-culture with the neurons. Cells
were cultured in B27 media containing 33.4 mM glucose and
27.3 mM sodium bicarbonate, supplemented with 0.1 mg/mL
transferrin thereafter with fresh BDNF, NT3 and laminin added
at final concentrations listed above, every time media change was
performed. Plating formats and conditions were dependent on
downstream endpoint and are described in the subsequent methods
sections.

2.5 Plating for high-content imaging
analysis

For high-content imaging assays, neurons were dissociated on
differentiation day 6 as described above and were plated along
with astrocytes onto 96-well plates (VWR #82050-748) that were
first coated overnight with poly-D-lysine (100 pg/mL, Sigma-
Aldrich #P6407) followed by three washes with sterile diH,O the
next day and then coated overnight with laminin (5 pg/mL, Life
Technologies #23017-015). Laminin was removed just prior to
plating and 50 pL media was added to each well. Neurons were
counted using trypan blue stain mixed 1:1 with a small aliquot of
cells on a manual hemocytometer, and 20,000 neurons and 3,000
astrocytes were added to each well in a volume of 50 pl per well
to reach a final volume of 100 1 per well. Media was supplemented
with Rock Inhibitor (Y-27632 #10005583, Cayman) for the first 24 h
of plating. The inner 60 wells of each plate were used. Following
3 weeks of maturation and treatment, with half media changes
every Monday/Wednesday/Friday, the 96-well plates were fixed
with 4% paraformaldehyde (#15686, Electron Microscopy Sci.) for
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20 min at room temperature, 1 day after completion of chronic drug
treatment.

2.6 Plating for multi-electrode array
(MEA) analysis

On day 6 of the differentiation protocol for each replicate
batch, the neurons were plated onto three full 48-well CytoView
MEA plates (M768-tMEA-48B, Axion Biosystems). These plates
were coated with 0.1% PEI (#408727, Sigma) and 5 pg/mL
laminin. Cortical neurons were plated at 75,000 neurons and 11,250
astrocytes (NCardia, Astro.4U) per well. To plate the neurons,
laminin was aspirated off the wells one well at a time and the neuron
and glia mixture was added to the well in a 20 pl droplet. Following
30 min of incubation at room temperature, the wells were flooded
with 400 L of media and moved to the incubator. The media at
the time of re-plating was supplemented with Rock Inhibitor (Y-
27632 #10005583, Cayman) and laminin (10 pg/mL) to promote
attachment. A half media change was completed 24 h after plating
to dilute the rock inhibitor and half media changes continued every
Monday/Wednesday/Friday thereafter.

2.7 Compound treatment

Cells were treated with varying concentrations of rapamycin
or the mTORCI-selective inhibitor compounds starting from
0.01 nM up to 300 nM, every 2-3 days during the 2 weeks
treatment window as indicated in Figure 1A. DMSO treatment
was used as control in each plate. We sought to establish a
6-point and a 10-point dose-response curve for the mTORCI-
selective inhibitors in MEA experiments and high-content imaging
assays respectively. Rapamycin treatments were carried out at 11
different concentrations. A higher number of doses was chosen for
rapamycin treatment to gauge the appropriate range of treatment
concentrations for the novel mMTORC1-selective inhibitors.

Stock vials of rapamycin and mTORCI-selective inhibitors
were stored at —20°C, in the dark and were equilibrated to room
temperature prior to use. The compounds were reconstituted in
DMSO to prepare a 5 mM stock. The 5 mM stock was further
diluted to 0.5 mM and 5 uM in DMSO. Each of these stocks were
then used to prepare an intermediate stock in DMSO, 1,040 times
as concentrated as the required final concentrations ranging from
0.01 to 300 nM. These 1,040 x intermediate stocks were then diluted
520-fold in culture media to result in a 2x stock that the cells
were finally treated with. All compounds were vortexed at each of
the steps described above to ensure full reconstitution/even mixing
prior to dilution.

Before addition of the compounds, the media in the 48-well
MEA and in 96 well plates for high-content imaging were brought
to half the final volume; from 400 to 200 1 for the MEA plates and
from 200 to 100 pl for the 96-well plates. To ensure equal volumes
of media in all wells across a plate and to account for increased
media evaporation from wells on the edge of the plates, a reference
well was chosen at random for each plate and most media from this
well was removed, leaving behind only a thin film of media in the
well. In 48-well MEA plates, 150 pl of the media was carefully added
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back to this reference well and for 96-well plates, 90 1 of the media
was added back so that the media volume in the well would be close
to 200 and 100 pl respectively. The media levels in all the other wells
of the plate were then visually compared against this reference well
to ensure uniformity. The 2 x compound stocks prepared in culture
media as described above were then carefully added to bring the
final volume to 400 pl in MEA plates and 200 pl in 96-well plates,
thereby, ensuring incubation with the desired concentrations of the
compounds. A different reference well was chosen at each time
point to avoid bias.

2.8 MEA recording and analysis

Multi-electrode array recordings were performed on an Axion
Maestro Original system every 2-3 days, starting day 2 after plating
until day 42, according to the protocol and settings detailed in
Winden et al. (2019). Briefly, the MEA plates were placed in
the recording chamber at 37°C/5% CO, and were allowed to
equilibrate for 10 min prior to recording spontaneous activity
for 5 min. The Neural software module in Maestro system was
used to assess spontaneous activity. A sampling frequency of
12.5 kHz and a 200 Hz high-pass and 3,000 Hz low-pass filter
were used to acquire/filter the data. The threshold for spike
detection was six times the standard deviation with a 1 s binning
time. Network bursts were detected with the following settings:
a maximum interspike interval of 100 ms, with a minimum of
50 spikes detected in at least 35% electrodes. Synchrony was
detected with a 20 ms window size. After recording, the data
across all time points were batch processed, and the weighted
mean firing rate and synchrony index were analyzed and exported
using Axion Neurostatistics compiler and plotted using GraphPad
Prism. Outliers from erroneous recordings were excluded wherever
indicated in the figure legends. The fit curves for the neuronal
MEA data were constructed using GraphPad Prism software
version 9.4.1. The data for a particular compound was entered
into an XY graph with X values containing the concentrations
of the compound and the Y values including eight technical
replicates per compound per time point. The equation used was
the three-parameter logistic fit. No constraints were applied in
the calculations. The equation in GraphPad Prism is denoted as
Y = Bottom + (Top-Bottom)/(1 + [X/IC50]).

2.9 Immunocytochemistry

Immunostaining was completed by first blocking neurons with
a blocking buffer containing 5% normal goat serum (#G9023-
10ML, Sigma), 2% bovine serum albumin (#AB00440-00100, Fisher
Scientific), and 0.1% Triton-X (#AC215682500, Fisher) in 1XPBS
for one hour. Cells were incubated with primary antibodies in
blocking buffer at 4°C overnight. The primary antibodies used are
listed in Table 1. Following primary antibody incubation, cells were
washed three times with 1XPBS and incubated with fluorophore-
conjugated secondary antibodies (Invitrogen) for 1 h at room
temperature, followed by three washes. Secondary antibodies
used include goat anti-mouse Alexa Fluor 568 (Invitrogen by
ThermoFisher #A11031), goat anti-chicken Alexa Fluor 488
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AlphaLISA mammalian target of rapamycin complex 1 (MTORC1) and mammalian target of rapamycin complex 2 (MTORC2) assays reveal
mTORCI1-selectivity of novel compounds. (A) AlphaLISA data showing percent inhibition of P70 S6K phosphorylation as a readout of mMTORC1
activity using PC3 cell lysates collected following compound treatment in dose-response. (B) AlphaLISA data showing percent inhibition of AKT1/2/3
(pS473) phosphorylation as a readout of mMTORC2 activity using PC3 cell lysates collected following compound treatment in dose-response.
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TABLE 1 Antibody information for high content imaging.

Antibody target Antibody species Catalog # Dilution to use
MAP2 Chicken Abcam #ab5392 1:2,000
Tujl Mouse Sigma #T6880 1:800

(Invitrogen by ThermoFisher #A11039), and goat anti-mouse Alexa
Fluor 488 (Invitrogen by ThermoFisher #A11029). In addition to
the secondary antibodies, Hoechst 33258 (Invitrogen #H3569) was
also added to counterstain the nuclei. Following staining, plates
were stored at 4 °C in 1XPBS with 0.01% sodium azide (#52002,
Sigma). Neurons were imaged on the ImageXpress Micro-Confocal
automated microscope (Molecular Devices).

2.10 Automated microscopy

All high content imaging was completed using the 10X
objective on the ImageXpress Micro-confocal automated
microscope from Molecular Devices. The focus settings were
established according to the specifications of the plate used. The
exposure settings were established on the DMSO-treated wells
and the same exposure was utilized across all wells with the same
antibody combination. For each treatment condition, 10 wells were
imaged in each batch, with two wells per dose and with nine fields
captured per well. Following imaging, analysis was completed
using the MetaXpress software.
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Brightness and contrast for representative images were adjusted
using Image] and Adobe Photoshop as follows: since one 96
well plate of neurons was used for each compound, to account
for variability across plates, the brightness and contrast of the
images from the DMSO-treated wells from all the plates were
adjusted on Image] such that they were visually similar to
each other. Next, the brightness and contrast settings applied
to the DMSO-treated wells of each plate were applied to
all the wells from that specific plate. Representative images
from different plates were, thus, included in the figures. The
brightness/contrast were further adjusted for these representative
images on Photoshop with the same settings applied to each of the
channels in a figure panel.

2.11 Image analysis

Neuron morphology analysis was completed using the
Neuronal Profiler Application Module in the MetaXpress software.
This application provides quantification of neuron cell count,
soma size, and neurite length using MAP2 staining. The fit curves

frontiersin.org


https://doi.org/10.3389/fnins.2025.1595880
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Buttermore et al.

10.3389/fnins.2025.1595880

TABLE 2 AlphaLISA IC5q values for mammalian target of rapamycin complex 1 (MTORC1) and mammalian target of rapamycin complex 2

(mTORC?2) targets.

Rapamycin A

EOAI3973402
‘402

IC50 (NM)

EOAI3Z978276
‘276’

EOAI3Z981425 ‘425’

mTORCI ICsp (M) 2.820e-011

3.761e-010

2.191e-010 3.629¢-010

mTORC2 IC5() (M)

8.440e-009 NC

NC NC

for the neuronal high content imaging data were constructed
using GraphPad Prism software version 9.4.1. The data for
a particular compound was entered into an XY graph with
X values containing the concentrations of the compound and
the Y values including 18 technical replicates per compound
per dose. The equation used was the 3-parameter logistic fit.
No constraints were applied in the calculations. The equation
in GraphPad Prism is denoted as Y = Bottom + (Top -
Bottom)/(1 + [X/IC50]).

3 Results

3.1 Novel compounds are selective for
mMTORC1 over mTORC2

Since mTORCI hyperactivation has been implicated in certain
mTORopathies such as TSC, three mTORC1-selective inhibitors
were developed and will be referred to as compounds 425, 276, and
402. mTORCl-selective inhibitory action of these compounds was
validated in PC3 cells using an AlphaLISA assays. PC3 cells were
selected for the primary assay to identify novel compounds that
inhibit mTORCI selectively based on previously published work
that showed PC3 cells are the most sensitive cell line, compared
to HEK-293T, HeLa, and H460 cells, for detecting mTORC2
inhibition (Sarbassov et al., 2006). AlphaLISA is a technique used
to quantify protein levels that improves upon the traditional ELISA
assay by quantifying energy transfer between donor and acceptor
beads conjugated to specific antibodies, improving sensitivity
and reducing variability (Bielefeld-Sevigny, 2009). Since mTORC1
typically mediates S6K phosphorylation while mTORC2 mediates
Akt phosphorylation (pAKT, Ser473) (Hay and Sonenberg, 2004;
Sarbassov et al., 2005), AlphaLISA assays specific to p70 S6K and
PAKT (pS473) were used to quantify levels of these phospho-
proteins, thus quantifying the level of inhibition of mTORCI1 and
mTORC2. The results of the AlphaLISA against p70 S6K showed
similar inhibition of mTORCI as rapamycin (Figure 1A), with a
slight shift toward reduced potency. However, AlphaLISA results
against pAKT (pS473) showed a lack of inhibition by the three
compounds in the same dose range as rapamycin (Figure 1B).
The ICsq values for each compound are shown in Table 2. These
data show that the three compounds are selective for mTORC1
inhibition in the same dose range that rapamycin inhibits both
mTORC1 and mTORC2 in PC3 cells. The apparent activation of
AKT signaling caused by rapamycin at very low concentrations and
by the selective compounds at intermediate concentrations may
be due to the loss of negative feedback control of mTORCI on
mTORC2.
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3.2 Novel mTORC1-selective inhibitors
prevent hyperexcitability in TSC2~/~
neurons

To assess whether these novel mTORCI-selective inhibitors
affect disease phenotypes in a relevant cell type, we differentiated
TSC2~/~ iPSCs to neurons by overexpressing NGN2 (Zhang
et al., 2013). NGN2 overexpression has been shown to induce
differentiation of iPSCs to excitatory glutamatergic neurons,
including expression of markers of both peripheral glutamatergic
neurons and cortical glutamatergic neurons (Lin et al, 2021).
TSC27/~ iPSC-derived neurons have been shown to exhibit
disease-relevant phenotypes such as hyperexcitability and increased
soma sizes (Winden et al, 2019). Furthermore, rapamycin
treatment for 2 weeks has been shown to rescue these phenotypes
by preventing development of neuronal hyperexcitability as well as
by preventing changes in soma size (Winden et al., 2019). To assess
whether the novel mTORCl-selective inhibitors would rescue
these phenotypes, similar to rapamycin, we treated TSC2™/~
neurons with varying doses of each of the three novel compounds
or with rapamycin (from 0.01 to 30 nM) for 2 weeks and
assessed spontaneous neuronal activity by MEA over a period of
42 days with recordings performed every 2-3 days (Figure 2A).
Representative images across doses suggested that overt toxicity
was not observed from chronic treatment of the compounds at
any dose (Figure 2B). Importantly, the weighted mean firing rate
(WMFR), indicative of spontaneous neuronal activity, was lowered
upon > 0.1 nM rapamycin treatment, consistent with our previous
work (Winden et al., 2019) (Figure 3A). Similar to rapamycin, the
three novel mMTORCI1-selective inhibitor compounds also lowered
WMER during the treatment window (Figure 3A) at 0.1 nM or
greater doses. The WMER typically stabilizes a few weeks after
plating. Hence, we chose to assess the dose-dependent effects of the
mTORCI-selective inhibitors on the WMFR 3 weeks after plating,
on day 23, by which time the treatment period had ended, and the
compounds had been washed out for a brief period of time. We
observed a dose-dependent effect on the WMFR upon treatment
with each of the novel compounds similar to that observed upon
rapamycin treatment (Figure 3B), suggesting that these compounds
rescue neuronal hyperexcitability. The ICsq values for each replicate
batch on day 23 are shown in Table 3.

We observed robust network formation in these cultures by
days 21-28 of plating, and chose to assess synchronous firing,
an indication of network activity, by measuring the synchrony
index. All three compounds reduced the synchrony index relative
to DMSO treated controls at doses higher than 0.1 nM, similar to
rapamycin (Figure 3C). On day 26, after network formation was
observed and the treatment window had ended, once again, we
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Dose response treatment design and representative images with rapamycin dose-response treatment. (A) Schematic for the experiment. TSC2
human induced pluripotent stem cells (iPSCs) were differentiated to neurons by overexpressing NGN2. These neurons were replated along with

commercially available astrocytes onto multi-electrode array (MEA) plates to monitor neuronal activity as well as onto 96 well plates for

immunocytochemistry (ICC). Treatment with various concentrations of the mTORC1-selective inhibitors or with rapamycin was started around day
10 and continued until day 21. Recordings were performed every 2—3 days starting from day 2 of plating until day 42. Cells were fixed for staining on
1 day after the treatment period ended, on day 22. (B) Representative images of TSC2~/~ iPSC-derived neurons fixed on day 22 following 2 weeks of
Rapamycin treatment at the doses listed (DMSO control, 0.1 nM Rapamycin, 1 nM Rapamycin, 300 nM Rapamycin) with immunohistochemistry
against MAP2, TUJ1, and nuclear stain HOECHST. Scale bar = 100 pum. Schematic in A was generated using BioRender.
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response curve to determine the WMFR ICsq of neurons on day 23 upon treatment with the mTORC1-selective inhibitors 276, 402, 425 or with
rapamycin for 2 weeks until day 21. (C) Synchrony index over time for select doses of mTORC1-selective inhibitors or of rapamycin with the
treatment window highlighted in blue. (D) Synchrony ICsp curves on day 26 of the experiment where neurons were treated with mTORC1-selective
inhibitors or with rapamycin. Representative data from one of two batches shown here. Data shown as mean + s.e.m. of 8 technical replicates for
each dose at each time point except on day 4 where outliers were excluded due to errors during recording the plate in the first few days
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observed a dose dependent effect of the three compounds on the
synchrony, similar to rapamycin, although higher doses compound
402 exhibited a lower decrease in synchrony (Figure 3D). The
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ICsy values for each replicate batch on day 26 are shown in
Table 4. Taken together, all three mTORCI -selective inhibitors alter
neuronal activity as indicated by decreased WMFR and synchrony
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TABLE 3 Weighted mean firing rate ICsq across replicate batches on day 23 of differentiation.

Compound ICs50 (NM)
Replicate batch #1 Replicate batch #2 Average Std deviation
Rapamycin 0.015 N/A - -
402 0.028 0.030 0.029 0.0016
425 0.027 0.046 0.036 0.014
276 0.037 0.014 0.025 0.017

index and display dose-dependent effects, similar to that observed
upon rapamycin treatment.

Activity of the neuronal cultures was recorded for several weeks
beyond the treatment period to determine if the effects on activity
were long-lasting. Interestingly, it appears that the differences
across doses remained, but the activity and synchrony continued to
increase post-treatment in all conditions (Supplementary Figure 2).

3.3 Novel mTORC1-selective inhibitors
partially rescue neuronal morphology

TSC2 deficiency is marked by increased soma sizes and neurite
lengths in NGN2-derived neurons (Winden et al., 2019). These
phenotypes are rescued upon rapamycin treatment. To assess if the
novel compounds altered cell morphology, we measured the soma
area and the total neurite outgrowth by MAP2 immunostaining
(Figure 4A) at the conclusion of the 2 weeks treatment. Automated
image analysis was used to quantify soma size and neurite length
(Supplementary Figure 3). Importantly, we observed no adverse
effects of the compounds/rapamycin treatment on cell viability
across various doses (Figure 4B). Next, we observed that similar
to rapamycin, all three compounds reduced soma sizes, across two
independent batches of treatment (Figure 4C). Total neurite length
per well was also decreased by all three compounds, relative to the
DMSO treated control wells. However, only compound 276 lowered
the total neurite outgrowth similar to rapamycin (Figure 4D),
while compound 425 exhibited variability in the neurite outgrowth
reduction. Overall, although not all compounds had effects similar
to that of rapamycin treatment, all three mTORCI-selective
inhibitors altered cellular morphology as indicated by decreased
soma sizes and neurite lengths.

4 Discussion

Disruption of mTOR signaling due to variants in its repressors
such as TSCI, TSC2, DEPDCS5, PTEN or in its activators such as
RHEB, and MTOR lead to a set of disorders characterized by early
onset and often drug-resistant epilepsies called mTORopathies
(Lipton and Sahin, 2014; Moloney et al., 2021). While rapalogs have
been shown to reduce seizure frequency in a subset of patients
with mTORopathies, their effectiveness in improving cognitive
functioning is not clear (Krueger et al., 2017; Moloney et al,
2023; Overwater et al., 2019; Srivastava et al., 2022), indicating
a need for the development of additional therapeutics targeting
mTOR signaling.

Mechanistic target of rapamycin signaling occurs through
two major complexes: mTORC1 and mTORC2, each formed in
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response to diverse cellular stimuli, with different effects on
several processes including synaptic functioning and dendritic
morphology (McCabe et al., 2020; Switon et al., 2017; Urbanska
et al., 2012). Different mTORopathies exhibit distinct patterns
of mTOR complex dysregulation. For instance, while mTORCI1
hyperactivation has been predominantly implicated in TSC (Costa
et al., 2016), PTEN deficiency is thought to cause hyperactivation
of mTORC1 as well as mTORC2 (Cullen et al., 2023; D’Amore
et al., 2025; Dhaliwal et al, 2024). A careful understanding of
the effects of these mTOR complexes on cellular functioning and
disease phenotypes would facilitate precise therapeutic targeting
for each variant. As such, there is a need to distinguish between
mTORC1 and mTORC2 activities and assess functional outcomes
in disease-relevant cell types upon treatment with modulators
of mTOR signaling. Here, we report the effects of three novel
mTORCl-selective inhibitors on disease phenotypes in TSC2~/~
human iPSC-derived neurons, including hyperactivity, soma size,
and neurite outgrowth.

One caveat with the AlphaLISA experiments used to establish
mTORCI-selectivity of the novel compounds is that only one
downstream phospho-target of each mTORC1 and mTORC2
were assessed. It is known that rapamycin incompletely inhibits
phosphorylation of some mTORCI substrates, such as ULK1 and
4E-BP (Choo et al., 2008; Kang et al., 2013; Yoon and Roux, 2013).
Therefore, future western blot experiments should be completed
to determine whether the novel compounds have any activity on
targets of mTORCI that are not inhibited by rapamycin.

Mechanistic target of rapamycin hyperactivation has been
suggested to increase soma size in several rodent and human iPSC-
based studies with rapamycin rescuing this phenotype (Costa et al.,
2016; Karalis et al., 2022; Weston et al., 2014). Consistent with
those studies, we found that alterations in cellular morphology
were rescued upon mTORCI1-selective inhibitor treatment. Since
the neuronal activity and synchrony index continued to increase
post-treatment in all treatment groups, we hypothesized that the
compounds were not causing toxicity to the neurons despite
potentially confounding results showing decreased soma size and
neurite outgrowth, which we are attributing to changes in mTOR
activity. However, to definitively address this question, future
studies could utilize live/dead stains to ensure that compound
treatment is not causing any neuronal toxicity.

Similar to the image-based endpoints, hyperexcitability
and network level synchrony of these cells were significantly
reduced in a manner similar to that observed with rapamycin
treatment. Overall, mTORCI-selective inhibitors nearly completely
rescued morphological and functional deficits introduced by
TSC2 deficiency.

In this work we focused on the cell-autonomous effects of
mTOR inhibition in excitatory neurons that were cultured on a
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TABLE 4 Synchrony index ICsq across replicate batches on day 26 of differentiation.

Compound IC50 (NM)
Replicate batch #1 Replicate batch #2 Average Std deviation

Rapamycin 0.065 N/A - -

402 0.048 0.026 0.037 0.015

425 0.0094 0.028 0.019 0.013

276 0.044 0.0094 0.027 0.025
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Effect of novel mammalian target of rapamycin complex 1 (mTORC1)-selective inhibitors on cell morphology. (A) Representative MAP2
immunofluorescence staining of neurons treated with 300 nM of either rapamycin or of each of the mTORC1-selective inhibitors-compounds 402,
425, 276. Panel on the right is a magnified version of the region highlighted in white on the left. Scale bar = 100 wm for images on the left and

50 um for the images on the right. (B) Average number of cells per well normalized to DMSO-treated controls measured by quantifying nuclear
Hoechst staining. (C) Dose response of the compounds on cell size measured by quantifying MAP2+ soma area. (D) Dose response of compounds
on neurite outgrowth as assessed by MAP2 staining normalized to DMSO-treated controls. For (B—D), data from each of the two batches of neurons
has been shown separately. Data represented as mean + s.e.m. of 9-18 technical replicates per batch; this data was collected from two technical
replicate wells per batch with 9 fields of view imaged per well and outlier wells with debris were excluded from the analysis.

feeder layer of WT astrocytes. Since mTORC1 hyperactivation
in TSC has been suggested to affect astrocyte proliferation and
functioning (Li et al., 2017; Wong and Crino, 2012) and astrocytes
play an important role in mediating synaptic functioning, it
would be of interest to study the effects of the inhibitors
on the hyperexcitability phenotype in co-cultures of TSC27/~
neurons and astrocytes. Moreover, since NGN2 overexpression
predominantly generates excitatory neurons, alternative protocols
to generate inhibitory neurons (Sun et al, 2016; Yang et al,
2017) can be employed to assess the effects of these compounds
on inhibitory neurons or co-cultures of inhibitory and excitatory
neurons, since an imbalance in excitation/inhibition has been
reported in TSC-deficient rodent models (Bateup et al., 2013).
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Overall, our study indicated that, similar to rapamycin,
the mTORCI-selective
TSC2~/~

disease phenotypes (neuronal hyperexcitability and abnormal

inhibitors exerted protective effects

on the iPSC-derived neurons as they rescued
morphology); the effects were very similar in magnitude to
rapamycin, as demonstrated by their very similar ICsg. Future
studies should also include the assessment of mTORC2-selective
inhibitors to understand which cellular features are capable
of modulation from this mechanism. As it is, the assays
presented here provide a valuable framework for assessing
human neuronal responses to potentially disease-modifying
therapeutics and can be used for identification of other potential
novel therapeutics for TSC.
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SUPPLEMENTARY FIGURE 1

Broad Markush structure of novel mTORC1-selective inhibitors from US
patent US11230557B2. The three compounds used in this study differ in the
types of substitutions made in the positions R1, R2, and R3. Each compound
represents a different type of substitution in the R1-R3 positions to convey
selectivity of the compounds to inhibiting mTORC1 versus mTORC2.

SUPPLEMENTARY FIGURE 2

Effect of novel mMTORCl1-selective inhibitors on neuronal activity over time.
(A) Weighted mean firing rate (WMFR), and (B) synchrony index measured
over the course of the entire experiment, including a washout period from
day 22 until day 42 for neurons treated with certain doses of rapamycin.
The treatment window has been highlighted in blue. Representative data
from one of two batches shown here. Data shown as mean s s.e.m. of eight
technical replicates for each dose at each time point except on day 4 where
outliers were excluded due to errors during recording the plate in the first
few days post-plating, and 2-8 technical replicates were plotted instead.

SUPPLEMENTARY FIGURE 3

Soma size and neurite outgrowth quantification. (A) Representative MAP2
immunofluorescence staining with MAP2 positive soma identified using
Image Express Micro Confocal's custom analysis module. Scale bar = 53
tm. (B) Representative MAP2 staining with neurites identified using
MetaXpress neurite outgrowth analysis module. The region highlighted in
white in the image on the left has been magnified in the panel on the right
for visualization of neurites. The thick white areas around the cell bodies are
excluded from neurite length quantification. Scale bar = 100 tm for the
image on the left and 50 tm for the image panel on the right.
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