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The mTOR signaling cascade is a central signaling pathway that has been implicated in
autism spectrum disorder (ASD). We have developed a Quantitative Multiplex
Immunoprecipitation (QMI) panel to analyze changes in the mTOR protein interaction
network (PIN). We observed extensive PIN one hour after the addition of fresh media
despite phosphorylation changes occurring after five minutes. Various mTOR/ERK
inhibitors acted on subsets of the PIN, referred to as modules, that responded differently
to each inhibitor. Homeostatic scaling, induced by TTX or BIC treatment in cultured
neurons, caused dissociations in different combinations of modules depending on
scaling direction. In Shank3B neurons, the scaling-responsive modules were pre-
active at baseline and their response range was warped during scaling. Shank3B-"
neurons also produced an exaggerated response to treatment with the mTOR inhibitor
Rapalink-1. These data provide the basis for understanding the relationship between

mTOR signaling, synaptic scaling, and autism spectrum disorder.
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Chapter 1:

ASD-linked genes are components of phase-separated synaptic protein

interaction networks
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ASD-risk genes converge on the synaptic protein interaction network

Autism spectrum disorder (ASD) is a complex neurodevelopmental disorder
characterized by deficits in various social behaviors that include compromised social
interactions, reduced verbal communication, stereotyped behaviors, and restricted
interests (American Psychiatric Association, 2013). Genetically, ASD is a heterogenous
group of disorders that converge upon a shared set of behavioral phenotypes. Large
scale sequencing studies have identified over one hundred ASD-associated genes, and
the most frequently disrupted genes are those involved in either gene expression or
neuronal signaling (Heavner and Smith, 2020; Satterstrom et al., 2020). Additionally,
ASD risk genes enriched for synaptic functions are more likely to encode proteins that
interact with one another and form a protein-protein interaction network (Cirnigliaro et
al., 2023). The fact that ASD risk genes are interconnected at the synapse indicates that
disruption of the synaptic protein interaction network is a convergent feature of ASD.
The most frequently affected genes include SynGAP1, SCN2A, GRIN2B, and Shanks3;
all of which participate in synaptic signaling or scaffolding (Satterstrom et al., 2020). The
postsynaptic scaffolding protein PSD95 and the proteins that interact with it have been
identified as a mechanistic hub for ASD (Farahani et al., 2022). Dysfunction in synaptic
signaling and synaptic protein assembly are key characteristics in ASD. Determining
how different autism-related mutations disrupt the synaptic proteome has been a crucial

route of research to achieve this end.

Many ASD-linked mutations in synaptic genes affect their ability to bind to other
proteins. Mutations in the C-terminal region of Shank3 affect binding to proteins like

Homer and cortactin (Durand et al., 2007). C-terminal mutations in the Shank3 gene
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have also been implicated in ASD patients and the loss of the C-terminus is the basis of
the Shank3A ex21 mouse model (Boccuto et al., 2013; Yang et al., 2012). Many ASD-
associated mutations in SynGAP alter its interactions with PSD-95, affecting SynGAP
localization (Zeng et al., 2017). Mutations in the C-terminal region of GRIN2B are
associated with protein binding and ASD (Hu et al., 2016). ASD mutations congregate
around the architecture of the synapse and signaling through the synaptic interaction
network. Elucidating how ASD affects the assembly of synaptic protein-protein

interactions is important for understanding autism-related disruptions at the synapse.

Protein interaction domains regulate the assembly of protein complexes

When characterizing protein-protein interactions, considerable attention has been given
to protein interaction domains (Pawson 1995). Protein interaction domains provide a
mechanism for controlling protein localization, post-translational modification, protein
conformation, and substrate specificity (Pawson and Nash 2000; Pawson and Nash
2003). Protein interaction domains are foundational in understanding the organization of
complex protein assemblies and the synapse protein network. Discussion of protein
interaction domains is necessary before reviewing the synaptic proteome and how ASD-
related mutations dysregulate its architecture and function. Here we will discuss protein
interaction domains common in synaptic proteins, their relevance to ASD, and how they

shape the behavior of protein interaction networks.

SH3 Domains

The Src-homology domain 3 (SH3) domain is about sixty amino acids in length and was

discovered during the cloning of the Crk oncogene. The domain structure is comprised
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of five to eight beta-strands that are arranged into two antiparallel beta-sheets or as a
beta-barrel (Kurochkina and Guha, 2012). SH3 domains can be located adjacent to and
within intrinsically disordered regions (Arbesu and Pons, 2019). The site that SH3
domains bind to are short proline rich motifs with a PXXP sequence at the center (Ren
et al., 1993). Individual SH3 interactions tend to be weak, typically in the 10 uM range,
but multiple domains can act cooperatively to strengthen and stabilize an interaction (Yu
et al., 1994; Sipeki et al., 2021). It is common for proteins with SH3 binding sites to
contain more than one proline rich sequence and stable binding can require the

cooperation between multiple binding sites and SH3 domains (Wunderlich et al., 1999).

Cooperativity increases avidity, which refers to the accumulated strength of multiple
interactions between two or more partners. Interaction avidity is crucial to the formation
and function of protein complexes - like those found between the scaffolding proteins at
the post-synaptic density - by regulating the localization, configuration, and
concentration of proteins (Erlendsson and Teilum 2021). The cooperative nature of SH3
binding increases an interaction’s avidity, stabilizing the resulting protein complex.
Additionally, one study revealed that almost half of SH3 domains exhibit non-canonical
binding outside of the proline binding site and lacked PXXP motif binding specificity
(Teyra et al., 2017). SH3 domains can therefore be multitopic and the multiple possible

binding sites increase an SH3 domains’ contribution to a protein complexes avidity.

The proteins that contain the SH3 domain are often structural proteins or molecular
signaling proteins. SH3 domains are present in tyrosine kinases like Fyn and PI3KR1,
both of which are associated with ASD (Rickles et al., 1994; Lombardo et al., 2020;

Chen et al., 2014; Stemenkovic et al., 2024). Additionally, several synaptic proteins
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contain SH3 domains such as Shank3, SynGAP, and PSD95 (Kursula 2019; Gamche et
al., 2020; Sturgill et al., 2009). Mutations near the SH3 domain of Shank3 have been
reported in both ASD and schizophrenia patients (Gauthier et al., 2010; Ivashko-
Pachima et al., 2022). SynGAP and PSD95 related intellectual disability are also

associated with mutations in their SH3 domain (Holder et al., 2019; Shao et al., 2021).

PH Domains

The pleckstrin homology (PH) domain is the eleventh most common domain in the
human proteome (Mistry et al., 2011). The structure of the PH domain is described as
two perpendicular anti-parallel beta sheets capped on one end by a C-terminal
amphipathic helix (Powis et al., 2021). One of the first reported properties of the PH
domain is binding to phosphoinositide lipids that are phosphorylated at different inositol
rings (PIPs) and this property is present in 49% of PH domains (Singh et al., 2021).
These interactions are important in trafficking PH domain proteins to their necessary
subcellular locations. Once there, they bind to other PH domain proteins to form a

network of signal transduction and cytoskeletal proteins (Lenoir et al., 2015).

SynGAP’s N-terminus contains a PH domain that is truncated in some individuals with
intellectual disability. (Gamache et al., 2020; Li et al., 2023). The synaptic regulator
Kalirin is a Rho-guanosine nucleotide exchange factor that is important for synaptic
development and has been implicated in several neurodevelopmental disorders (Parnell
et al., 2021). Kalirin contains a PH domain that interacts with GIuN2B subunit of the
NMDA receptor (Kilary et al., 2011; Paskus et al., 2020). Additionally, the PH domain’s
role in trafficking and regulating signaling proteins like AKT is critical to the regulation

and response of the synapse to stimuli (Chen et al., 2014).
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PDZ Domains

The PDZ domain is a ~90 amino acid long motif that occurs an estimated 270 times in
the human proteome. (Luck et al., 2012). PDZ domains can form large protein
complexes through mediating protein-protein interactions. The typical structure of a PDZ
domain is comprised of two alpha helices with six beta sheets between them. Binding
specificity is determined by the interaction between the first residue of the aB helix and
the second residue of the C-terminal ligand (Songyang et al., 1997). PDZ domain
containing proteins often have multiple PDZ domains that facilitate interactions with
multiple binding partners at once to create large complexes. This allows proteins like
PSD95 and the other MAGUKSs at the synapse to organize other proteins for local
signaling. Additionally, the ability for PDZ containing proteins to form oligomers with
protein interaction domains may increase the avidity between binding partners (Pascoe

et al., 2015).

The PDZ domain can mediate protein self-assembly and form long multimers that
cluster protein binding partners at specific cell locations like the post-synaptic density
(PSD) (Kim and Sheng, 2004). PDZ domain interactions have high off rates and weak
affinities, making their interactions very dynamic. Around 40% of PDZ interactions in the
mouse proteome exhibited a low affinity, with a dissociation constant between 20-100
uM (Stiffler et al., 2007). However, PDZ domain interactions with an affinity as low as
600 uM have been shown to be physiologically important (Cushing et al., 2008). The
multivalent and promiscuous nature of PDZ domains make them central to the dynamic
organization of signaling complexes and therefore a therapeutic target for a variety of

disorders and diseases (Amacher et al., 2020).
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The synaptic protein PSD95 was one of the first three PDZ proteins discovered and is
abundant in the glutamatergic synapse (Kennedy 1997). PSD95 contains three PDZ
domains and mutations at these sites underlay various instances of intellectual
disabilities and ASD (Tumer et al., 1993). The synaptic adapter protein GRIP (glutamate
receptor interacting protein) contains seven PDZ domains and is involved in the
regulation of AMPARSs and synaptic plasticity (Tan et al 2020). The synapse is host to a
wide range of PDZ containing proteins: the glutamate receptor subunits NR2A-D, the
voltage gated potassium channel Kv1, the synaptic adhesion protein Nueroligin, Kalirin,

and Shank proteins are all examples (Kim and Sheng, 2004).

PDZ domains are also present in non-synaptic proteins that are involved in ASD. The
phosphatase and tensin homolog (PTEN), a negative regulator of the PI3K/Akt/mTOR
pathway and prominent ASD-related gene, contains a PDZ domain at the C-terminal
that is crucial for protein-protein interactions (Sotelo et al., 2015). PTEN is recruited to
the synapse after activation of the NMDA receptor by its PDZ domain (Jurado et al.,
2010). Structured protein interaction domains such as the PDZ, PH, and SH3 domain
are crucial for managing the interactions between proteins at the synapse. However,

protein-protein interactions do not necessarily involve a structured interaction domain.

Intrinsically Disordered Regions

Traditional analysis of proteins, their functions, and their interactions have focused on
their structured regions. However, there is increasing recognition of the importance
disordered proteins and regions have in cell physiology. Intrinsically disordered regions
(IDRs) are amino acid sequences that form dynamic peptide chains that do not form

fixed tertiary structures (van der Lee et al., 2014). Intrinsically disordered regions can
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function as dynamic linkers and tunable binding interfaces for multiple, simultaneous
interacting proteins and drive subcellular organization. IDRs exist as rapidly shifting
confirmations called ensembles and have a wide range of possible lengths, from ten
amino acid residues to 1000+ long tails. Around 70% of proteins in the human proteome

have at least a single IDR of at least 30 residues (Holehouse and Kragelund., 2024).

IDRs binding occurs through three main mechanisms: coupled folding, fuzzy binding,
and fully disordered. Coupled folding/binding refers to when an IDR or its sub-section
folds after binding to a partner (Wright and Dyson 2015). This mechanism can involve
an IDR with many possible interacting partners, including proteins, DNA, and RNA.
Fuzzy binding involves a variety of structurally distinct states that comprise a bound
complex. Fuzzy binding may involve static or dynamic disorder. Static disorder refers to
the scenario where individual binding events yield a distinct structural state that remains
stable for its lifetime (Tompa and Fuxreiter, 2008). Dynamic disorder refers to a handful
of distinct states that interconvert. The third mechanism, fully disordered complexes, is
driven by a distribution of complementary chemical interactions that undergo fast
confirmational rearrangements that produce a dynamic and heterogeneous bound-state
ensemble (Schuler et al., 2020). Due to the nature of this mechanism, study of dynamic
disorder involves the combination of single molecule Forster resonance energy transfer
(smFRET), nuclear magnetic resonance (NMR), and molecular simulations (Milles et al.,

2015; Wu et al., 2017; Schuler at al., 2020).

These three mechanisms are not mutually exclusive, and an IDR binding event often
involves multiple modes of binding. IDRs can also achieve dynamic binding specificity

through the combination of IDRs or the availability of its various ligands. Different
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intrinsically disordered proteins (IDPs) have also demonstrated biases in the types of
structures and ensembles formed in the cell (Das et al., 2015). These structural biases
affect the function of disordered proteins and are sensitive to both the amino acid
sequence of the protein and the conditions of the solution such as osmotic pressure and

temperature (Moses et al., 2024).

Intrinsically disordered domains are important to interaction hub proteins by enabling a
single protein to bind to many proteins or the binding of multiple proteins to a common
target (Cortese et al., 2008). Additionally, structured protein domains like SH2, SH3, and
the PDZ domain can participate in IDR binding. For example, the PDZ domain of
PSD95 binds to Kv channels through the intrinsically disordered domain of the Kv
channels C-terminus (Magidovich et al., 2006). IDR’s have also been shown to
modulate protein-protein interactions by increasing the rate of associations. This is due
to IDRs providing weak non-specific interactions that serve to hold partners in an

‘encounter complex’ until later conditions allow for direct binding (Pontius 1993).

IDRs have been noted to be common in the general proteome and among synaptic
proteins. According to the UniProt database, a disordered region is present in Shank1,
Shank3, Homer1, PSD95, SynGAP, and SCN2A. The subunits of the NMDA receptor
have a long-disordered C-terminal tail that interacts with many synaptic proteins like
PSD95, CaMK2, and calmodulin to regulate downstream signaling (Warnet et al., 2021).
The prevalence of IDRs among synaptic proteins indicates that the formation of
complex protein ensembles is an important feature of synaptic proteins. Disorders that
affect the ensembles formed by disordered regions/proteins may cause cascading

cellular deficiencies (Moses et al., 2024).
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The preponderance of synaptic ASD-linked proteins that contain an IDR suggests that
the dysregulation of IDR ensembles is convergent pathological feature. ASD related
deficiencies in IDR ensemble formation may extend beyond synaptic proteins. The
fragile x messenger ribonucleoprotein (FMRP), the genetic cause of fragile X syndrome
and a common syndromic form of ASD, contains a disordered C-terminal domain that
can be post-translationally modified to its ability to regulate translation (Tsang et al.,
2019). PTEN contains an IDR at the C-terminal that is crucial for its protein-protein
interactions (Malaney et al., 2013). This suggests that IDRs are important in regulating
protein interaction hubs that ASD converge upon. Disruption of these hubs for protein
interaction networks may cause complex neurological deficits because they affect the
formation of and signaling between membraneless compartments that control cell

function.
Phase Separation and the formation of membraneless organelles

Maintaining proper localization and organization of biomolecules is critical during cell
signaling. The components of a signaling pathway must be present at the right place
and time to ensure proper cell function. To achieve this spatiotemporal control, the
components of a signaling pathway must be localized to regulate their biochemical
reactions. Aggregating or segregating biochemical components can hasten or inhibit
such reactions. Membrane bound organelles can concentrate and segregate
biomolecules through a lipid bilayer. However, many subcellular compartments lack a
bound membrane, such as RNA-protein granules. Such structures concentrate their

associated proteins and biomolecules without a physical barrier.
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These membraneless compartments exist in the nucleus, cytosol, and on membrane
surfaces in almost all eukaryotic cells. They form through liquid-liquid phase separation,
a process where macromolecules in solution condense into a dense liquid-like phase
that coexists with a dilute phase. Observations of P granules utilizing fluorescence
recovery after photobleaching (FRAP) revealed the protein/RNA mixture that make up P
granules exchange components with the cytoplasm, fuse together when flow is induced,
and otherwise display liquid like properties (Brangwynne et al., 2009). Additionally, the
proteins in the nucleus are highly mobile and the behavior of the compartments are
indicative of proteins associating and dissociating at a steady state (Phair and Misteli
2000). This raised the possibility that protein complexes emerging from stochastic

processes form membraneless compartments.

Phase separation can be understood through classical thermodynamics. In a mixture of
soluble macromolecules in water, the macromolecules exhibit weak intermolecular
interactions with one another and the water. The soluble macromolecules will exhibit
stronger interactions with each other rather than the water. Phase separation occurs
when such attraction can overcome the entropic tendency to remain homogenous in
solution. One phase is a large volume, low concentration dilute phase while the other is
a small volume, high concentration solute. The chemical potential is at equilibrium,
preventing diffusive flux but allowing for exchange of individual molecules (Chen et al.,

2020; Hyman et al., 2014).

In biomolecular condensates, there is an enrichment of molecules that have many
domains that regulate inter- and intra-molecular interactions. This multivalency allows

for the proteins to assemble into polymers. This promotes phase separation by
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decreasing solubility (Banjade and Rosen, 2014). Molecules with such behavior include
proteins with multiple modular interaction domains or intrinsically disordered regions,

along with DNA and RNA molecules.

SH3 domains often employ liquid-liquid phase separation as a compartmentalization
mechanism (Ghosh et al., 2019). The SH3 domain of Fyn kinase is also involved in
phase separation (Amaya et al., 2018). The PDZ domain also plays a role in phase
separation at the synapse. SynGAP has been reported to recruit PSD95 into SynGAP
condensates through its PDZ domain (Acharya et al., 2023). Phosphorylation of
PSD95’s PDZ domains regulates its ability to phase separate with different synaptic

proteins (Vistrup-Parry et al., 2021).

While IDRs are not necessary or sufficient for phase separation, their multivalency
provides a medium that can enable a dynamic network of interactions that is necessary
for liquid-liquid phase separation (Borcherds et al., 2021). IDRs can drive and tune the
formation of condensates, determine the condensates material properties, and regulate
the condensate through post-translational modifications (Bhattarai and Emerson 2020).
IDRs can also influence the inclusion or exclusion of other molecules into the
condensate. One IDR that drives condensate formation is the DDX4 region.
Condensates formed from the DDX4 N-terminal IDR reduce the stability of duplexed
nucleic acids. This potentially enhances RNA folding and enzyme catalysis (Nott et al.,

2015).

Interaction domains are important players in the assembly of protein condensates and
provide specificity. Condensate assemblies can be driven by i) modular domain-

mediated, and specific stoichiometric interactions; ii) intrinsic disordered region driven

22



and nonspecific interactions; iii) combination of specific and promiscuous interactions
(Feng et al., 2021). This indicates that a phase-separation based approach for
understanding protein complex assembly is not a distinct or competing model to the
interaction domain approach. Rather, phase separation is a natural extension of the

preceding interaction domain approach.

The properties of phase separated condensates reflect their physiological function.
Condensates can increase the local concentration of chemical species and thus
accelerate reactions. This can only occur if all members of a reaction are present in the
structure, however. The rate of mMRNA histone processing is reduced if a component is
not present in the histone locus body. Actin polymerization rates increase by
concentrating relevant proteins into droplets (Li et al., 2012). However, molecular
crowding can inhibit reactions by decreasing the accessible volume due to higher
concentrations. The ability for molecules to move through condensates will also be
influenced by its components. A condensate made up of small molecules will slow the
movement of everything within. However, a large polymer matrix may form openings
due to the large free volume between scaffold components (Cai et al 2011). Small
proteins and other molecules may move freely through, but large molecules will be

unable to permeate or move slowly through the condensate.

Phase separated condensates could also serve as a mechanism to regulate specificity.
Condensates concentrate enzymes, substrates, and various binding partners together
while excluding other molecules (Banani et al., 2017). An example of this has been
observed during T-cell receptor (TCR) activation. TCR phosphorylation caused the

formation of liquid-like clusters that concentrated kinases, excluded phosphatases, and
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enhanced signaling outputs and actin filament assembly (Su et al., 2016). Phase
separation concentrated the proteins necessary to promote signaling and segregated
away inhibitory proteins. This shows how signal specificity can be achieved through the
structural organization of proteins, a crucial characteristic for sub-cellular compartments

like the synapse.

Additionally, signaling pathways regulate the formation of downstream biological
condensates and promote different physiological outcomes. For example, the protein
complex mTORC1 phosphorylates the P-granule component PGL-1/3, which promotes
phase separation of P-granules and confers embryonic heat resistance (Zhang et al.,
2018). Phase separated condensates can recruit specific signaling proteins that then
influence the formation of downstream granules, linking membraneless compartments

together.

Phase separated granules have also been speculated to provide a mechanism to store
spatial information. Protein droplets have been shown to persist long after the stimuli
that established the droplet has ended. Additionally, protein phase separation can
amplify weak stimuli (Dine et al., 2018). Proteins that adopt self-perpetuating
assemblies also have the properties necessary to encode information (Lau et al., 2020).
The ability to encode and store information in response to stimuli is the defining role of
the synapse. Many synaptic proteins form self-assembled protein complexes and
granules in response to synaptic activity. The structure of synapse, synaptic signaling,
and memory storage may be intertwined with the phase separation. Analysis of
organization of synaptic proteins is crucial to understanding how the synapse achieves

molecular memory storage.
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The organization of synaptic proteins mediates neuronal signaling and plasticity.

The PSD displays several features expected of membraneless condensates. The
proteins that compose the PSD are highly concentrated and mobile, moving between
the PSD and cytoplasm. The PSD itself can change in size due to the changes in its
component proteins (Chen et al., 2020). An even mixture of PSD scaffolding proteins
PSD95, GKAP, Shank, and Homer underwent phase separation and all four
components co-condensed (Zeng et al., 2016). This condensate could also co-
condense the NR2B tail and SynGAP, indicating that phase separation can mediate
synaptic signaling. For example, stimulated emission depletion microscopy (STED)
experiments indicate that synaptic spines contain aligned nanomodules of pre- and
postsynaptic proteins. Chemical long-term potentiation induces an increase in the
number of synaptic nanodomains at the spine and an increase in nanodomain mobility
(Hruska et al., 2018). Plasticity induces parallel modifications to the pre- and post-
synaptic architecture. The increased movement of NMDAR nanodomains is linked with
the increase in nanodomains at the synapse that align with anchoring proteins and pre-
synaptic proteins following plasticity (Hruska et al., 2018). The reorganization of
synaptic proteins and their associated condensates is a key feature of neuronal

signaling and plasticity.

The role of glutamate receptors in synaptic architecture.

In excitatory glutamatergic synapses, several types of glutamate receptors mediate
neuronal signaling. lonotropic glutamate receptors consist of AMPA, NMDA and kainite
type receptors (Scheefhals and MacGillavry 2018). AMPA and NMDA are the principle

ionotropic GLURs and act on a millisecond timescale to facilitate fast transmission.
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Metabotropic glutamate receptors, such as mMGLUR1 and mGLURS, have a much
slower timescale with longer lasting physiological effects. The ionotropic and
metabotropic receptors are spatially segregated at the synapse. lonotropic receptors
are enriched at the core of the PSD so that they are opposing the presynaptic vesicle
release site (Nusser et al., 1994). mGLURs are excluded from the PSD and enriched in
the peri-synaptic domain (Baude et al., 1993). The organization of glutamate receptors

has functional implications that are related to each receptor’s physiology.

AMPA receptor nanodomains and their function at the synapse

The organization of AMPA receptors in the synapse is informed by their
electrophysiological properties. Due to their affinity for glutamate and the rate of
desensitization when binding, AMPARs have the highest probability of opening near
vesicle release sites (Scheefhals and MacGillavry, 2018). AMPARSs form high-density
nanodomains within individual synapses that are mirrored by opposing presynaptic
nanodomains that are enriched in vesicle proteins. These spatially aligned
nanodomains create a transsynaptic nano-column that provides a mechanism for
efficient transmission. A typical synapse was shown to have one to three nanodomains,
containing about 20 AMPARs, which can freely diffuse in and out of the domain (Nair et
al., 2013). The mechanisms that regulate the organization of AMPA receptors into

nanodomains directly inform their electrophysiological properties.

Scaffolding proteins regulate AMPA receptor localization and function

Scaffolding proteins form a laminated structure at the PSD for the positioning of

receptors (Harris and Weinberg 2012). The AMPARs interact with scaffolding proteins
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like PSD95 through the AMPAR'’s PDZ ligand in the C-terminal domain (CTD). AMPA
nanodomains are often colocalized with clusters of PSD95, immobilizing AMPA
receptors to form nanodomains (Nair et al., 2013). A reduction of AMPA receptor
clustering through GIuA C-tail expression reduces the size of the PSD95 clusters.
Conversely, tetrodotoxin treatment increases both AMPA receptor number and PSD95
cluster size (MacGillavry et al., 2013). AMPA and PSD95 clusters are functionally
interlinked, and their association plays a key role in the management of synaptic

architecture.

The CTD of the AMPAR subunits is also responsible for binding additional synaptic
scaffolding proteins like SAP97, PICK1, and GRIP (Barry and Ziff 2002). The aSAP97
isoform is anchored within the PSD, regulates the number of binding sites for GLUA1,
and increase synaptic currents. BSAP97 regulates the cluster size and density of
GLUA1 at the periphery of the PSD and decreases synaptic currents (Waites et al.,
2009). The C-terminal domain regulates AMPA receptor clustering with scaffolding
proteins that support AMPA receptor nanodomains. The architecture of AMPA receptors

and supporting scaffolding proteins both responds to and shapes synaptic activity.

Phase separation plays an important role in AMPA receptor organization at the synapse.
The immediate early gene Arc regulates synaptic plasticity through the removal of AMPA
receptors (Chowdhury et al., 2006). Arc disperses the transmembrane AMPA receptor
regulating proteins (TARPs) from the PSD condensate in a concentration dependent
manner. Phosphorylation of TARPs prevents this dispersal, but enhancing ARC-TARP
binding weakens synapses further (Chen et al., 2022). Mutations in TARP_CT Arg-rich

motif that cause charge neutralization weaken TARP’s condensation with PSD95 and

27



impair AMPA receptor synaptic transmission in mouse hippocampal neurons (Zeng et
al., 2019). This indicates regulation of phase separation at the synapse directly affects
AMPAR function, which is directly tied to the nanodomains AMPARs that form through

protein-protein interactions.

Additionally, SynGAP forms a homotrimer and binds to multiple copies of PSD95 and
the resulting multivalent complex is critical for the resulting phase separation (Zeng et
al., 2016). Recently, SynGAPs role in long term potentiation has been shown to be
driven by its ability to form condensates with PSD95 at the synapse. SynGAP
condensates compete with TARPs for binding to PSD95. LTP induction causes SynGAP
phosphorylation, which disperses it from PSD95 and allows the formation of PSD95-
TARP-AMPAR condensate that enables LTP (Araki et al., 2024). The structure of AMPA

receptor nanodomains and phase separated condensates mediate synaptic plasticity.

Dysregulation of the PSD condensate and its control of AMPAR synaptic transmission
may be a crucial part of neurodevelopmental disorders. Arc has been implicated in
several neurodevelopmental disorders including ASD (Alhowikan 2016). Mutations in
the GRIA2 subunit have been identified in individuals with various neurodevelopmental
disorders including ASD (Salpeitro et al., 2019). Additionally, the Shank3 and SynGAP
models of ASD have displayed deficits in AMPA receptor synaptic function (Jimenez-
Gomez et al., 2024). Regulation of the structure of AMPA nanodomains and their
associated function is important for neurotypical synaptic activity and the disruption of

AMPARSs appears to be a shared molecular node in the pathology of ASD.
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The organization of NMDA receptor nanodomains and their role in synaptic

plasticity

The NMDA receptor also forms distinct nanodomains in the glutamatergic synapse.
NMDAR nanodomains tend to localize at the center of the PSD, while AMPAR
nanodomains are located more peripherally around NMDAR domains (Zhang and
Diamond, 2006; Goncalves et al., 2020). A synapse will typically contain one to four
nanodomains and nanodomains vary by subunit composition. GIuN2A and GIuN2B
containing receptors will segregate into different nanodomains that are differentially

regulated by PSD95 binding to the NMDAR’s CTD (Kellermayer et al., 2018).

NMDARSs’ CTD is intrinsically disordered, is the largest single domain in the protein, and
has been implicated in patients with ASD (Liu et al., 2017). Additionally, phase
separation plays an important role in the regulation of NMDA receptors. The C-terminal
of the GIuN2B subunit readily undergoes phase separation with PSD95 and SynGAP
while the GIuUN2A subunit does not support phase separation with PSD95 and SynGAP
(Basak et al., 2023). However, the GIuN2A binding protein Rabphilin-3A (Rph3A)
demonstrates phase separation and the formation of the Rph3A-PSD95-GIuN2A protein
complex promotes Rph3A phase separation. Disrupting Rph3A phase separation
suppresses GIuN2A's synaptic localization, surface clustering, and synaptic responses
(Yang et al., 2023). This indicates that variation in the NMDAR subunit ratio may have a

strong effect on the organization of synaptic proteins into dynamic condensates.

Phase separation is also a crucial element of NMDAR and Ca2+/calmodulin-dependent
protein kinase Il (CaMKII) interactions. The interaction between the NMDAR CTD and

CaMKIl is greatly associated with synaptic plasticity. After an influx of calcium, CaMKI|
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binds to the CTD of GIuN2B, and the two proteins undergo phase separation. This
causes co-segregation of AMPA receptors and the adhesion protein neuroligin into a
phase-in-phase assembly (Hosokawa et al., 2021). The subsequent partitioning of
AMPARs and neuroligin may enrich AMPARSs near pre-synaptic release sites to form
previously mentioned AMPA receptor nanodomains and enhance synaptic signaling. In
support of this hypothesis, the clustering of neuroligins can induce clustering of the pre-
synaptic neurexin and subsequent recruitment of vesicle release machinery (Dean et
al., 2003). GluN2B-CAMKII binding mediates synaptic rearrangement that is crucial to

synaptic plasticity through phase separation.

While CaMKII has a well-recognized role in synaptic plasticity, the assumption was this
function dependent on its kinase activity. However, a CaMKIl mutation that blocked
GIuN2B binding while preserving enzymatic activity failed to induce glutamate and
glycine driven chemical long-term potentiation (cLTP). Additionally, treatment with a
CAMKII inhibitor that only targeted enzymatic activity and preserved GluN2B binding did
not prevent cLTP induction (Tullis et al., 2023). This work demonstrated that CAMKII’s
enzymatic activity is not necessary to induce long term depression. Rather, CAMKII’s
structural role at the synapse appears to be the critical factor in synaptic plasticity. The
observation that expression of a CAMKII mutant protein that is unable to phase
separate with GIuN2B fails to rescue synaptic transmission and LTP deficits in CaMKII
deficient mice further supports this hypothesis (Cai et al., 2023). CAMKII’s ability to form
dynamic membraneless compartments through its interaction with GIuNR2B’s

disordered CTD appears to drive synaptic plasticity.
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Metabotropic glutamate receptors

Group | mGLURs are g-protein coupled receptors with many effectors and whose
ultimate effects are the increase of postsynaptic excitability by modulating ion channels
and the regulation of NMDAR currents (Niswender and Conn 2010). mGLUR activity
has been linked to several types of plasticity. mMGLURS participates in long term
potentiation, which seems to reflect a priming effect where prior mGLUR activation
primes the induction of LTP by increasing excitability or prolongs LTP expression via
local protein synthesis (Cohen et al., 1999; Raymond et al., 2000). mGLUR activation is
also sufficient to cause long term depression mediated by protein synthesis dependent
endocytosis of AMPARs (Huber et al., 2000). mGluR5-dependent LTD is dependent on
activation of the mTOR pathway and mTORC2 by mGLURS (Zhu et al., 2018; Hou and

Klann 2004).

The CTD of mGLURSs is intrinsically disordered and interacts with many binding partners
that include kinases, ion channels, and scaffolding proteins (Enz 2012). The CTD has
recently been implicated in the assembly of mMGLUR5 nanodomains at the perisynapse.
mGIuRS is transiently trapped in these perisynaptic nanodomains and rapidly shift
between diffusive states (Scheefhals et al., 2023). The mGLURs are bound to other
receptors indirectly, including NMDARSs, through the CTD binding to synaptic scaffolding
proteins (Shiraishi-Yamaguchi and Furuichi, 2007; Tu et al., 1999). The CTD of
MGLURs has a PDZ ligand that interacts with Shanks and Tamalin and seems to be
involved in surface trafficking (Kitano et al., 2002). Additionally, the position of mMGLURSs
at the synapse is regulated by its interaction with the Homer protein family (Aloisi et al.,

2017).
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The Homer-mGIuR interaction mediates synaptic plasticity and mGIuR activity

The Homer proteins are dendritic proteins that bind to C-terminus region of
phosphoinositide-linked mGLURs (Brakeman et al., 1997). The Homer1 gene produces
two constitutively expressed long form Homer1 isoforms (Homer1b and Homer1c) and a
short isoform known as Homer1a whose expression is inducible (de Bartolomeis et al.,
2022). Homer proteins interact with the binding motif of mGLURSs through their EVH1
domain (Fagni et al 2002). The EVH1 domain has been shown to be essential for the
PSD condensate-induced actin bundle formation and spine growth. This actin-bundling
formation can only occur when Homers form a condensate with other scaffolding
proteins like Shank or SAPAP and is regulated by CaMKII and Homer1a (Chen et al.,
2023). Phase separation between synaptic proteins and actin has been proposed as a
mechanism to facilitate communication between the PSD and the spine cytoskeleton
proteins (Chen et al., 2023). Homer1’s role in phase separation indicates that phase
separation can facilitate cell communication by mediating the formation of nearby
condensates. The formation of one condensate will affect the concentration of proteins
in the surrounding area. The change in local protein concentration will affect how
subsequent nearby condensates form. This may produce cycles of condensate

formation and regulation that occur in response to stimuli.

Additionally, Homer binding to mGIuRs regulates the receptors’ activity and disrupting
the interaction between mGIuRs and Homer1b/c induces constitutive mGIuR activity
(Ango et al 2001). Homer1a interrupts the binding of long-form Homer with mGluRs to
cause agonist independent mGIuR activity. The activity of mGluRs is explicitly tied to the

interactions formed in the mGIluRs nanodomains. Homer1 dissociation from mGIuR5
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and Shank3 follows depolarization, and it has been suggested that Homer’s preeminent
function is linking Shanks and mGIuRS to regulated synaptic activity (Stillman et al.,
2022). Homeostatic scaling also requires Homer1a-mediated activation of mGIluRs (Hu
et al., 2010; Chokshi et al., 2019). Homer1 deficient mice have shown a range of
behavioral and physiological deficits including poor motor coordination, sensory
reactivity, learning deficits, and increased aggression in social interactions (Jaubert et
al., 2007). Homer1 interactions have an indispensable role in managing mGIuR

nanodomains and mGIuR mediated plasticity.

mGLUR signaling has a crucial role in synaptic plasticity and

neurodevelopmental disorders

Deficiencies in mGIluR5-dependent LTD are most notably present in the fragile X
messenger ribonucleoprotein 1 (FMR1) knockout mouse (Huber et al., 2002). mGIluR5
is less associated with the long Homer isoforms in FMRP-deficient mice, which
contributes to mMGLURS dysfunction (Ronesi et al., 2012). FMRP deficiency decreases
the number of MRNA granules due to exaggerated mGIuRS signaling (Aschrafi et al.,
2005). The disruption of Homer-mGIuRS5 scaffolding increases mGLURS mobility and
mGIuR5/NMDA co-clustering, which reduces NMDAR currents (Aloisi et al., 2017).
Genetic mutation of the Homer binding site on mGLURS5 replicates FMR1 knockout
phenotypes such as GLURS association to the PSD, enhanced mGLURDS5 signaling, and

plasticity deficits (Guo et al., 2016).

Analysis of the mGIuR5-FMRP signaling axis may hint to how different phase-separated
condensates can affect one another through signal transduction. Synaptic activity

mediated through mGIuRS regulates the assembly of the synaptic condensate and the
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FMRP/RNA condensate. mGluRs directly participate in the assembly of the PSD
condensate during neuronal signaling. The mGIuR5 condensate then recruits mTOR
and ERK signaling proteins. FMRP phosphorylation is downstream of mGLURS
signaling through the ERK and mTOR pathway (Narayanan et al., 2008). Post
translational modification of FMRP’s IDR regulates its ability to form condensates and
regulate translation (Starke et al 2022; Tsang et al., 2019). In support of this model,
induction of LTP has been shown to produce an increase in ‘disassembled’ FMRP
granules and a decrease in ‘assembled’ granules, indicating translational activation
(Narayanan et al., 2008). The activity dependent regulation of the synaptic condensate
recruits signaling cascades that regulate the FMRP/RNA condensate downstream.
mGIluRs are an important biological nexus due to their ability to recruit signaling proteins
and interactions with synaptic scaffolding proteins the regulate the organization of the

synapse and the FMRP granule.

Shank family proteins are central mediators of the synaptic protein interaction

network

Shank3 and the remaining Shank family proteins are important scaffolding proteins at
the synapse. Shank family proteins were first identified as binding partners of PSD95
and other MAGUK family kinases. The three Shank genes consist of seven ankyrin
repeats near the N terminus, an SH3 domain, a PDZ domain, a long proline rich region,
and a SAM domain at the C-terminus (Naisbitt et al, 1999). The PDZ domain at the C
terminus binds to the MAGUK family proteins and the GKAP protein localizes the

Shanks to the synapse and forms a complex with the NMDA receptor (Naisbitt et al,
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1999). Shank family proteins, through their proline rich motif, also bind to Homer

proteins at their EVH1 domain at the synapse (Lin et al., 2021).

The Shanks mediate a quaternary complex with PSD95 and Homer, providing a link
between Homer and the NMDA receptor. Homer-Shank complexes result in mGLURS
and Shank co-clustering (Tu et al., 1999). The Shank3 isoform binds to the C-terminal of
MGIuRS through its PDZ domain (Tu et al., 1999). Shank proteins multimerize through
their SAM domain, allowing crosslinking of multiple protein complexes at the synapse.
Shank3 also binds to the GRIP scaffolding protein, providing a link to AMPA receptors
(Sheng and Kim, 2011). Shank3 is also a binding partner for autoinhibited CaMKII.
Shank3 and GIuN2B reciprocally bind to CaMKII through calcium and phosphatase
actions. Phase separation mediates CaMKII recruitment to the Shank3 sub-
compartment of the PSD (Cai et al., 2023). Shank3 interactions at the synapse link the

various glutamate receptor condensates and their activity together.

The deletion of Shank3 is responsible for 22913.3 deletion syndrome, commonly known
as Phelan-McDermid syndrome. Additionally, individuals with idiopathic ASD carry
mutations in the Shank3 gene. This led to the creation of several ASD mouse models
that are deficient in Shank3 (Peca et al., 2011). The loss of Shank3 expression prevents
synaptic plasticity (Tatavarty et al., 2020). Shank3 haploinsufficiency in dogs produces
morphological and functional deficiencies in pre-frontal cortex pyramidal neurons.
Synaptic transmission was impaired, dendric complexity and spine density was
reduced, and PSD structures were impaired in Shank3 mutant neurons (Zhu et al.,
2024). Shank3 is a critical mediator of synaptic organization and the PSD condensate.

The wide array of synaptic deficits caused by the loss of Shank3 is due to the
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dysregulation of scaffolding assemblies at the postsynaptic density. This further
indicates that the activity of the synapse is managed through protein-protein interaction
networks that operate together as membraneless organelles and disrupting these

networks may underlie the pathology of many neurodevelopmental disorders.

Conclusions

Growing research into the synaptic interactome is producing novel insights into the
mechanisms of synaptic signaling and neurodevelopmental disorders like ASD.
Dynamic protein interactions that manage phase separated condensates are an
important mechanism for synaptic functioning. Proteins that function as interaction hubs
or protein domains that facilitate multivalent interactions are at the heart of signaling at
the synapse. Furthermore, it is increasingly evident that the liquid-like qualities of these
proteins are critical to regulating synaptic activity. The ability of these proteins to
properly assemble and disassemble into condensates has been shown to directly affect
the functioning of the synapse. Furthermore, we have highlighted how several ASD-
linked genes products undergo phase separation during neurotypical functioning.
Disruptions in the formation or regulation of protein condensates at the synapse and

RNA granules have also been directly linked to ASD.

We believe that these insights into the synaptic interactome indicate that protein
interactions and phase separation may drive signal specificity, synaptic functioning, and
the neuronal deficits observed in ASD. Neuronal signaling occurs through modules of
protein interactions that assemble or disassemble functional membranelles organelles
in response to stimuli. At the synapse, a potentiating signal will cause synaptic proteins

to form condensates that are conducive for LTP. This is exemplified by SynGAP
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condensates dispersing from AMPARs after LTP-mediated phosphorylation and allowing
the formation of PSD95-TARP-AMPAR condensates that enable LTP (Araki et al.,
2024). CaMKII's role in phase separation with NMDA receptors directly enables LTP
(Tullis et al., 2023). The structure of the condensate at the post synaptic density will
influence other condensates and signaling pathways. Homer1’s role in linking the
formation of actin condensates and PSD scaffold condensates is a prime example of

this phenomenon (Chen et al., 2023).

The state of the synaptic condensate may also influence the recruitment and activity of
different signaling pathways in response to neuronal activity. PTEN is both capable of
phase separation at the membrane and recruited to the synapse after NMDAR
activation (Gamba et al., 2005). This makes PTEN an obvious target of study to
elucidate the role that synaptic phase separation has in the regulation of signaling
pathways. Regulation of signaling pathways will also influence the structure of
downstream condensates. Condensate-regulated signal transduction may provide a
mechanism that links compartments together. It is also possible that ASD linked
mutations affect neurons by dysregulating the structure of membraneless compartments
or signaling between them. Mutations that affect synaptic scaffolding proteins’
interactions will have far reaching consequences for neuron physiology. These
mutations would cause deficits in the recruitment of other proteins to their targets,
dysregulating their functions. This would have cascading effects beyond the PSD
condensate, as abnormal protein recruitment and signaling would affect downstream

compartments.
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Protein interactions are critical to understanding molecular and neuronal signaling as
they are the means through which biological activity occurs. As proteins must physically
interact with its targets to influence the cell’s physiology, characterizing how their
interactions change between various states can elucidate crucial biological insights. It
should not be surprising that shared patterns in protein interaction modules between
different modes of ASD confer to shared pathology. Future work will have to continue to
elucidate the mechanisms that link protein condensates together. Understanding cell
signaling through their membraneless compartments may be the key to signal

specificity.

In this dissertation, we focus on a signaling pathway that is crucial to several cellular
and neuronal functions as well as several biological condensates. The mammalian
target of rapamycin (mTOR) is a serine-threonine kinase that acts as a central regulator
of translation and is involved in many physiological processes like cell growth/survival,
autophagy, and plasticity (Hoeffer and Klann 2011). Canonical mTOR signaling begins
with signal induced translocation of phosphoinositide 3-kinase (PI3K) to the membrane.
PI3K phosphorylates membrane inositol PIP2 to PIP3, leading to AKT phosphorylation
by PDK1 and mTOR complex 2 (mTORC2) (Liu and Sabatini 2020). PIP3 is de-
phosphorylated by PTEN to negatively regulate the pathway (Vazques and Devreotes
2006). Phosphorylated AKT then phosphorylates TSC2, disrupting the TSC1-TSC2
complex and leading to TSC2 degradation, disinhibiting the GTPase Rheb. Rheb
activates mTOR complex 1 (mTORC1) by binding to the mTOR protein and inducing a
confirmation change to an active state (Inoki et al., 2002). Active mTORC1 promotes

translation through the phosphorylation of p70S6K and 4EBP. P70S6K then
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phosphorylates the ribosomal protein S6 (RPS6) and phosphorylated 4EBP unbinds
EIF4E, leading to the formation of the ribosomal complex. mTORC1 regulates
transcription and autophagy through its effects on sterol-response binding proteins

(SREBPs) and the ULK1 complex respectively (Lipton and Sahin 2014).

Several members of the mTOR cascade, such as PTEN and FMRP, play an important
role in phase separation and have been previously discussed. Several mTOR proteins
are also implicated in both idiopathic and syndromic forms of ASD (Chen et al., 2014;
Hoeffer and Klann, 2010; Winden et al., 2018). Additionally, the mTOR signaling
cascade plays a crucial role in synaptic plasticity. Specifically, mTOR signaling is
involved in form of plasticity known as homeostatic scaling (Srinivasan et al., 2021; Hou
et al. 2008; Wang et al., 2023). Homeostatic scaling is a form of plasticity that maintains
a neurons baseline level of activity through adjusting the levels of AMPARSs at the
synapse (Turrigiano 2012). Various mouse models of autism, including FMR1, Homer1,
and Shank3 display deficits in homeostatic scaling (Hu et al., 2010; Soden and Chen
2010; Tatavarty et al., 2020). This makes both mTOR signaling and homeostatic scaling
attractive points of interest to better understand ASD and the functional role of signaling
through protein interactions. This dissertation seeks to understand mTOR signaling
through its protein interaction network, its role in homeostatic scaling, and how ASD

disrupts both mTOR signaling and homeostatic scaling.
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Chapter 2:

Protein interaction network analysis of mTOR signaling reveals modular

organization
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Abstract

The mammalian target of rapamycin (nTOR) is a serine-threonine kinase that acts as a
central mediator of translation, and plays important roles in cell growth, synaptic
plasticity, cancer, and a wide range of developmental disorders. The signaling cascade
linking lipid kinases (PI3Ks), protein kinases (AKT) and translation initiation complexes
(EIFs) to mTOR has been extensively modeled, but does not fully describe mTOR
system behavior. Here, we use quantitative multiplex co-immunoprecipitation to monitor
a protein interaction network (PIN) composed of 300+ binary interactions among mTOR-
related proteins. Using a simple model system of serum-deprived or fresh-media-fed
mouse 3T3 fibroblasts, we observed extensive PIN remodeling involving 27+ individual
protein interactions after one hour, despite phosphorylation changes observed after only
five minutes. Using small molecule inhibitors of PI3K, AKT, mTOR, MEK and ERK, we
define subsets of the PIN, termed ‘modules’, that respond differently to each inhibitor.
Using primary fibroblasts from individuals with overgrowth disorders caused by
pathogenic PIK3CA or MTOR variants, we find that hyperactivation of mTOR pathway
components is reflected in a hyperactive PIN. Our data define a “modular” organization
of the mTOR PIN in which coordinated groups of interactions respond to activation or
inhibition of distinct nodes, and demonstrate that kinase inhibitors affect the modular
network architecture in a complex manner, inconsistent with simple linear models of

signal transduction.
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Introduction:

Signal transduction networks have traditionally been modeled as linear
cascades, where one protein acts upon the next in an orderly series of molecular
events. Decades of research on mTOR signaling have demonstrated that signal-
induced translocation of phosphoinositide 3-kinase (PI3K) phosphorylates membrane
inositol PIP2 to PIP3, leading to AKT phosphorylation by the kinase PDK1 and the
MTOR-containing protein complex mMTORC2 (reviewed in Liu and Sabatini, 2020).
Activated AKT phosphorylates TSC2, leading to TSC2 degradation and the release and
disinhibition of the small GTPase Rheb. Rheb then activates mTORC1 by binding
distally from the kinase site and causing a conformational change that accelerates
catalysis and functionally activates mTOR kinase activity (Yang et al., 2017). Activated
MTORCL1 promotes initiation of cap-dependent translation and protein synthesis through
the phosphorylation/activation of two related proteins, S6K1 and EIF4E binding protein
(4EBP), which promotes the formation of the ribosomal complexes that initiate
translation (Brunn et al., 1997; Burnett et al., 1998). In this manner, mTOR regulates the
translation of hundreds of mMRNA targets with a wide array of cellular functions
(Masvidal et al., 2017), making mTOR a critical regulator of the life cycle of eukaryotic

cells (Figure S1A).

While linear depictions of signaling networks can be conceptually useful by
illustrating a hierarchy of kinase signaling, they do not accurately reflect the underlying
molecular interactions of the protein interaction network (PIN); biology is not linear
(Figure S1.1B, C). Rather, the protein components of signaling networks interact to form

a complex network topology that includes feed-back or feed-forward loops, or cross-talk
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between seemingly unrelated pathways (Mendoza et al., 2011). For example, PI3K-
dependent membrane phosphorylation potentially recruits 247 human proteins that
contain a plextrin homology (PH) domain (Rusten and Stenmark, 2006) (although only
perhaps 10% of PH-domain containing proteins bind phosphoinositide (Lemmon,
2007)). AKT affects the phosphorylation of 100s of targets (Manning and Cantley, 2007;
Wiechmann et al., 2021), including GSK3B and mSinl, an obligate component of
MTORC2 (Humphrey et al., 2013). Moreover, proteins that are primarily thought of as
acting at the “top” of the signaling cascade physically interact with proteins at the
‘bottom’ of the pathway, e.g. PDK1 phosphorylates p70S6 kinase directly (Pullen et al.,
1998). Thus, conceptualizing mTOR signaling as a sequence of phosphorylation events

may give an incomplete view of how the signal transduction network functions.

An alternative conceptual framework for modeling signal transduction relies on
protein interaction networks, whose network topography is acutely post-translationally
modified during signaling events. In response to environmental stimuli, coordinated
groups of protein-protein interactions change their co-associations in unison, modifying
the structure and function of the cellular interactome (Heavner et al., 2021; Lautz et al.,
2021, 2018; Lundby et al., 2019; Smith et al., 2016). The dynamic composition of these
protein complexes (Pawson and Nash, 2003), and the magnitude of their activation
(Neier et al., 2019), is thought to instruct specific cellular responses. Different stimuli
may engage different groups of coordinated interactions, termed “modules” (Coba et al.,
2009; Lautz et al., 2018; Pawson and Nash, 2003), or engage identical modules of
interactions with different intensities or kinetics (Neier et al., 2019), allowing the cell to

disambiguate multiple environmental cues by activating signal transduction networks in
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subtly different ways. Here, for the first time, we characterize a dynamic protein
interaction network composed of mMTOR-related signaling proteins by activating or
inhibiting different nodes of the mTOR pathway and measuring the PIN response using
guantitative multiplex co-immunoprecipitation (QMI). Our data reveal a complex network
structure with extensive interactions among ‘upstream’ and ‘downstream’ components
and demonstrate an unexpected modular organization in which PI3K and mTOR
inhibition act on distinct groups of binary interactions spanning all levels of the linear

MTOR hierarchy.

RESULTS

MTOR target selection and assay development:

QM is an antibody-based approach that measures dynamic changes in protein
interaction networks by simultaneous immunoprecipitation of multiple protein targets
onto flow cytometry beads, followed by simultaneous detection using a set of
fluorescently labeled “probe” antibodies that bind to different epitopes (Figure 1.1A).
The median fluorescent intensity (MFI) of each IP_Probe pair is used as a proxy for the
magnitude of the interaction between the IP antibody target and the probe antibody
target. Experiments are run on carefully matched pairs of samples that are identical
except for a recent experimental manipulation; any differences between the IP-probe
data matrices are assumed to be due to acute changes in protein complexes caused by
the manipulation. Extensive internal controls account for background fluorescence and
differences in bead distributions between replicates, and correct for batch-to-batch
variability (Brown et al., 2019; Smith et al., 2016). Critically, because multiple binary

interactions are measured simultaneously, we can use network approaches such as
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weighted correlation network analysis (Langfelder and Horvath, 2008) to model the
behavior of multiple interactions changing in unison, which may reduce biological noise
associated with single-protein measurements and reveal modules of interactions that
encode features of the experimental manipulation (Brown et al., 2019; Lautz et al.,

2018; Smith et al., 2016).

Targets for the mTOR antibody panel were selected based on four criteria:
known relevance to mTOR signaling (Figure S1.1A), known co-associations in at least
one protein complex, as listed in BioGrid, INtACT or specific literature searches (Figure
S1.1B); known association with autism spectrum disorder using the SFARI Gene
database (queried in 2018); and the existence of suitable, commercially available
antibodies. We screened 3-5 antibodies for each target to identify two different
antibodies that could simultaneously bind in the native state, and validated antibody
specificity in immunoprecipitation-flow cytometry using knockout or overexpression
strategies (detailed in Figure S1.2, S1.3 and Table S1.1) to identify antibody pairs that
specifically recognized 17 members of the mTOR PIN in mouse and human. Since lysis
buffer detergent has a strong effect on which interactions are detected (Lautz et al.,
2019), we optimized detergent conditions and determined 1% Digitonin identified the

largest number of interactions (Figure S1.4).

MTOR PIN kinetics following starvation/refeeding

To establish a basic framework for QMI measurement of mMTOR PIN dynamics,
we serum-starved NIH 3T3 cells for 12 hours to dampen constitutively active mTOR
signaling, then stimulated by re-feeding with fresh media for 5, 15 or 60 minutes before

lysis; controls included cells that were never starved (baseline) or starved cells that

60



were never re-fed (Figure 1.1A-B). Western blots showed the expected pattern of AKT
phosphorylation peaking at 5 minutes and gradually diminishing over the subsequent
timepoints, while phospho-S6 increased at 15 min and remained elevated at 60 min
(Figure 1C-E). QMI was performed on cell lysates, resulting in a data matrix consisting
of ~50-150 individual flow cytometry bead reads for each of 384 binary interactions
measured, in duplicate, for each of 28 experimental total measurements, for over 2.1 x
10° total bead reads. The bead distributions were collapsed into a single median
fluorescent intensity value (MFI) for each IP_Probe, and principal component analysis
(PCA) was used to visualize the overall data structure. Starved cells clustered
separately from baseline (Figure 1F), but, contrary to western blot data, after 5 or 15
minutes of re-feeding samples still overlapped with the starved condition, only
resembling the baseline condition after 60 min. Correlation network analysis (Langfelder
et al., 2008) of the same MFI dataset identified a single module of interactions whose
behavior correlated with other interactions in the module across the 28 experimental
replicates, as visualized by a topological overlap matrix (TOM) plot (Figure 1G). The
eigenvector defining the overall behavior of this module, arbitrarily color-coded “red” by
the analysis program, showed that its behavior was best correlated with a binary-coded
hypothesis of “time since refeeding” (correlation coefficient = 0.83, p = 4 x 10-8) (Figure
1H), indicating a slow increase in the median scaled value of the module. No other
module correlated with any experimental variables, causing us to focus on this “red”

module.

To ensure reporting of only robust, high-confidence interactions, we performed a

second adaptive, non-parametric statistical test corrected for multiple comparisons
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(ANC, see methods). ANC does not collapse bead distributions, but instead
incorporates features of the distributions and the consistency of replicates to establish
interactions that change in >70% of pair-wise comparisons at a multiple-comparison-
corrected P<0.05 for each interaction across the entire experiment (Brown et al., 2019;
Smith et al., 2016). ANC-significant interactions that were also significantly correlated
with the “red” module were considered high-confidence interactions identified by both
independent tests. Twenty-seven such interactions were visualized as a row-normalized
heatmap, with rows sorted by the time at which the Interaction first became significant
and columns arranged by re-feeding time (Figure 1I). At five minutes, two interactions
slightly increased in abundance- EIF4G_EIF4E (Figure 1J) and PIKE_TSC1 (log2 Fold
Change (log2FC) = 0.24 and 0.19, respectively) and were significant by ANC and CNA
analysis. Additionally, the apparent abundance of three targets was reduced: AKT_AKT,
p70S6_ p70S6 and RICTOR_ RICTOR. Changes in apparent abundance may reflect
rapid proteasomal degradation, or a change in binding partners or a post-translational
modification that occludes IP or probe antibody binding. Regardless, it was striking that,
despite AKT phosphorylation clearly peaking at 5 minutes (Figure 1D), the overall
network at 5 minutes was essentially unchanged. By 15 minutes, the two
aforementioned interactions continued to increase (log2FC = 0.11 and 0.44,
respectively), and 7 other interactions including EIF4G_RICTOR (Figure 1K),
EIF4E_RICTOR and PIKE_FMRP began to increase (log2FC = 0.28, 0.25 and 0.31,
respectively). By 60 min, these interactions further increased, and 9 additional
interactions reached significance, including EIF4G_AKT (Figure 1L), RICTOR_mTOR

(Figure 1M) and RAPTOR_EIF4E (log2FC = 0.39, 0.37 and 0.38, respectively). These
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data represent a core network of dynamic protein interactions that acutely change

following mTOR activation.

Inhibition of the mTOR pathway

To explore the relationship between a traditional linear model of mTOR signal
transduction and our QMI approach, we starved cells and re-fed for 60 minutes while
including one of three inhibitors of the mTOR pathway that act at different levels of the
linear signaling model (Figure 1.2A). BKM120, which inhibits all four catalytic isoforms
of class | PI3K in an ATP-competitive manner but does not inhibit mTOR (Maira et al.,
2012), prevented the phosphorylation of both AKT and S6 by western blot, as expected
(Figure 1.2B-C). RAD0O01 (Everolimus), which inhibits mMTORC1 by forming a complex
with FKBP-12 and partially occluding substrate entry into the mTORC1 active site (Yang
et al., 2013), prevented S6 phosphorylation but not AKT phosphorylation, as expected.
AZD5363, an ATP-competitive pan-AKT inhibitor (which also inhibits PKA and P70S6K)
(Davies et al., 2012), caused an apparent increase in AKT phosphorylation and inhibited

S6.

Following QMI, we independently re-calculated modules based on the new
dataset using correlation network analysis. The inclusion of inhibitors in the experiment
caused the “red” module identified in Figure 1.1 to fracture into three modules that
correlated with different binary-coded hypotheses (Figure 1.2D). First, a module color-
coded “turquoise” most strongly correlated with the hypothesis of activation across all
re-fed conditions, regardless of drug (correlation coefficient = 0.55; p = 0.0002). Next, a
module coded “yellow” most significantly correlated with activation during refeeding and

inhibition by all drugs (correlation coefficient = 0.51; p = 0.0007). Finally, a module
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coded “blue” most strongly correlated with activation by refeeding and inhibition by RAD
only (correlation coefficient = 0.42; p = 0.007). Again, interactions correlated with each
module were merged with interactions identified by the ANC statistical test, and twenty-
nine significant interactions were visualized as a row-normalized heatmap, with rows
ordered by module membership and columns by treatment. The “turquoise” module was
activated by refeeding and partially (although not completely) inhibited by all three drugs
(Figure 1.2E, top), as demonstrated by the behavior of the protein interaction most
highly correlated to module behavior, PIKE_EIF4E (Figure 1.2F), and by the mean
scaled value of all interactions in the module (Figure 1.2G). The yellow module,
exemplified by EIF4AE_TSC1 (Figure 1.2H), was increased by re-feeding, and inhibited
by all drugs, most strongly BKM (Figure 1.21). Finally, a blue module, exemplified by
MTOR_Rictor (Figure 1.2J) was significantly inhibited by RAD and AZD, but surprisingly

not by BKM (Figure 1.2K).

To visualize the entire network, we represented all significant interactions in a
node-edge diagram, where the thickness/color of the edges indicates the
magnitude/direction of the change in each binary measurement (Figure 1.2L), as well as
the subset of interactions that comprise each module (Figure 1.2M-O). The poorly
inhibited “turquoise” module included proteins involved at all levels of mTOR signaling,
including GSK3B, PIKE, PICTOR, p70S6 and EIF4E. Partial activation of this module in
the presence of all inhibitor drugs may reflect crosstalk with other signaling pathways
that respond to refeeding, including GSK3B or ERK activity, which were not
manipulated in this experiment. The “blue” (RAD-responsive) module contained

interactions including mTOR, RAPTOR, and RICTOR that one might have expected to
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be strongly inhibited by RAD, including mTOR_RAPTOR. This module was inhibited by
AZD and RAD, but surprisingly, not by BKM, suggesting other parallel inputs may affect
this module and can compensate for the loss of PI3K signaling. The “yellow” (inhibited)
module contained the most downstream interactions, including EIF4AE, EIF4G, p70S6
and FMRP. These interactions were significantly inhibited by all inhibitors, but the
magnitude of inhibition was largest for BKM>RAD>AZD. In fact, AZD still permitted
significant module activation. It is somewhat surprising that ‘upstream’ PI3K inhibition
was so effective at targeting these ‘downstream’ interactions, despite BKM'’s inability to
inhibit the blue RAD-dependent module. Overall, these data demonstrate an

unexpectedly complex modular organization of the mTOR PIN.

The reduction in both mTOR_Rictor and mTOR_Raptor by RAD was
unexpected, since short-term treatment with RAD is thought to affect only mTORC1,
and phospho-western blots showed the expected lack of effect of RAD on AKT
phosphorylation (Figure 1.2C). We therefore performed co-immunoprecipitation-western
blot assays on 3T3 fibroblasts treated with RAD, and confirmed a reduction of both
IP:mTOR western blot:Raptor and IP:mTOR western blot:Rictor following RAD
treatment (Figure S1.5). These data are consistent with previous reports showing
disruption of both mTORC1 and mTORC2 protein complexes, although not necessarily
AKT phosphorylation, by Rapamycin (Rosner and Hengstschlager, 2008; Sarbassov et

al., 2006).

The contribution of the ERK Pathway

The failure of BKM to prevent changes in the RAD-responsive “blue” module

suggested non-canonical routes of activation, i.e., crosstalk from other signal
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transduction pathways. The ERK/MAPK pathway can affect mTOR signaling via
inhibition of the TSC complex, as well as multi-level feedback inhibition (Mendoza et al.,
2011). To observe the contribution of Erk signaling to stimulus-dependent changes in
the mTOR PIN, we performed a starve-refeed experiment in the presence of three
different ERK pathway inhibitors (Figure 1.3A) and confirmed their efficacy by western
blot (Figure 1.3 B-E). FR180204, a selective ERK1/2 inhibitor that binds to the ATP
binding pocket of ERK (Ohori et al., 2007), increased ERK phosphorylation and
eliminated S6 phosphorylation while having no effect on AKT phosphorylation. Both
U0126, a selective inhibitor of MEK1 and MEK2 (Favata et al., 1998), and PD98059,
which binds to the inactive form of MEK and prevents its phosphorylation by RAF-1 and
downstream activity (Dudley et al., 1995), inhibited ERK phosphorylation, increased
AKT phosphorylation, and partially inhibited p-S6 (although U0126 was less effective
than PD98059). RAD was included to delineate mTOR-dependent interactions, and

inhibited S6 phosphorylation as expected while having no effect on ERK.

Following QMI, we again independently re-calculated CNA modules and
identified two that correlated with experimental variables (Figure 1.3F). A “blue” RAD-
responsive module (which was calculated independently from the blue module in Figure
1.2 but contained similar interactions) was increased by re-feeding and strongly
inhibited by both RAD and FR180 (Figure 1.3G). The MEK inhibitors U0126 and
PD98059 had an intermediate effect, as demonstrated by both the interaction most
strongly correlated to the blue module, AKT_AKT (Figure 1.3G) and by the average
scaled value of the module (Figure 1.3H). MEK inhibition significantly inhibited

interactions compared to the re-fed/no drug condition, but not as strongly compared with
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ERK or mTOR inhibition (although the difference between the starve/no drug and re-
fed+drug conditions were not significant for any drug, Figure 1.3H). Of note, six
interactions from the “blue” module that was independently identified in Figure 1.2,
including mTOR_Raptor, were also included in this module. Overall, these data show

strong inhibition of the blue module by both RAD and ERK inhibitors.

A second, yellow module (again derived independently from, but containing
similar interaction to, the yellow module in Figure 1.2), contained a set of interactions
that were inhibited in unexpectedly different ways by our drug panel. Exemplified by
EIF4G_Raptor (Figure 1.3l), this module showed strong inhibition by FR180, which
reduced activity significantly lower than the starved condition (Figure 1.3J). RAD and
PD98059 significantly inhibited the activation of the yellow module compared to re-
feeding alone, although RAD was still significantly increased over the starved state.
Surprisingly, MEK inhibition with U0126 had no effect on yellow module activation. The
yellow module contained many interactions related to the EIF4 translation initiation
complex and included 6 (out of 8 total) of the BKM-sensitive yellow module interactions
derived independently in Figure 1.2. Thus, direct ERK inhibition was similar to PI3K
inhibition, while MEK inhibition produced strikingly different results: U0126 was

ineffective, while PD98059 was as effective as RAD.

Next Generation mTOR Inhibitors

Multiple generations of mTOR inhibitors have been created since the discovery of
rapamycin. TORIN1 (TRN) and Sapanisertib (SAP, also referred to as INK128) are both
second-generation ATP competitive small molecule inhibitors that target mTOR in both

MTORC1 and mTORC2 (G6kmen-Polar et al., 2012; Liu et al., 2010). Rapalink-1 (RLK)

67



is a third generation mTOR inhibitor formed by physically linking rapamycin and SAP
with an inert chemical linker that simultaneously forms an inhibitory complex with FKBP-
12 and blocks the mTOR ATP binding site (Rodrik-Outmezguine et al., 2016). We
repeated the starve/refeed paradigm in the presence of each inhibitor to directly

compare their effects on the mTOR PIN.

We first determined equivalent doses of the four drugs, which we defined as the lowest
concentration that inhibited phosphorylation of AKT (where applicable), RPS6, p70S6K,
and 4EBP1 in a titration experiment using increasing concentrations of drug, starting at
each drug’s cell-free IC-50 (Figure Figure S1.6A-D). Phospho-westerns showed that the
selected doses of TRN and SAP inhibited AKT phosphorylation, indicating mTORC2
inhibition, while RAD and RLK did not (Figure 1.4A-B). As expected, both RPS6 and
p70S6K1 were inhibited by all drugs (Figure 1.4C-D). However, only TRN and SAP
affected 4EBP1 phosphorylation, consistent with previous studies (Liu et al., 2010;
Rodrik-Outmezguine et al., 2016) (Figure 1.4E). QMI identified two modules that
correlated with experimental variables: a yellow module that was most significantly
correlated with activation during re-feeding and inhibition by all drugs (correlation
coefficient 0.56; p = 0.0004) and a blue module that most significantly correlated with
activation during re-feeding but inhibition by SAP (correlation coefficient -0.43; p =
0.003) or RLK treatment (correlation coefficient 0.41; p = 0.04) (Figure 1.4F). The thirty-
two significant interactions identified by ANC and CNA were visualized as a row
normalized heatmap (Figure 1.4G). The yellow module was composed of primarily
EIF4E/EIFAG/p70S6 interactions, indicating changes in translation-related protein

complexes downstream of mMTOR. These interactions were increased by re-feeding,
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inhibited by RAD, and strongly inhibited by next generation mTOR inhibitors such that
the averaged scaled value of the module was lower than in the starved condition (Figure
1.4H,1). These data demonstrate that next generation mTOR inhibitors are significantly
more efficient at mTOR inhibition compared to either RAD or overnight serum

starvation.

The blue module was composed of mMTOR complex interactions similar to those
observed in the blue module in Figure 1.2 (which responded to RAD but not to BKM),
including mTOR_Raptor and mTOR_Rictor. These interactions were strongly
suppressed by both RAD and RLK, weakly suppressed by TRN, and not altered by SAP
(Figure 1.4J,K). These data reflect a key difference in the mechanism of action between
RAD-derived and ATP-competitive inhibitors: the former bind to FKBP12 and physically
disrupt mTOR substrate accessibility (Yang et al., 2013), while latter bind the ATP

binding site and inhibit MTOR in the absence of protein complex disruption.

Hyperactivating mutations drive mTOR PIN activation

As a central regulator of cellular growth, the mTOR pathway is implicated in several
human overgrowth disorders, including Tuberous Sclerosis, PTEN hamartoma tumor
syndrome, Megalencephaly-capillary malformation syndrome, Focal Cortical Dysplasia,
and hemimegaencephaly. Among the common pathogenic variants associated with
these neurodevelopmental disorders, sometimes referred to as ‘mTORopathies”
(reviewed in Karalis and Bateup, 2021), are mutations of PIK3CA or MTOR. The
PIK3CA p.H1047R variant is the most common hyperactivating mutation in the catalytic
p110 subunit of the PI3K holoenzyme that renders it resistant to inhibition by the p85

regulatory subunit, increasing basal PI3K activity (D’Gama et al., 2015; Gymnopoulos et
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al., 2007). The MTOR p.T19771 variant is a highly recurrent hyperactivating mutation in
the FAT domain of mTOR, adjacent to the kinase domain, which may promote
accessibility of substrates to the kinase domain (G. M. Mirzaa et al., 2016). We obtained
fibroblasts from two individuals with overgrowth who had mutations in PIK3CAM047R
(1y/o male) and MTORT™977! (13y/o female), as well as two unrelated healthy controls (4
y/o male and 9y/o female). While the cells were taken from genetically mosaic
individuals, the mutant cells have an increased growth rate compared to wildtype cells
(Mirzaa et al., 2016; Samuels et al., 2005), so the variable (mutant) allele frequency,
measured by digital droplet PCR, was 49.9% for the PIKC3A mutant and 39.7% for the
MTOR mutant, indicating 100% and 80% heterozygous mutant cells, respectively
(Figure S1.7). Cells were serum starved for twelve hours and lysed immediately or
stimulated with fresh serum-containing media for one hour before lysis. Western blot
showed that the PIK3CA mutant fibroblasts displayed hyperphosphorylation of AKT and
S6 during starvation (Figure 1.5A-C), while the mTOR mutant fibroblasts did not display
any significant deficits in phosphorylation, consistent with previous reports (Di Donato et

al., 2016; Grabiner et al., 2014).

Following QMI, we used ANC and CNA to independently identify two modules
that correlated with refeeding (Figure 1.5D). A brown module, exemplified by
mTOR_Rictor, was significantly elevated in re-fed control and MTORT%7"! cells
(compared to same-genotype starved cells), and trended towards significance in
PIK3CAM047R cells (Figure 1.5E). There were no differences between genotypes in the
starved or refed conditions. In contrast, a pink module, exemplified by EIFAG_EIF4E,

was elevated in all comparisons tested (Figure 1.5F); not only did re-feeding increase
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module intensity compared to unstarved cells within-genotype, but comparisons of
starved or re-fed mutant cells to starved or refed control cells were significantly
elevated. PIK3CAH047R fiproblasts showed greater elevation than did MTORT977!
fibroblasts. These data are consistent with clinical data suggesting that strongly
activating variants in PIK3CA are associated with more severe overgrowth than MTOR
(Pirozzi et al., 2022). Specifically, the PIK3CA H1047R variant has been associated with
severe somatic or brain overgrowth phenotypes including focal cortical dysplasia with
severe epilepsy (G. Mirzaa et al., 2016), whereas the MTOR T19771 variant is
associated with megalencephaly and polymicrogyria and overall less severe epilepsy
(G. M. Mirzaa et al., 2016). Notably, our analysis did not identify additional interaction
modules that were associated with hyperactivating mutations independently of re-
feeding, indicating that nutrient status and hyperactivating mutations affected a similar

set of protein complexes.
Drug treatment of mutant fibroblasts

Most therapeutic approaches utilized for the ‘mTORopathies” focus on Rapamycin and
its analogues, regardless of the location of the variant in the linear mTOR cascade
(Karalis and Bateup, 2021; Nguyen and Bordey, 2021). However, given our results
demonstrating differential regulation of the mTOR PIN by drugs targeting mTOR vs
PI13K, we reasoned that a more targeted approach may improve network-scale rescue.
We treated control, PIK3CAM04/R and mTOR ™97 fibroblasts with BKM or RAD to inhibit
PI3K or mTORC1, respectively. Western blots from the starved samples for pAKT
revealed control and mTORT™*""!fibroblasts had low levels of p-AKT, while PIK3CAH047R

had elevated basal p-AKT. BKM normalized pAKT in PIK3CAM1047R fibroblasts, while
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RAD did not affect pAKT levels (Figure 1.5G-H). PIK3CAH47/R and mTORT7"!
fibroblasts showed elevated S6 phosphorylation, which was reduced following BKM and
RAD treatment (Figure 1.51). QMI, performed with a smaller antibody panel due to
technical limitations, identified a turquoise module, exemplified by EIFAG_EIF4E, which
was significantly elevated in both starved and re-fed PIK3CAM04/R fibroblasts (Figure
S1.8A,B). We graphed the average scaled value of the turquoise module for starved
(Figure 1.5J) or re-fed cells (Figure 1.5K). For starved cells, we observed a significant
increase in module activation in mTORT®7"! and PIK3CAH947R fibroblasts compared to
controls (Figure 1.5J). This increase was normalized by both BKM and RAD treatment
in mTORT™®7" fibroblasts, and by BKM treatment in PIK3CAH947R fibroblasts; note,
however, that RAD did not rescue hyperactivation in starved PIK3CAH947R fibroblasts
(Figure 1.5J). For the re-fed condition, all mutant lines were hyperactive compared to
control, and both mTOR-modifying drugs were ineffective, except for mTORT1977!
fibroblasts treated with BKM (Figure 1.5K). These data suggest that drugs targeted to

specific mutations may be more effective than generic treatment with rapamycin.
Discussion:

We developed a QMI panel targeted to key protein nodes in the mTOR pathway that
allows direct measurement of mMTOR PIN dynamics during signaling events, and we
defined a PIN that is acutely modified by mTOR signaling. Following re-feeding with
serum-derived growth factors, we observed a single module of coordinated protein-
protein interactions that gradually increased over the course of an hour. Drugs targeting
different nodes of the mTOR network, or drugs targeting mTOR using different

mechanisms, altered complex sets of interactions (i.e. modules) that were not predicted
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by a linear pathway model. QMI offers an alternative way to characterize the mTOR
signal transduction network, traditionally observed via changes in phosphorylation
events, and allows access to a new level of biological complexity in the dynamic protein

interactome.

Kinetics of the mTOR PIN

In previous studies using QMI to monitor the T cell receptor signalosome and the
glutamatergic synapse interactome (Lautz et al., 2021; Smith et al., 2016), peak
signalosome activation occurred ~5 minutes after stimulus presentation. Similarly, data
presented here (Figure 1.1B-D) and in the literature (Rahman and Haugh, 2017)
suggest phosphorylation of AKT peaks ~5 minutes after stimulus presentation, and
downstream activation of S6 peaks ~15 minutes. However, QMI observed virtually no
PIN response at 5 minutes, and only a small, partial response at 15 minutes, with peak
response not occurring for at least an hour. Additionally, the mTOR network still did not
recover to its pre-starvation state even after an hour-long response. These data imply
that changes in phosphorylation status are slow to translate into changes in protein
complexes, which is unexpected because changes in the phosphorylation status of
interacting proteins are thought to be directly responsible for changes in protein-protein
interactions. For downstream interactions such as EIF4E_EIF4G, which represent the
final transcriptional output of the mTOR system, this delay could be explained by a slow
rate of signal progression through a linear cascade. However, for more upstream
interactions such as RICTOR_mTOR (representing MTORC2) or PIKE_TSC1, the
reason for the slow kinetics is unclear. Future work to reconcile the slow rate of network

modification with the much faster rate of phosphorylation is warranted.
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Linear vs. Network models of drug specificity

By adding different small molecule inhibitors of mMTOR pathway nodes, we were
able to fracture the single module of co-regulated interactions that responded to
refeeding into two main modules of interactions, blue and yellow, that responded
differently to each type of inhibition. We summarize the modules that we identified
throughout this study in Figure 1.6. We expected that the modular organization of the
network would follow the traditional linear model, with BKM inhibiting all modules, RAD
inhibiting the fewest number of modules, and AZD being intermediate. Moreover, we
expected Rapalogs and next-generation mTOR inhibitors to produce qualitatively similar
changes to interaction modules, even if the magnitude of inhibition was different.

Surprisingly, the modules did not follow this pattern.

The yellow “downstream" module was inhibited by all drugs except U01, and
most strongly by BKM and the next generation mTOR inhibitors. It is somewhat
counterintuitive that BKM produced stronger inhibition than RAD in head-to-head
studies, since the yellow module contains interactions among the most downstream
proteins (EIF4E and G, p70S6, and FMRP). Given that phosphorylation of p70S6 is
mediated by both mTOR and PDK1 (Pullen et al., 1998), it is possible that BKM, by
inhibiting PDK1 downstream of PI3K, provides double-inhibition not seen in AZD and
RAD. It is also possible that ATP-competitive inhibitors like BKM, SAP and TOR provide
more complete kinase inhibition compared to RAD. Indeed, next-generation inhibitors
are known to more completely inhibit mMTORC1 and mTORC2 compared to rapamycin
derivatives (as evidenced by 4EBP1 and AKT phosphorylation), and are more effective

at inhibiting the growth of cancer cells in vitro and in mouse models (Gokmen-Polar et
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al., 2012; Liu et al., 2010; Rodrik-Outmezguine et al., 2016). Moreover, it has been
suggested some mTOR signaling is RAD-resistant, but may be inhibited amino acid
starvation (Peng et al., 2002), perhaps leading to a network state that resembles our
next-generation mTOR inhibitor data. Future work comparing amino acid starvation to
next-generation mTOR signaling may be warranted. Overall, these data suggest that
the yellow module is a core mTOR-dependent readout, that is more effectively inhibited

by ATP-competitive kinase inhibition of PI3K or mTOR than by Rapalogs.

The blue module is more difficult to interpret. This module was inhibited by RAD,
AZD and ERK inhibition, and weakly inhibited by MEK inhibition, which suggests that
MTOR signaling downstream of both AKT and ERK may mediate module behavior.
However, PI3K inhibition and mTOR kinase inhibition by SAP were completely
ineffective at preventing blue module activation, and mTOR kinase inhibition by TRN
was weak, especially compared to the magnitude of TRN yellow module inhibition.
Moreover, the ratio of inhibition of the blue module compared to the yellow module was
different for each drug; for example ERK inhibition with FR1 produced equal inhibition of
each module, AKT inhibition with AZD produced stronger inhibition of the blue module,

and mTOR inhibition with TRN produced stronger inhibition of the yellow module.

Perhaps these differences reflect uncharacterized off-target effects on other
relevant kinases, or are due to uncharacterized feedback loops or other non-linear
relationships among the mTOR network. For example, inhibiting MEK with UO1 vs PD9
produced strikingly different patterns of PIN inhibition. PD9 was less effective at
inhibiting ERK phosphorylation by western blot compared to U01, but was much more

effective at inhibiting “yellow” module interactions containing EIF4E/G and FMRP.
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Despite sharing a mutually exclusive binding site on MEK, and despite U0126 binding
with a 100-fold higher affinity to MEK (Favata et al., 1998), U0126 failed to inhibit the
yellow module. While both PD98059 and U0126 have known off-target (i.e. non-MEK-
mediated) effects, for example, activating AMP-activated protein kinase (Dokladda et
al., 2005) or Kinase Suppressor of RAS (KSR-1) (Wang and Studzinski, 2001), these
off-target effects are thought to be similar for both drugs. Similarly, the next-generation
mTOR inhibitor experiments identified clear differences in “blue” module inhibition
between TRN and SAP, which also function through similar ATP-competitive
mechanisms. These data are reminiscent of a recent phospho-mass spectrometry study
comparing 5 different AKT inhibitors, which showed only limited overlap: of 1700 altered
phospho-peptides, only 276 were perturbed by all 5 compounds (Wiechmann 2021).
The strikingly different effects of the inhibitor drugs on the mTOR PIN highlights the
emerging concept that “specific” inhibitor drugs are often not very specific at all. A
potential advantage of QMI-based network measurements is that they can highlight

differences between inhibitor drugs better than traditional phospho-western readouts.

Correcting pathogenic network hyperactivity

The human patient fibroblast model gives us the ability to observe how a chronically
overactive member of the mTOR cascade contributes to the response of the PIN.
Hyperactivity at the top of the mTOR pathway, at PI3K, produced more robust
differences than further downstream at mTOR, consistent with BKM vs. RAD inhibitor
data, as well as with clinical data showing more severe phenotypes in patients with
PI3K vs mTOR mutations (G. Mirzaa et al., 2016). PI3K and mTOR mutations did not

produce novel PIN states; rather, they increased the fluorescent intensity of the
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interactions that composed the stimulation-responsive module in both the starved and
re-fed states compared to wildtype. Importantly, we did not identify modules that
correlated with the presence of a mutation, independent of starvation/refeeding, which
would have indicated changes to the mTOR network independent of nutrient sensing.
These data imply that simple inhibition of signaling may normalize the dynamic range of
the system. Indeed, BKM was able to normalize PI3K hyperactivation, and RAD and
BKM were both able to normalize mTOR hyperactivity. However, RAD was not able to
normalize the hyperactive network state produced by PI3K mutation, likely because
PI3K has direct links to downstream signaling nodes that bypass mTOR, as
demonstrated also by the BKM inhibition data. Future experiments should focus on how
MTOR inhibitors might affect mTOR network hyperactivation at more physiologically
relevant states, outside of the context of serum-starvation, since the effect of
hyperactivation in non-physiological starvation conditions that may not be fully

applicable to an untreated condition.

This result, while somewhat intuitive, speaks directly to clinical trials occurring in
overgrowth disorders, cancer, or ASD-related mTOR-opathies. Ongoing translational
research is attempting to correct upstream mutations in PI3K (Byeon et al., 2020;
Parker et al., 2019), PTEN (Schmid et al., 2014), or TSC (Krueger et al., 2017;
Overwater et al., 2019) with rapamycin or its analogs, with mixed outcomes. Perhaps
this treatment strategy, based on linear models implying upstream effects filter through
MTORCY1, ignores the complexity of the pathway. Our data, as well as recent work

correcting PI3K-dependent (Roy et al., 2021) or TSC2-dependent (Nguyen et al., 2022)
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epilepsies with more targeted drugs, imply that direct correction of a hyperactive node

may be more effective than the simple use of rapalogs for all mMTOR pathway disorders.

Limitations

A general limitation of QMI is that it measures the epitope-specific binding of
commercially available antibodies, so differences in fluorescent signal may be due to
differences in the targeted protein-protein interaction, or due occlusion of an antibody
binding site by an unknown protein joining a complex. While we validated some
interactions by IP-western blotting, the sensitivity of QMI exceeds that of IP-westerns
(Smith et al., 2012). Thus, while the overall behavior of modules observed by QMI is

robust, the behavior of any specific interaction may require further validation.

A second limitation of this study is that the inhibitors used to block specific
kinases may have affected other kinases whose inhibition may have contributed to the
observed changes in the mTOR PIN. With the exception of the next-generation mTOR
inhibitor experiments, we used single concentrations of drugs based on previously
published reports, so we cannot rule out off-target effects. Future work using genetic
knockouts or knockdown of mTOR components could address these limitations, but
also presents further difficulties due to the requirement of mTOR signaling for growth

and cell cycle, as well as due to extensive feedback loops within the mTOR network.

Finally, we focused on a single starve-refeed paradigm, while other avenues
exist to either activate (i.e. growth factor stimulation) or inhibit (i.e. amino acid
starvation) the network. Future experiments using QMI to more fully characterize the

MTOR signal transduction network could further disentangle the complex relationships
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between experimental manipulations and the response of the mTOR signal transduction

network.
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Experimental Procedures:

Cell Culture — NIH 3T3 mouse fibroblasts were acquired from the American Type
Culture Collection. The cells were cultured at 37° C at 5% CO2 in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum, 1 % non-essential amino

acids [Gibco-11140],1% GlutaMax [Gibco-35050], and 1 % penicillin and streptomycin.

Patient derived fibroblast were obtained from punch biopsies of affected children
enrolled in the IRB-approved developmental brain disorders research program at
Seattle Childrens’ Research Institute. Fibroblasts were cultured at 37° C at 5% CO2 in
Dulbecco’s modified Eagle’s medium with nutrient mixture F-12 (Gibco-11330) and
supplemented with 15% fetal bovine serum, 1 % non-essential amino acids [Gibco-
11140],1% GlutaMax [Gibco-35050], and 1 % penicillin and streptomycin. ddPCR was
performed on validated probes using a QX200 ddPCR system following the

manufacturer’s instructions, as detailed in (Pirozzi et al., 2022).

Antibodies and Other Reagents — The following antibodies for the purpose of western
blotting were acquired from Cell Signaling Technologies: pAKT S473 (Catalog number
4060), PAN-AKT (#2920), Phospho-p44/42 MAPK (#4370), p44/42 MAPK (#4695), S6
Ribosomal Protein (#2317), Phospho-S6 Ribosomal Protein (#4858), Phospho-p70S6
Kinase Thr389 (#97596), p70S6 Kinase (#9202), Phospho-4EBP1 Thr37/46 (#2855),
4EBP1 (#9452). Antibodies against Beta-Actin were purchased from GeneTex (catalog
number 109639). MAPK inhibitors were purchased from Tocris: FR180204 (catalog
number 3706), U0126 (catalog number 1144), PD980595 (catalog number 1213).
Sapanisertib (Cat# HY-13328) and Rapalink-1 (Cat# HY-111373) were purchased from

MedChem Express. Torin-1 (Cat #4247) was purchased from Tocris. PIBK/AKT/mTOR
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inhibitors BKM120 (Buparlisib; Novartis, Switzerland), AZD5363 (Capivasertib;
Selleckchem, USA), and RAD001 (Everolimus, Chem Express Cat# 159351-69-6) were

generously provided by Dr. Kathleen Millen.

Serum Starvation, Stimulation, Drug Treatment, and Lysate Preparation - Fibroblast
cultures were grown to ~70-80% confluence in 10-cm dishes or 6-well plates and were
serum starved for 12 hours. During pharmacological inhibition experiments, inhibitors
were added at the eleventh hour of starvation. After starvation, cells were re-fed with
fresh media. Inhibitors were present during re-feeding in the respective experiments.
Inhibitors were used at the following concentrations: BKM120 (2 uM), AZD5363 (1 uM),
RADOO1 (40 nM), FR180204 (100 uM), U0126 (25 uM), PD980595 (50 uM), TORIN1
(40 nM), Sapanisertib (125 nM), and Rapalink-1 (10 nM). Media was removed, and cells
were washed in PBS and scraped on ice with ice cold lysis buffer [1% Digitonin, 150
mM NacCl, 50 mM Tris (pH 7.4), 10 mM NaF, 2 mM sodium orthovanadate, protease
inhibitor cocktail (Sigma-Aldrich), and phosphatase inhibitor cocktail (Sigma-Aldrich)]
and transferred to a centrifuge tube. After fifteen minutes of incubation on ice, samples
were centrifuged at high speed for fifteen minutes to remove nuclei and debris. The

protein concentration of the lysate was determined with a Bradford assay (Pierce).

Quantitative Multiplex Immunoprecipitation - QMI was performed as described
previously (Brown et al., 2019). A master mix containing each antibody-coupled
Luminex bead was prepared and distributed to lysates normalized for protein
concentration. Samples were incubated overnight at 4°C on a rotator. The following day,
samples were washed in cold FlyP buffer [SO mM tris (pH7.4), 100 mM NaCl, 1% bovine

serum albumin, and 0.02% sodium azide] and distributed into twice as many wells of a
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96-well plate as there were probe antibodies for technical replicates. Biotinylated probe
antibodies were added and the plate was incubated at 4°C with gentle agitation for one
hour. The resulting complexes were washed three times with FlyP buffer on an
automatic plate washer. The samples were then incubated for thirty minutes with
streptavidin-phycoerythrin at 4°C with gentle agitation. Samples were washed three
times again and resuspended in 120 ul of cold FlyP buffer and processed with a

customized refrigerated Bio-Plex 200.

Adaptive nonparametric analysis with an empirical alpha cutoff (ANC) - Statistically
significant differences in bead distributions between conditions for each of ~400
individual interactions, after correcting for multiple comparisons, were identified using
ANC as described in previous work (Brown et al., 2019; Smith et al., 2016). Any
Interaction that was found to be significant by an ANC comparison was considered a

“hit.”

Correlation Network Analysis (CNA) - Modules of Interactions that covaried with
experimental conditions were identified using weighted correlation network analysis
(Langfelder and Horvath, 2008) as described in previous work (Brown et al., 2019;
Smith et al., 2016). Bead distributions used in ANC were collapsed and the median
fluorescent intensity (MFI) value was averaged across technical replicates for input into
the WGCNA package for R. Interactions with an MFI less than 100 were removed as
noise, and batch effects were corrected using COMBAT (Leek et al., 2012). Power
values giving the approximation of scale-free topology were determined using soft
thresholding with a power adjacency function, and modules were determined by the

TOM matrix function in WGCNA. Modules whose eigenvectors were correlated with an
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experimental trait (P < 0.05) were of interest. Interactions whose probability of
membership in a module of interest was (P < 0.05) were considered “hits”. Interaction
that were “hits” by both ANC and CNA for a given experimental condition were

considered high confidence interactions affected in that condition.

Hierarchical Clustering and PCA - Post-COMBAT, logz transformed MFI values were
clustered using the hclust function in R with a correlation distance matrix and average
clustering method. Approximately unbiased (AU) P values were determined using the

pvclust package in R. PCA was performed using the prcomp function in R.

Statistical Analysis. For western blot quantification, intensity was quantified in ImageJ
(NIH) and values were input into Prism (Graphpad). Student’s T tests were used for
comparisons between two groups, and one-way ANOVA followed by multiple-
comparison-corrected pairwise comparisons using the Sidak method was used for

comparisons between multiple groups.
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Figure 1.1: Kinetics of mTOR protein network dynamics. A) Quantitative multiplex

co-immunoprecipitation (QMI) procedure. See methods for details. B) Experimental

design. C) Representative western blots showing phospho- and total AKT and S6, with

actin for a loading control. C-E) Quantification of blots shown in B. * indicates
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significantly different from starved by ANOVA followed by Bonferroni-correction post-
hoc testing, p<0.05. N = 4. F) Principal component graph of QMI data, N=4-8. G)
Topological overlap matrix (TOM) clusters interactions into modules as indicated by the
colored rectangles at top and left. Each pixel indicates the level of overlap between the
interactions in the corresponding row and column, red color indicates high overlap. The
significant “red” module is bounded by a red box. H) Module-trait table showing the
correlation coefficient (top number) and p-value (bottom number) between the
eigenvector of each color-coded module (colored rectangles at left) and binary-coded
trait labels (“hypotheses”) shown in the table below. I) Heatmap of the median scaled
values of all significantly altered interactions. Each box represents a single interaction
measurement from a single biological replicate; columns correspond to a biological
replicate while rows correspond to an interaction (IP_Probe), ordered by the timepoint
that the interaction first reached significance. N = 4-8. Statistical significance calculated
by ANC and CNA statistics as detailed in methods, only interactions significant by both
tests are listed. *** indicates an interaction that is being represented by subsequent bar
graphs. J-L) Bar graphs showing the median fluorescent intensity (MFI) of
representative interactions, indicated with asterisks in H. * indicates significantly

different from starved by ANC, a paired statistical test designed for QMI data.
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Figure 1.2: Inhibitors of PIBK/AKT/mTOR reveal modular pathway organization A)

Small molecule inhibitors of PIBK/AKT/mTOR were applied during a starve-refeed

experiment. B) Western blots of phospho- and total AKT and S6, and actin for loading
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control, in 3T3 fibroblasts that were starved and re-fed in the presence of mTOR drugs.
C) Quantification of blots in B. * indicates significantly different from starved, # indicates
significantly different from re-fed by ANOVA followed by Bonferroni-corrected post-hoc
testing, p<0.05. N=4. D) Module-trait table showing the correlation (top number) and the
p-value (bottom number) between the eigenvector of each color-coded module (colored
rectangles at left) and binary-coded trait labels (“hypotheses”) shown in the table below.
E) Heatmap of the median scaled values of all significant interactions. Each box
represents a single interaction measurement from a single biological replicate; columns
correspond to a biological replicate while rows correspond to an interaction. Interactions
are listed in descending order by module membership, color-coded by rectangles at left
and by text color. N = 4-8. F) Median fluorescent intensity (MFI) of the interaction
between PIKE_EIF4E, the interaction most correlated to turquoise module behavior. G)
Mean scaled value of all interactions in the turquoise module, which corresponds to
overall module behavior. H-K) Similar to F-G, but for yellow and blue modules. For F-K,
* indicates significantly different from starved, # significantly different from re-fed, by
ANOVA followed by Bonferroni-corrected post-hoc testing, p<0.05. L) Dynamic
interactions that showed significant changes with re-feeding are represented by lines
connecting protein nodes. Red indicates that the interaction was increased following re-
feeding, blue indicates decreased; the thickness of the line indicates relative magnitude
of the change. M) Interactions in the turquoise module that was partially inhibited by all
drugs. N) Interactions in the yellow module that was inhibited by all drugs, most strongly
by BKM. O) Interactions in the blue module that was inhibited by RAD and AZD, but not

by BKM.
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Figure 1.3: MEK and ERK inhibitors differentially affect mTOR modules A) Small
molecule inhibitors of MEK, ERK or mTOR were applied during a starve-refeed
experiment. B) Western blots of phospho- and total AKT, ERK and S6, and actin for
loading control, in 3T3 fibroblasts that were starved and re-fed in the presence of drugs.
C-E) Quantification of blots in B. * indicates significantly different from starved, #
indicates significantly different from re-fed by ANOVA followed by Bonferroni-corrected
post-hoc testing, p<0.05. N=4. F) Heatmap of the median scaled values of all significant
interactions changed with re-feeding. Each box represents a single interaction
measurement from a single experiment; columns correspond to an experiment while
rows correspond to an interaction. N = 4. Interactions are ordered by module

membership, represented by colored bars on the left, and coloring of Interaction. G)
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Median fluorescent intensity (MFI) of AKT_AKT, the interaction most correlated with the
blue module. H) Mean scaled value of all interactions in the blue (RAD-responsive)
module, which corresponds to overall module behavior. 1-J) Similar to G-H, but for the
yellow module. For G-J, * indicates significantly different from starved, # significantly
different from re-fed, by ANOVA followed by Bonferroni-corrected post-hoc testing,

p<0.05.
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Figure 1.4: Different generations of mTOR Inhibitors differentially affect mTOR
modules. A) Western blots of phospho- and total AKT, S6, p70S6K, 4EBP1 and actin
for loading control, in 3T3 fibroblasts that were starved and re-fed in the presence of

drugs. B-E) Quantification of blots in A. * indicates significantly different from starved, #
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indicates significantly different from re-fed by ANOVA followed by Bonferroni-corrected

post-hoc testing, p<0.05. N=4. F) Module-trait table showing the correlation (top

number) and the p-value (bottom number) between the eigenvector of each color-coded

module (colored rectangles at left) and binary-coded trait labels (“hypotheses”) shown

the table below. G) Heatmap of the median scaled values of all significant interactions.

in

Each box represents a single interaction measurement from a single biological replicate;

columns correspond to a biological replicate while rows correspond to an interaction.
Interactions are listed in descending order by module membership, color-coded by
rectangles at left and by text color. N = 4. H) Median fluorescent intensity (MFI) of the
interaction between EIF4E_p70S6, the interaction most correlated to yellow module
behavior. I) Mean scaled value of all interactions in the yellow module, which
corresponds to overall module behavior. J-K) Similar to H-I, but the blue modules. For
H-K, * indicates significantly different from starved, # significantly different from re-fed,

by ANOVA followed by Bonferroni-corrected post-hoc testing, p<0.05.
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Figure 1.5: Activating mutations rescued by targeted drugs. Patient derived human
fibroblasts with PIK3CAH1047R and mTORT1977! gain of function mutations underwent a
starve-refeed treatment. A) Representative western blots of phospho- and total AKT and
S6, and actin for loading control. B-C) Quantification of blots in B. * indicates
significantly different from starved within-genotype, # indicates significantly different
from control-starved, by ANOVA followed by Bonferroni-corrected post-hoc testing,
p<0.05. D) Heatmap of the median scaled values of all significant interactions. Each box
represents a single interaction measurement from a single experiment; columns
correspond to an experiment while rows correspond to an interaction. N = 4-8.
Interactions are ordered by module, represented by colored bars on the left, and
coloring of text. E) Mean scaled value of all interactions in the brown module. F) Mean
scaled value of all interactions in the pink module. For E-F, * indicates significantly

different from starved within-genotype, # significantly different from control-starved, and
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@ significantly different from control-refed, by ANOVA followed by Bonferroni-corrected
post-hoc testing, p<0.05. G) Following starvation, patient-derived fibroblasts were
treated with BKM120 or RADOO1 during the re-feed period. Representative western
blots of starved samples phospho- and total AKT and S6, and actin for loading control.
H-1) Quantification of blots in B. * indicates significantly different from control, @
indicates significantly different from no-drug condition within-genotype, by ANOVA
followed by Bonferroni-corrected post-hoc testing, p<0.05. J) Mean scaled value of all
interactions in the turquoise module for starved, drug-treated patient fibroblasts. *
indicates significantly different from control, @ indicates significantly different from no-
drug condition within-genotype, by ANOVA followed by Bonferroni-corrected post-hoc
testing, p<0.05. K) Mean scaled value of all interactions in the turquoise module for re-
fed, drug-treated patient fibroblasts, similar to Figure 1.6J. * indicates significantly
different from control, # indicates significantly different from no-drug condition within-

genotype, by ANOVA followed by Bonferroni-corrected post-hoc testing, p<0.05. N=4-8.
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Figure 1.6: Modular organization of the mTOR PIN. Node-edge diagram represents
all significant interactions that changed with re-feeding during the mTOR and ERK
inhibitor experiments (Figure 1.2, 3, and 4). Edge color indicates the assigned module
of each interaction. The boxes below each drug target indicate the modules that were
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Figure S1.1: Linear vs. Network modeling of mTOR signal transduction. A) A linear
model highlights how each node of the mTOR network affects the next in a simple,
organized “cascade”. Arrows indicate activation, lines indicate inhibition. B) Known
protein-protein interactions in human or mouse cell lines among members of the mTOR
signal transduction network, as listed in BioGrid and String databases. The nodes
shown are the proteins selected for inclusion in the mTOR QMI panel, lines indicate a
documented physical interaction. C) Protein-protein interactions in the Human
Reference Interactome database (Luck et al., 2020), based on yeast 2-hybrid screening
in immortalized human cells. Red nodes are queried members of the mTOR linear
pathway, blue nodes are first-degree interactors, and edges indicate all documented
binary interactions between the protein nodes shown. Red nodes are arranged by

pathway hierarchy, blue nodes are clustered by interaction partner as labeled.
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Figure S1.2. Specificity validation of QMI antibody pairs in mouse. A) Several

candidate antibodies were bead-coupled (columns) and biotinylated (rows), and all IP-

probe combinations were tested. Histograms for each IP_probe pair (green) were

compared to IgG_probe (red) and IP_IgG (blue) controls, and the pair that produced the

strongest signal over background was selected (7B3_9F1). B) Specificity was confirmed

by comparing wildtype brain lysate to brain lysate from a KO mouse (yellow), which

overlapped with 1gG controls (red, blue).

101



S )
A X ng' 5 ‘&@ «&0 B 0.20- "
& & P =
< 0.15
I
: g
25kDa » - e elFAE g 0.10-
; w
o 0.05-
w
37kDa >
— — — GAPDH e
N Y
&oo'&\x\ &
&
2 &
A% <
‘;o
C B8 D
lgG 1500-
g . * K ok ok
2 Kif RNAI m
A <
B’T\; EIF4E RNA| E 1000
—- o |
E° -
3 i
o W 500
< E -
=
S 0-
\05’ t\\ év}
: & &
o - N &%
10 ! 10 2 103 10 4 Q}“

EIF4E-PE

Figure S1.3: Specificity validation of QMI antibody pairs in human (A) Western
blots from HEK 293 cells treated with RNAI to knockdown EIF4E. (B) Quantification of
A, normalized to GAPDH levels. N=2 independent experiments, analyzed in duplicate. **
indicates significantly different from the KIF positive control by ANOVA followed by
Bonferroni-corrected post-hoc testing, p<0.05. (C) Human specificity was confirmed by
comparing KIF treated 293 cells (blue) to EIF4AE RNAI treated 293 cells (red) and IGG
precipitated samples (grey). (D) Quantification of the median fluorescent values from C.
N=2 independent experiments, analyzed in duplicate. ** indicates significantly different
from the KIF positive control by ANOVA followed by Bonferroni-corrected post-hoc

testing, p<0.05.
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Figure S1.4: Detergent affects protein complexes detected by QMI (A) Principal
component analysis (PCA) of PO mouse cortical lysates lysed in four different
detergents: Deoxycholate (DOC-turquoise), NP-40 (black), Lubrol (LUB-blue), and
Digitonin (DIG-red) N=2 per condition. (B). A topological overlap matrix (TOM) reveals
four modules of correlated PiISCES; dashed boxes outline each arbitrariliy-colored
module. (C). Module-trait table showing the correlation (top number) and the p-value
(bottom number) calculated by CNA for each trait. Hypothesis coding table below
indicates the binary coding of detergent “traits”. (D). Hierarchical clustering of QMI data
showing strong correlation between detergent repliates, and seperation of data by
detergent (E). Heatmap of the median scaled values of all dynamic interactions that
showed significant changes between deteregent conditions. Each box represents a
single interaction measurement from a single experimental replicate; columns
correspond to a replicate while rows correspond to an interaction. N=2. (F-I). Bar graphs
of the median fluorescent intensity (MFI) from a representative interaction in each
module across samples.
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Figure S1.5: Co-immunoprecipitation of mTOR following serum starvation and
RADOOL1 treatment (A) IP-western blots from 3T3 fibroblasts underwent serum
starvation and refeeding protocol with or without 40 nM RADOO1 and lysed in 0.3%
Chaps buffer. (B) Quantification of Raptor probe from Refed and RAD treated samples
normalized to mTOR (N=4). (C) The normalized median fluorescent values of the
MTOR_RAPTOR interaction from Figure 1.2. ** indicates p<0.01 by t-test. (D)
Quantification of Rictor probe from Refed and RAD treated samples normalized to

MTOR (N=4). (C) The normalized median fluorescent values of the mTOR_RICTOR

interaction from Figure 1.2. * indicates p<0.05 by t-test.
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Figure S1.6: (continued on next page)
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Figure S1.6: Phosphorylation level curves related to Figure 1.4. A)  Phospho-

western blots for AKT (black), S6 (red), p70S6 (green), and 4EBP1 (blue) from a serum-

starvation experiment in the presence of various concentrations of TORIN1 along with a

graph representing quantification at different concentrations using the ratio of

phosphorylated to total protein (N=2). B-D) Similar figures as S4A but for Rapalink,

Sapanisertib, and RADOO1 respectively.
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Figure S1.7: Droplet digital PCR of patient derived mutant mTOR PIK3CA and

MTOR (A) Droplet digital PCR results for the PIK3CA H1047R line, summarized in a

table. (B) Droplet digital PCR results for the mTOR T1977I line, summarized in a table.
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Figure S1.8: Mutant fibroblast drug inhibition experiment, related to Figure 1.5. A)
Heatmap of the median scaled values of all dynamic PiSCES that showed ANCNCNA-
significant changes. Each box represents a single interaction measurement from a

single experimental replicate; columns correspond to an experimental replicate while
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rows correspond to an interaction. N = 4-8. B) Median fluorescent intensity (MFI) of

EIF4E_EIF4G, the interaction most correlated with the turquoise module, shown for all

conditions. * indicates significantly different from starved within-genotype, # significantly

different from control-starved, and @ signficantly different from control-re-fed, by

ANOVA followed by Bonferroni-corrected post-hoc testing, p<0.05. N=4-8
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783
5C8A12
614204

05-591 B1
MAB13292 oTI2H7
MAB3228 Poluclonal
MAS-14971 3A10
F4055 s5C2
NBP2-52478 3010
ABS675 N75/3
05-1592 30
MAB8962 Polyclonal
MA1-74183 AB6
A304-263A DNg
MAB847 6H2.1
42-4000 514208
MAB3426 1637-12
Millipore 05-1471 9F1.2
37-0400 Polyclonal
MAB40401 5C05-59

Probe antibody Catalog number

Mi-specific Validation

5c-5298
NBP2-03615
A301-153A
SAB1403762
MMS-5232
NBP1-47470
75-115

sc-517464

AF8962

05-212
200-401-DN8.
04-035

MABS957
NBP2-75646
Novus NBP1-51645
NB100-2315
NBP2-67552

SIRNA
Mouse KO liver lysate (B6.129-Ctnnbltm2Kem/KnwJ)

SIRNA

SIRNA

Mouse KO brain lystate (B6.129P2-Fmr1tm1Cgr/J)

Mouse Embryonic fibroblast lysate (GSK3B(-/-); GSk3a(flox/-) (3/4KO)
Plasmid overexpression (Lautz et al 2018)

SIRNA

Mouse KO liver lysate (C.129(86)-Rps6kb1tm1Gtho/Nsol)

Plasmid overexpression (Lautz et al 2018)

X63 Myeloma (Smith et al, 2016)

Plasmid overexpression

SIRNAn progress

Plasmid overexpression

mouse KO ESC lysate

Mouse Embryonic fibroblast lysate (TSC1(-/-); )

Plasmid overexpression

Human SiRNA
Yes
Yes
Yes

Yes
Yes

Yes
Yes

Yes
Yes

Yes
Yes

Table S1.1: Documentation of protein targets and IP-Probe antibody pairs.
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Chapter 3:

Shank3-deficient mice display exaggerated signaling through the mTOR protein

interaction network during homeostatic scaling
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Abstract:

Homeostatic scaling is an important non-Hebbian form of synaptic plasticity that allows
neurons to maintain a normalized level of activity and prevents saturation of the
synapse. Synaptic scaling has been shown to be disrupted in various forms of autism
spectrum disorder, including in the Shank3 knockout model. Shank3 deficiency also
induces abnormal signaling through the mammalian target of rapamycin (MTOR)
cascade. Here, we use the quantitative multiplex co-immunoprecipitation method to
model how the mTOR interaction network responds during homeostatic scaling. Using
TTX and BIC to induce homeostatic scaling in cultured cortical mouse neurons, we
observe that synaptic scaling activates distinct combinations of mTOR interaction
modules. One module is shared by both up- and down-scaling while two are unique to
down-scaling. Additionally, the mTOR PIN of Shank3-deficient neurons exhibit ‘pre-
scaled’ behavior and exhibits a warped response range. Finally, we treated wildtype and
Shank3 mutant neurons with NV5138 and Rapalink-1. Treatment with the mTOR
inhibitor Rapalink also produces an exaggerated response in the mTOR interaction
network of Shank3 deficient neurons. Overall, we show that the loss of Shank3 warps
the response range of the mTOR protein interaction networks. These deficits in mTOR
signaling may contribute to dysregulation of homeostatic scaling and synaptic marker

expression observed in Shank3 deficient mice.
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Introduction:

Homeostatic scaling is a form of non-Hebbian plasticity that adjusts the strength of
neuronal connections to maintain network stability and prevent runaway excitation
(Turrigiano and Nelson 2004; Turrigiano 2012). At the synaptic level, the strength of
individual synapses will adjust to maintain a neurons individual baseline rate of activity.
There are many molecular mechanisms involved in the regulation of homeostatic
scaling in synapases. Homeostatic scaling bidirectionally modifies surface level AMPAR
expression through PKA-mediated phosphorylation of AMPARSs at the S845 residue
(Diering et al., 2014). Homeostatic up- and down-scaling is also translation dependent
and causes opposing changes in protein expression, including in AMPA receptor
subunit expression (Schanzenbacher et al., 2016; Dorrbaum et al., 2020). Scaling
renormalizes global synaptic strength and is crucial for establishing memory specificity

(Wu et al., 2021).

Several neurological disorders like autism spectrum disorder exhibit disruptions in
synaptic scaling (Bulow et al., 2019). A variety of mouse models insufficient for autism
risk genes — such as FMR1, Homerla, and Shank3 - display deficits in homeostatic
scaling (Hu et al., 2010; Soden and Chen 2010; Tatavarty et al., 2020). Shank3 is a
multidomain synaptic scaffold protein, a prominent autism risk gene, and the genetic
driver of Phelan-McDermid syndrome (Betancur and Buxbaum, 2013). The loss of
Shank3 abolishes synaptic and intrinsic homeostatic scaling (Tatavarty et al., 2020;
Heavner et al., 2021). This is due to Shank3’s contributions to the integrity of the post-

synaptic receptor signaling complex. The loss of Shank3 disrupts mGLUR5 and Homer
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interactions and prevents activation of downstream signaling pathways such as Erk and

MTOR (Moutin et al 2021).

Mammalian target of rapamycin (MTOR) is a serine-threonine kinase that acts as a
central regulator of translation and is involved in many physiological processes like cell
growth/survival, autophagy, and plasticity (Hoeffer and Klann 2010). The mTOR
signaling pathway has also been shown to be a nexus for autism risk genes (Chen et
al., 2014). The insufficiency of several components of the mTOR pathway are related to
the syndromic form of autism (Hoeffer and Klann, 2010; Winden et al., 2018). The loss
of Shank reduces the activity of the AKT/mTOR signaling pathway (Mossa et al., 2021;

Moutin et al., 2021).

The mTOR cascade is also a key regulator of synaptic plasticity. mMTORCL1 activates in
response to late-phase long term potentiation (LTP) as well as DHPG induced long term
depression (Cammalleri et al., 2003; Antion et al., 2008). mMTORC2 has also been
demonstrated to be a major regulator of metabotropic glutamate receptor-mediated
long-term depression (MGIuR-LTD) and rapamycin blocks mGIuR-LTD (Zhu et al.,
2018). mTORC1 activity regulates the translation of the E3 ligase Trim32 that
ubiquitinates components of the miRNA-induced silencing complex (miRISC), whose
subsequent degradation induces downscaling (Srinivasan et al., 2021). During up-
scaling, mTOR is dephosphorylated, leading to TFEB-signaling activation and
autophagy mediated regulation of CaMKIl and PSD95 (Wang et al., 2023). The roles
that mTOR signaling have in the regulation of neuronal plasticity are multifaceted and
indispensable. Understanding how the mTOR cascade fulfills these roles will provide

key mechanistic insights into information processing in neurons.
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Signal transduction cascades like the mTOR pathway are typically studied as a linear
and sequential series of molecular events. However, these events are the result of
dynamic and nonlinear physical interactions between the members of the signaling
cascade that form protein complexes. Networks of protein-protein interactions may
respond to stimuli with different intensities to achieve signal specificity. Unique signals
could be differentiated through engaging different protein networks, engaging the same
network with different intensities, or some combination of those mechanisms.
Dysregulating a protein network’s response during signaling may contribute to adverse
physiological outcomes. Elucidating the mechanics of signaling through protein
interaction networks is a crucial part for understanding the underlying mechanics of

neuronal signaling and neurological disorders.

Previous work has demonstrated that the synaptic protein interaction network has a bi-
directional response during homeostatic scaling that is disrupted by Shank3 mutant
mice (Heavner et al., 2021). However, the behavior of the mTOR interaction network
during homeostatic scaling remains opaque. Here, we characterize how the mTOR
protein interaction network (PIN) responds to homeostatic scaling events and how that
response is disrupted by the loss of Shank3. We find that synaptic scaling activates
three mTOR modules: a translation-associated module and two signaling-associated
modules. The translation-associated module is similarly active during both up and
down-scaling, while the signaling-associated modules are unique to down-scaling. We
also observe that untreated Shank3-deficient neurons exhibit protein module patterns
that resemble the wildtype modules undergoing scaling. The translation-associated

module in Shank3-deficient neurons is also overactive during scaling. Shank3-deficient
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neurons also display an enhanced response during treatment with the mTOR inhibitor
Rapalink-1. These results indicate that the loss of Shank3 warps the response range of

the signaling through the mTOR protein interaction network.

RESULTS

Up- and downscaling act on different combinations of mMTOR interaction modules

We treated primary neuron cultures from wildtype mice with TTX (2 uM) to induce
upscaling, BIC (40 uM) to induce downscaling, or DMSO as a control for either twelve or
forty-eight hours. Phospho-western blots were performed against a variety of mTOR
pathway targets to observe the effect of scaling on the phosphorylation state of the
signaling cascade (Figure 2.1A). AKT phosphorylation was reduced by TTX treatment
and unaffected by BIC treatment after twelve hours. However, after forty-eight hours,
BIC-treated neurons displayed an increase in AKT phosphorylation while TTX treated
neurons were not significantly different from DMSO treated neurons. RPS6
phosphorylation was increased by treatment with BIC and decreased with TTX
treatment after either twelve or forty-eight hours of treatment. P70S6K1 phosphorylation
was only significantly affected by BIC treatment after forty-eight hours. mTOR
phosphorylation was reduced by TTX treatment after either twelve or forty-eight hours.

4EBP1 was not affected by either TTX or BIC treatment.

We used Quantitative Multiplex Immunoprecipitation (QMI) to analyze changes in the
MTOR PIN due to homeostatic scaling. QMI is an antibody-based assay that measures
changes in PINs through simultaneous immunoprecipitation of multiple protein targets

on flow cytometry beads. Fluorescently labeled “probe” antibodies that bind different
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epitopes on target protein are applied, followed by analysis with flow cytometry. The
median fluorescent intensity (MFI) of IP_Probe pairs quantify the magnitude of the
interaction between the IP antibody target and probe antibody target. The simultaneous
measurement of binary interactions allows the use of network level statistical
approaches like weighted gene correlated network analysis (CNA) to model the
behavior of sets of interactions and identify groups of protein interactions that correlate

to experimental variables (Langfelder and Horvath 2008).

We first evaluated PIN differences between TTX, BIC, and DMSO treated neurons
using principal component analysis (PCA) (Figure 2.1C). PCA analysis indicated that
the mTOR PINs of DMSO and TTX treated neurons are more alike than the BIC PIN.
Additionally, the difference in the mTOR PIN due to BIC treatment peaked after forty-
eight hours of treatment. CNA identified three clusters, hereafter referred to as modules,
of protein interactions whose behavior is correlated with different traits of interest
(Figure 2.1D). The yellow module was most significantly and negatively correlated with
BIC treatment regardless of timepoint (correlation coefficient = -0.45, p = 0.001). The
blue module was most significantly correlated with any treatment, indicating that the
interactions are uniformly effected after either TTX or BIC treatment compared to DMSO
(correlation coefficient = 0.62, p = 3*10). The turquoise module, like the yellow module,
was most significantly and negatively correlated with BIC treatment regardless of

timepoint (correlation coefficient = -0.79, p = 4*101%).

We used adaptive, nonparametric statistical test corrected for multiple comparisons
(ANC) to ensure that only high-confidence interactions are reported. Interactions that

were identified as significant by both ANC and CNA were considered high confidence.
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These interactions were visualized as a row-normalized heatmap (Figure 2.1E) and

organized by their module membership.

Interactions in the blue module are comprised mostly of EIF4E/EIF4G related
interactions and responded to both TTX and BIC treatment, with their maximum
response occurring after forty-eight hours of treatment. EIF4AE and EIF4G are proteins
crucial to the formation of the ribosome around RNA and the initiation of translation. We
took the average row-normalized values for interactions in a module to describe its
behavior. The mean scaled value for all interactions in the blue ‘translation related’
module indicates that both up and down scaling produced a similar change in the
translation related proteins that are downstream of mTOR signaling (Figure 2.1F). The
turquoise module, comprised of many mTORC1 and mTORC2 related interactions,
specifically responded to BIC treatment at either timepoint. The module was reduced
relative to DMSO after BIC treatment and did not change in response to TTX treatment
Figure (1G). The yellow module is comprised of an eclectic mix of intermediary
interactions, though they are mostly TSC1 and FMRP related. This FMRP-TSC1
module is significantly reduced after BIC treatment. TTX treatment caused yellow
module interactions to trend downward after twelve hours of treatment, but these

interactions move back toward baseline after forty-eight hours (Figure 2.1H).

We expected that the response of the mTOR PIN would be bidirectional in a manner
that is like observations made in the synaptic interaction network and to patterns
observed in RPS6 phosphorylation (Heavner et al., 2021) (Figure 2.1A). The behavior of
the mTOR interaction modules may reflect a mechanism of signal specificity that differs

from the synaptic protein network. The behavior of the blue translation module may be
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reflective of the fact that both up and downscaling are translation dependent. The
similarity of the module behavior after either treatment could be broadly indicative of this
shared feature. The turquoise mTORC1/2 module is unique to BIC treatment and is not
significantly affected by TTX treatment. This is unexpected as it is not reflective of the
phosphor-western blot data. The yellow FMRP-TSC1 module is similar to the turquoise
module with subtle differences in the time course, where TTX treatment trends
downward at twelve hours before returning to baseline. These results indicate
homeostatic scaling events will recruit different combinations of mTOR interaction
modules depending on the direction of scaling. Both up and down-scaling may share
modules that indicate a shared feature, but the total module combination will

differentiate the direction of scaling.

The loss of Shank3 disrupts the response range of the mTOR PIN during

homeostatic scaling.

We aimed to observe whether the loss of Shank3 disrupts signaling through the mTOR
protein interaction network during homeostatic scaling. Previous research indicated that
Shank3 deficient neurons synaptic PIN behaved as if they were ‘pre-scaled’ (Heavner et
al., 2021). We sought to determine if this could be observed in the mTOR protein
interaction network. We treated primary cortical cultures from wildtype and Shank3-

deficient mice with TTX and BIC for forty-eight hours to induce homeostatic scaling.

Phospho-western blots of RPS6 indicate that the loss of Shank3 may dysregulate the
response of the mTOR cascade, as S6 phosphorylation merely trends upward due to
BIC treatment instead of being significantly different (Figure 2.2A-B). We performed

QMI analysis on cultured cortical neurons after BIC/TTX treatment for forty-eight hours
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as described in Figure 2.2.1. PCA analysis indicates that wildtype neurons clustered
based on treatment (Figure 2.2C). However, mutant neurons did not separate to the
same degree that wildtype neurons did and are closer to BIC-treated wildtype group
along dimension 1. We would expect this if the mTOR PIN is pre-scaled in Shank3

deficient neurons.

CNA analysis identified three interaction modules correlated with traits of interest. The
blue module, like in the previous figure, is comprised of translation related protein
interactions, and is correlated with treatment (correlation coefficient = -0.43, p = 0.004)
and genotype (correlation coefficient = -0.39, p = 0.01). This indicates that the
interactions in the blue module responded to both TTX and BIC treatment. However,
blue module interactions fromShank3-deficient neurons were decreased relative to their
wildtype counterparts. The turquoise module is made of mMTORC1/2 interactions and is
negatively correlated with our hypothesis of ‘pre-scaling’ (correlation coefficient = -0.71,
p = 1*107). The interactions in the turquoise module from untreated mutant neurons
behaved like interactions from wildtype neurons treated with BIC but have an overactive
response to BIC treatment themselves. Additionally, turquoise module interactions from
Shank3 deficient neurons displayed a greater response to BIC treatment than wildtype.
The brown interaction module is most correlated with BIC treatment (correlation
coefficient = -0.49, p = 9*10%) and responds to BIC treatment regardless of genotype.
Visualization of the ANCxCNA significant interactions for all three modules were
visualized as a row-normalized heatmap (Figure 2.2E) and organized by their module

membership.
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The previously observed blue translation related module comprised of interactions such
as EIF4AG_FMRP and EIF4G_EIF4E was recapitulated in this experiment. Quantification
of the mean scale value indicates that treatment with BIC and TTX produced
dissociations in the wildtype interactions as they had in the previous experiment.
However, interactions from Shank3-deficient neurons were more severely decreased in

all conditions relative to their wildtype counterparts (Figure 2.2F).

Additionally, we performed a puromycin incorporation assay and a proteasome activity
assay. Acute slices from the prefrontal cortex of P21-P23 wildtype and Shank3B
knockout mice were used to assess protein synthesis and degradation (Figure S1).
Shank3 knockout slices did not display difference in puromycin incorporation, indicating
that protein synthesis was normal in the Shank3 knockout mice (Figure S1A). Shank3
deficient neurons displayed a tendency toward increased protein degradation, but the

difference was not statistically significant.

The turquoise module, made up of mMTORC1/2 signaling interactions, was also
recapitulated in this experiment. Turquoise module interactions were pre-emptively
decreased in the Shank3-deficient DMSO treated neurons (Figure 2.2G). Like in the
previous experiment, the turquoise module responded specifically to BIC treatment in
wildtype neurons. However, unlike the blue module, the turquoise module response
from Shank3 deficient neurons did not exceed the wildtype response (Figure 2.2G). This
indicates that the loss of Shank3 may cause dysregulation in mTOR cascades’

response range instead of simply pre-activation.

The brown module contains a variety of intermediary interactions that include

GSK3B_TSC1 and FMRP_Rictor; and is reminiscent of the previous experiment’s
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yellow module. In wildtype neurons, these interactions responded specifically to BIC
treatment. However, interactions from the brown module did not respond in Shank-
deficient neurons (Figure 2.2H). We have observed that the loss of Shank3
dysregulates signaling through the mTOR PIN. However, the three mTOR modules that
respond to homeostatic scaling are dysregulated in different ways. While all three
modules are pre-emptively dissociated at baseline in Shank3 deficient neurons, their
responses to scaling are not equally dysregulated. The blue module is hyperactive, the
turquoise module is at wildtype levels, and brown module does not respond to
homeostatic scaling in mutant neurons. The mTOR signaling networks range of

response is dysregulated asymmetrically by the loss of Shank3.
The effect of NV5138 and Rapalink treatment on Shank3-deficient neurons

Next, we aimed to characterize how the mTOR network responds to targeted
stimulation and inhibition of MTOR in Shank3 deficient neurons. We attempted to
stimulate cultured cortical neurons with a brain specific mMTORCL1 activator NV5138, a
small molecule activator derived from the amino acid leucine. We also inhibited mTOR
signaling in cultured neurons with the third generation Rapalink-1. Western blot analysis
of AKT and S6 indicates that treatment with NV5138 did not produce robust stimulation
of mTOR signaling while Rapalink-1 treatment did inhibit the mTOR cascade (Figure
2.3A). Phospho-AKT was not significantly changed by NV5138 treatment. As expected,
Rapalink treatment did not affect levels of AKT phosphorylation (Figure 2.3B). NV5138
treatment did not affect S6 phosphorylation in either wildtype or Shank3 deficient
neurons. Rapalink-1 treatment did significantly inhibit pS6 in mutant neurons, but only

trended towards inhibition in wildtype neurons (Figure 2.3C). We then performed QMI
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analysis on wildtype and Shank3 deficient neurons with Rapalink and NV5138 treated
neurons. PCA analysis indicates that only Rapalink treated neurons separate from the
samples. Additionally, wildtype and mutant neurons treated with Rapalink show some

amount of separation (Figure 2.3D).

CNA analysis revealed two modules (Figure 2.3E). The brown module was most
significantly and negatively correlated with Rapalink treatment (correlation coefficient = -
0.88, p = 2*108). The interactions associated with the brown module were decreased in
Rapalink treated neurons relative to those treated with NV5138 and DMSO. The
turguoise module was most significantly and positively correlated with Rapalink
treatment (correlation coefficient = 0.61, p = 0.002), indicating that turquoise associated
interactions increased in response to Rapalink treatment. The heatmap that visualizes
brown module interactions significant by both ANC and CNA analysis indicates that
while Shank3 deficient neurons respond similarly to wildtype neurons, the response to
Rapalink is significantly more severe in mutant neurons (Figure 2.3G). Interactions
within the brown module are predominantly made up of mTOR complex associated
proteins. The turquoise module is comprised of a variety of proteins involved in the
MTORC1/2, TSCs, and EIF4 complexes. Rapalink treatment caused an increase in
these interactions in both modules relative to DMSO and NV5138 treated neurons
(Figure 2.3H). Shank3 deficient neurons displayed an attenuated response to inhibition
with Rapalink (Figure 2.3H). Shank3 deficient neurons have a dysregulated response
range during inhibition with Rapalink like the dysregulated response range observed

during homeostatic scaling.
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Discussion:

We sought to characterize how the mTOR protein interaction network responds to
neuronal signaling events and how that process is disrupted by the loss of Shank3.
Previous research documenting the behavior of mMTOR network used a serum starvation
+refeed method to induce signaling in mouse embryonic fibroblasts. The mTOR PIN
was found to respond as a whole module of interactions that could be broken up into

discreet modules by pathway inhibitors (Wehle et al., 2023).

Here, we find that the mTOR network in neurons differentiates stimuli through the
recruitment of unique combinations of modules. Initial experiments characterizing
synaptic scaling at different timepoints in wildtype neurons indicate that there are two
major modules of interactions that respond to scaling. The ‘blue’ module was found to
be comprised of protein interactions whose members are involved with RNA translation,
such as EIF4G_EIF4E. The involvement of such proteins could be indicative of changes
in translation that occur during homeostatic scaling. Interestingly, we did not observe
any bi-directional trends in any interaction module. We expected that up- and down-
scaling would illicit reciprocal changes in affected modules, but we did not observe this.
In the case of the blue translation module, BIC treatment was differentiated from TTX by
the timepoints affected. BIC treatment significantly differed from control treatment at
both 12 and 48 hours, while TTX only differed at 48 hours. At that 48-hour timepoint,
both BIC and TTX treatment produce similar changes in blue module interactions.
Additionally, BIC treatment’s effect on the module peaked at 48 hours rather than 12

hours. These kinetic differences between up and down scaling could be representative
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of the nuanced differences between up and down-scaling. However, the data suggests

that up- and down-scaling act upon a shared translation module.

The fact that this module is shared by both up and down scaling is not entirely
unexpected and is reflective of trends in protein synthesis observed in previous work.
Both up- and down-scaling require intact translation (Schanzenbacher et al., 2016).
BONCAT analysis of neurons treated with TTX or BIC revealed that neither treatment
induced a global bidirectional change in protein regulation, but instead induced up or
down regulation of specific sets of proteins. Additionally, the fraction of uniquely
regulated proteins was enhanced at twenty-four hours of treatment, indicating a long
time-course is required to achieve peak activity (Schanzenbacher et al 2018). This
pattern of behavior is in accord with our observations of the translation module’s kinetics
and lack of specificity. The translation module is not unique to either up- or down-
scaling and reaches peak activation at 48 hours of treatment (Figure 2.1F). This
observation is to be expected based on previous research. . SILAC labeling mass
spectrometry experiments after twenty-four hours of TTX/BIC treatment revealed that
the largest groups of proteins were regulated by decreased synthesis in both up- and
down-scaled neurons (Dorrbaum et al 2020). This is in line with the observation that
TTX and BIC treatment induced dissociations in the protein-protein interactions that
facilitate translation initiation, such as EIF4G_EIF4E. So, the similarity between TTX
and BIC treatments’ module effect is most likely because both up- and down-scaling
decrease protein synthesis, which would entail the protein-protein interactions in the

translation module to dissociate.
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In contrast, the ‘turquoise’ module is composed mostly of interactions involved with
MTORC1/mTORC2 and other central mMTOR signaling regulators such as TSC1/2. This
module was unique to BIC treatment regardless of treatment time (Figure 2.1G).
Similarly, the yellow module is unique to BIC treatment and was comprised of a mix of
regulatory interactions, including those involving FMRP and TSCL1. The specificity of the
turquoise and yellow modules may be representative of signaling mechanisms that
differentiate between up- and down-scaling. While both up- and down-scaling share
common modulation and signaling changes through pathways such as the
CaMKK/CaMKIV pathways, other signaling elements like brain-derived neurotrophic
factor (BDNF), Arc, and PSD95 that are essential for up-scaling are dispensable for
down-scaling (Turrigiano 2012). Characterization of the phospho-proteome during
homeostatic scaling with liquid chromatography-tandem mass spectrometry revealed
reciprocal changes in phosphorylation events when comparing up- and down- scaling.
However, phospho-events that were specific to up- and down-scaling were identified
(Desch et al 2021). This indicates that up- and down- scaling may recruit signaling

pathways unique to the direction of scaling.

Homeostatic scaling and chemical LTP are both dependent on mTOR signaling but
have been shown to regulate mMTORCL1 through different mechanisms. Homeostatic up-
scaling through AMPA receptor blockade induces phospholipase D (PLD) dependent
synthesis of phosphatidic acid while cLTP does not. PLD inhibition or disruption of
PA(phosphatidic acid)_ mTOR interactions eliminates mTORCL1 activity and presynaptic
compensation induced by AMPAR blockade. However, mTORC1 activation and cLTP

driven synaptic changes are not altered by either PLD inhibition or PA_mTOR
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interaction disruption (Henry et al., 2018). Multiple types of neuronal plasticity converge
on similar sets of signaling pathways like the mTOR cascade, but they can be
differentiated by activating different pathways or engaging convergent pathways in

alternative ways.

Our observations seem to reveal an example of alternative activation of a convergent
pathway. Rather than homeostatic scaling directionality being differentiated by the
bidirectional changes in protein interactions, as observed in the synaptic interaction
network (Heavner et al., 2021), the mTOR network seems to distinguish scaling events
by the combination and intensity of module activation. Downscaling is specified by the
activation of the blue, turquoise, and yellow modules. Upscaling is specified by blue
module activation and a lack of activation in the turquoise and yellow module. While
both directions of scaling converge on the translation module, they are differentiated by
alternative mTOR signaling. This is indicated by the engagement of protein modules
unique to downscaling. To better understand homeostatic scaling and synaptic
plasticity, future research must work to characterize which signaling pathways are truly
convergent, unique to plasticity types, and feature alternative patterns of signal

transduction.

After characterizing how the mTOR signaling pathway responds to homeostatic scaling
in a neurotypical model, we wanted to determine how the loss of Shank3 affects such
signaling. Previous research into Shank3-deficient signaling using QMI revealed that the
loss of Shank3 causes the synaptic PIN to form a ‘pre-scaled’ state, meaning that the

untreated Shank3 mutant PINs were in a confirmation that resembled the scaled
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wildtype PIN (Heavner et al., 2021). We then hypothesized that this ‘pre-scaled’ feature

would be present in the mTOR network during scaling events.

The ‘blue’ translation module appears in this experimental set and is shared by both BIC
and TTX treatment as it was in the previous experiment. However, Shank3-deficient-
DMSO control neurons displayed a blue module PIN that was significantly decreased
when compared to wildtype (Figure 2F). In addition, mutant neurons displayed a
significantly more severe protein network response during BIC and TTX treatment
compared to wildtype. Interactions in the ‘turquoise’ mTORC1/2 module also displayed
this genotype driven effect. Like in the previous experiment, the turquoise module was
specific to BIC treatment. The median scaled value for the turquoise module of Shank3
deficient neurons treated with DMSO was significantly lower relative to wildtype
neurons. However, BIC treatment did not elicit module behavior in mutant neurons that
was significantly different than wildtype neurons. Unexpectedly, TTX treatment did not
rescue deficits in the module driven by the loss of Shank3. The turquoise mTORC1/2
signaling module remained unresponsive to TTX treatment in Shank3-deficient neurons.
Like the yellow module in the previous experiment, the brown module was BIC specific
and comprised of a mix of intermediary interactions. However, this module was

unresponsive to homeostatic scaling in Shank3 deficient neurons.

This indicates that the loss of Shank3 causes asymmetrical dysregulation of signaling
through the protein interaction network. The behavior of the mTOR network does
resemble patterns one may expect of a pre-scaling hypothesis and CNA analysis
confirmed this (Figure 2D). This pre-scaling behavior did not manifest in the three

modules equally. In the blue module, mutant neurons were pre-scaled before treatment
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and their response exceeded the wildtype during treatment. The whole response range
of the blue translational module was shifted toward a pre-scaled state with a higher
ceiling. The functional implication of this observation in the translation module may be

indicative of dysregulated translation.

There are conflicting reports regarding protein synthesis deficits in the Shank3 mouse
model. One group looked for protein synthesis deficits in striatal slices from 4-week-old
Shank3Ae4-22 deficient mice with puromycin incorporation but did not observe
differences in protein synthesis (Lee et al., 2019). Another group used the L-[1-14C]
leucine quantitative autoradiographic method to measure rates of cerebral protein
synthesis (rCPS) in Shank3Ae4-9 deficient adult mice and found every brain region
examined exhibited increased protein synthesis (Torossian et al 2021). The
contradictions in reported protein synthesis deficits could be explained by key
differences between the reported experiments. The group that reported increased
protein synthesis used adult mice while experiments using juvenile mice did not observe
protein synthesis deficits. The pathology of Shank3 deficiency changes over
development. Analysis of Shank3AC dependent deficits in behavior, neurotransmission,
and spine morphology at 10-, 20-, and 40-weeks old reveal age dependent alterations in
observed deficits over development (Thabault et al., 2023). Furthermore, Shank3B
deficient pups (P5) display reduced mRNA expression levels for key neuronal markers
in the frontal cortex, but by adulthood the expression of many markers is either
normalized or overexpressed (Bukatova et al., 2021). One reason that we may not have
observed deficits in protein synthesis or degradation is due to the age of the mice.

Future work ought to analyze the developmental trajectory of Shank3-mutant pathology.
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It has been reported that the loss of Shank3 causes hypoactive mTOR signaling
(Bidinosti et al 2016; Mossa et al 2020). However, Shank3 overexpression also causes
hypoactivation of the mTOR cascade (Lee et al 2017). We fail to observe any deficits in
S6 phosphorylation (Figure 2.2A-B). We do observe mTOR PIN deficits, but they are
not necessarily associated with hypoactivation. The manner that Shank3 modulates
signaling does not appear to be linear, which may explain why the deficits we observe in
the mTOR PIN do not conform to hypoactivity and why hypoactivity has been observed

in cases of Shank3 deficiency and overexpression.

Shank3 deficiency affects the modules of the mTOR PIN in an asymmetrical manner.
We summarize this asymmetrical dysregulation in Figure 2.4. We portray the blue and
turquoise interaction modules as units that begin at point O at baseline and move
positions during treatment. Shank3-deficiency appears to dysregulate this process in
different ways. In the case of the translation module, the module starts at position 1 and
moves to position 4 instead of position 3 creating a shifted response range. However, in
the mTORC1/2 interactions, the Shank3 knockout module begins at 1 but still ends at
position 3, creating a contracted response range. The mechanism that produces these
differing effects of the modules is unclear, but we can speculate based on Shank3’s

known roles in signaling.

Shank3 is an important scaffolding protein for the post-synaptic density, regulating the
arrangement of its receptors and consequently their downstream signaling cascades
(Scheefhals and MacGillavry 2018). other signaling cascades may be dysregulated by
the loss of Shank3. The loss of Shank3 disrupts the mGLUR5_HOMER interaction,

which impairs ERK and mTOR signaling (Moutin et al., 2021). The ERK and mTOR
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pathway are parallel signaling pathways that regulate each other’s activity. Our previous
work determined that the inhibition of ERK signaling induces inhibitory effects on the
MTOR PIN that can meet and exceed inhibition with Rapamycin (Wehle et al 2023). It is
possible that the uneven application of signaling deficits through the mTOR network
may be influenced by parallel signaling pathways being differentially affected. Future
research should seek to better understand how Shank3 regulates other signaling
cascades and to disentangle how such Shank3 related signaling deficits compound on

each other.

We aimed to determine whether stimulation or inhibition would normalize signaling
deficits in Shank3-deficient neurons. We expected NV5138 treatment would induce a
normalizing effect on the mTOR PIN, as mTOR activators like IGF-1 have been applied
to attempt treating Phelan-McDermid syndrome (Kolevzon et al 2022). It is likely that
our treatment was not sufficient to produce a significant effect on the mTOR pathway.
The mTOR pathway’s baseline levels of activity may be high enough that NV5138
treatment could not induce detectable changes with our assays. Future experiments

may need to either dampen baseline signaling or give a more severe stimulant.

Shank3 deficiency caused the mTOR PIN to have a more severe response to Rapalink.
The “turquoise” module is comprised of protein involved in mTORC1/2 regulation and
translation regulation. This module of proteins displayed an increase due to Rapalink
treatment in both wildtype and mutant neurons. This was unexpected as these
interactions were decreased after Rapalink treatment in 3T3 mouse embryonic
fibroblasts (Wehle et al, 2023). However, this could be explained by protocol

differences. Our previous work used twelve hours of serum-starvation with an hour of
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Rapalink treatment followed by one hour of fresh media stimulation with Rapalink for an
additional hour. In our current experiments, we simply added Rapalink directly to the
media for three hours based on previous research (Ehinger et al., 2021; Zhang et al.,
2022). Therefore, these experiments are not directly comparable. One reason that
inhibition caused an increase in these interactions may be compensatory signaling

mechanisms.

The loss of Shank3 dysregulated signaling through the turquoise module by displacing
the response range. This contrasts with the dysregulation of the brown module, which
displayed an expanded response range. Like BIC/TTX treatment, Shank3 causes
asymmetrical dysregulation of mTOR modules’ response range during treatment with
Rapalink. Shank3 abnormalities in signaling are not linear nor evenly applied to
signalosome, so potential treatments may need to be carefully titrated to achieve a

desired outcome.

In conclusion, we establish that homeostatic scaling signals through the mTOR protein
network through specific combinations of interaction modules. We show that Shank3-
deficient neurons show asymmetrical disruptions in signaling through the mTOR
cascade during both homeostatic scaling and mTOR inhibition warp the response range
of mMTOR modules. The deficit is reflective of Shank3’s intertwined roles in regulating
the structure of the synapse and in recruiting signaling pathways. Further research into
Shank3’s role in regulating signaling at the synapse through protein-protein interactions

will be insightful into understanding synaptic plasticity and ASD.
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Materials and Methods:
Animals

All work with animals was performed in compliance with the Seattle Children’s Research
Institute Institutional Animal Care and Use Committee under approved protocol no.
00072 and federal guidelines. CD1 and Shank3™2GMd (stock 017688) mice were

originally obtained from The Jackson Laboratory (Bar Harbor, ME).
Genotyping

Crude DNA extract (0.2 ul) (Kapa Biosystems) from ear punch tissue was used for
genotyping the Shank3 allele with the following primers: 5'-
GAGACTGATCAGCGCAGTTG-3', 5-TGACATAATCGCTGGCAAAG-3', and 5'-
GCTATACGAAGT-TATGTCGACTAGG-3' using standard polymerase chain reaction

protocols.
Cortical neuron culture and drug treatment

Primary cortical neuron cultures were prepared as described in previous works
(Heavner et al., 2021). Whole cortex from PO or P1 mouse neonates was dissociated
using papain (Worthington) and plated at a 1*108 cell density per well in six well plates
treated with poly-D-lysine. Cells were cultured in Neurobasal medium supplemented
with 2% B27 and 0.5 mM GlutaMAX (Thermo Fisher Scientific) and kept at 37°, 5% CO:
for 17-21 days. After 3 to 5 days in vitro (DIV), 5-fluoro-2’-deoxyuridine was added to a
final concentration of 5 uM to inhibit glial proliferation. For in vitro homeostatic scaling
experiments, TTX (2 uM) or BIC (40 uM) (Tocris) was added directly to the culture

medium, and cells were cultured as normal and then lysed after either 12 or 48 hours.
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DMSO (0.4%) served as a vehicle control. Prior to mTOR stimulation and inhibition
experiments, cultured neurons were given 680 pL of fresh media [400 pl] and pure
water [280 pl] two days prior to experimentation. NV5138 (Working concentration: 300
MM) or Rapalink (Working concentration:10 nM) was diluted in 500 ul of Neurobasal
medium that lacked any supplements and added directly to the culture medium.
Neurons were cultured as normal and lysed after 3 hours. DMSO was served as a

vehicle control.

Lysate Preparation

After drug treatment, neuron culture medium was removed, cells were washed twice
with ice-cold dPBS, and cells were scraped in cold lysis buffer [150 mM NaCl, 50 mM
Tris (pH 7.4), 1% Digitonin, 10 mM sodium fluoride, 2 mM sodium orthovanadate,
protease inhibitor cocktail (Sigma-Aldrich), and phos-phatase inhibitor cocktail (Sigma-
Aldrich). Lysate was transferred to a centrifuge tube, incubated on ice for fifteen
minutes, and centrifuged at 150009 for fifteen minutes to remove nuclear and cellular
debris. The protein concentration of the supernatant was determined using a Bradford

assay (Pierce).

Western Blotting

Proteins were separated by SDS-polyacrylamide gel electrophoresis and transferred to
a polyvinylidene difluoride membrane. Membranes were blocked in 4-5% milk in TBST
[0.05 M tris (pH 7.2), 0.15 M NacCl, 0.1% Tween 20] for 1 hour at room temperature and
incubated overnight at 4°C or for 1 hour at room temperature. Primary antibodies were

detected using species-specific horseradish peroxidase-conjugated secondary
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antibodies. Blots were developed using Femto Maximum Sensitivity Substrate (Pierce)

and imaged using either a Protein Simple imaging system or Azur Biosystem 600.
Antibodies

The following antibodies for the purpose of western blotting were acquired from Cell
Signaling Technologies: pAKT S473 (Catalog number 4060), PAN-AKT (#2920),
Phospho-p44/42 MAPK (#4370), p44/42 MAPK (#4695), S6 Ribosomal Protein (#2317),
Phospho-S6 Ribosomal Protein (#4858), Phospho-p70S6 Kinase Thr389 (#97596),
p70S6 Kinase (#9202), Phospho-4EBP1 Thr37/46 (#2855), 4EBP1 (#9452). Antibodies
against Beta-Actin were purchased from GeneTex (catalog number 109639). NV5138
(Cat# HY-114384) and Rapalink-1 (Cat# HY-111373) were purchased from MedChem

Express.

Quantitative Multiplex Immunoprecipitation

QMI was performed as described previously (Brown et al., 2019). A master mix
containing each antibody-coupled Luminex bead was prepared and distributed to
lysates normalized for protein concentration. Samples were incubated overnight at 4°C
on a rotator. The following day, samples were washed in cold FlyP buffer [50 mM tris
(pH7.4), 100 mM NacCl, 1% bovine serum albumin, and 0.02% sodium azide] and
distributed into twice as many wells of a 96-well plate as there were probe antibodies for
technical replicates. Biotinylated probe antibodies were added, and the plate was
incubated at 4°C with gentle agitation for one hour. The resulting complexes were
washed three times with FlyP buffer on an automatic plate washer. The samples were

then incubated for thirty minutes with streptavidin-phycoerythrin at 4°C with gentle
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agitation. Samples were washed three times again and resuspended in 120 ul of cold

FlyP buffer and processed with a customized refrigerated Bio-Plex 200.

Adaptive nonparametric analysis with an empirical alpha cutoff (ANC)

Statistically significant differences in bead distributions between conditions for each of
~400 individual interactions, after correcting for multiple comparisons, were identified
using ANC as described in previous work (Brown et al., 2019; Smith et al., 2016). Any
Interaction that was found to be significant by an ANC comparison was considered a

“hit.”

Correlation Network Analysis (CNA)

Modules of Interactions that covaried with experimental conditions were identified using
weighted correlation network analysis (Langfelder and Horvath, 2008) as described in
previous work (Brown et al., 2019; Smith et al., 2016). Bead distributions used in ANC
were collapsed and the median fluorescent intensity (MFI) value was averaged across
technical replicates for input into the WGCNA package for R. Interactions with an MFI
less than 100 were removed as noise, and batch effects were corrected using COMBAT
(Leek et al., 2012). Power values giving the approximation of scale-free topology were
determined using soft thresholding with a power adjacency function, and modules were
determined by the TOM matrix function in WGCNA. Modules whose eigenvectors were
correlated with an experimental trait (P < 0.05) were of interest. Interactions whose
probability of membership in a module of interest was (P < 0.05) were considered “hits”.
Interactions that were “hits” by both ANC and CNA for a given experimental condition

were considered high confidence interactions affected in that condition.
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Hierarchical Clustering and PCA

Post-COMBAT, log2 transformed MFI values were clustered using the hclust function in
R with a correlation distance matrix and average clustering method. Approximately
unbiased (AU) P values were determined using the pvclust package in R. PCA was

performed using the prcomp function in R.
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Figure 2.1: Time-course of the mTOR protein interaction network during

homeostatic scaling. A) Representative western blots showing phospho- and total

AKT, S6, 4EBP1, p70S6K1, and mTOR with actin for a loading control. B) Quantification

of blots shown in A. * indicates significantly different from starved by ANOVA followed

by Bonferroni-correction post-hoc testing, p<0.05. N = 4. C) Principal component graph

of QMI data, N=8. D) Module-trait table showing the correlation coefficient (top humber)

and p-value (bottom number) between the eigenvector of each color-coded module

(colored rectangles on the left) and binary-coded trait labels (“hypotheses”) shown in the
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table below. E) Heatmap of the median scaled values of all significantly altered
interactions. Each box represents a single interaction measurement from a single
biological replicate; columns correspond to a biological replicate while rows correspond
to an interaction (IP_Probe), ordered by the timepoint that the interaction first reached
significance. N =8. Statistical significance calculated by ANC and CNA statistics as
detailed in methods. F-H) Mean scaled value of all interactions in the blue (translation),
turquoise (MTORC1/2 regulation), and yellow (middle signaling) modules which
corresponds to overall module behavior. For F-H, * indicates significantly by ANOVA

followed by Bonferroni-corrected post-hoc testing, p<0.05.
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Figure 2.2: The loss of Shank3 dysregulates signaling through the mTOR protein
interaction network during homeostatic scaling. A) Representative western blots
showing phospho- and total S6 with actin for a loading control. B) Quantification of blots
shown in A. * indicates significantly different from starved by ANOVA followed by
Bonferroni-correction post-hoc testing, p<0.05. N =6. C) Principal component graph of
QMI data, N=7. D) Module-trait table showing the correlation coefficient (top number)
and p-value (bottom number) between the eigenvector of each color-coded module
(colored rectangles on the left) and binary-coded trait labels (“hypotheses”) shown in the

table below. E) Heatmap of the median scaled values of all significantly altered
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interactions. Each box represents a single interaction measurement from a single
biological replicate; columns correspond to a biological replicate while rows correspond
to an interaction (IP_Probe), ordered by the timepoint that the interaction first reached
significance. N =7. Statistical significance calculated by ANC and CNA statistics as
detailed in methods. F-H) Mean scaled value of all interactions in the blue (translation),
turquoise (MTORC1/2 regulation), and brown (mixed signaling) modules which
corresponds to overall module behavior. For F-H, * indicates significantly by ANOVA

followed by Bonferroni-corrected post-hoc testing, p<0.05.
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Figure 2.3: Shank3-deficient neurons have an exaggerated response to Rapalink
inhibition. A) Representative western blots showing phospho- and total AKT and S6
with actin for a loading control. B-C) Quantification of blots shown in A. * indicates
significantly different from starved by ANOVA followed by Bonferroni-correction post-
hoc testing, p<0.05. N =4. D) Principal component graph of QMI data, N=4. E) Module-
trait table showing the correlation coefficient (top number) and p-value (bottom number)
between the eigenvector of each color-coded module (colored rectangles on the left)
and binary-coded trait labels (“hypotheses”) shown in the table below. F) Heatmap of

the median scaled values of all significantly altered interactions. Each box represents a
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single interaction measurement from a single biological replicate; columns correspond
to a biological replicate while rows correspond to an interaction (IP_Probe), ordered by
the timepoint that the interaction first reached significance. N =4. Statistical significance
calculated by ANC and CNA statistics as detailed in methods. G-H) Mean scaled value
of all interactions in the brown (MTOR) and turquoise (translation/mTORC1/2
regulation) modules which corresponds to overall module behavior. For G-H, * indicates

significantly by ANOVA followed by Bonferroni-corrected post-hoc testing, p<0.05.
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Figure 2.4: Asymmetrical Effects of Shank3 deficiency on mTOR module

behavior. A graphical representation of the dysregulated response range of the mTOR
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homeostatic scaling experiments (Figure 2.1 and 2). The color and outline of each circle

represents module membership and genotype respectively. The circles position

represents the state of the interaction module while the arrows represent the new

network state after treatment.
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Figure S2.1: Analysis of the rate of protein synthesis and degradation in Shank3B
knockout mice. A) Western blot analysis and quantification of puromycin incorporation
from acute brain slices from P21-P23 mice. B) Quantification of the rate of proteasome

activity comparing Shank3B knockout compared to wildtype counterparts.

148



Chapter 4:

Future steps in the characterization of mTOR signaling through the protein

interaction network

149



The work described in dissertation has yielded many insights characterizing how
biological signals and synaptic plasticity events are processed through the mTOR
protein interaction network (PIN), and how autism related mutations disrupt that
process. First, we have found that signaling through the mTOR protein interaction
network occurs over longer periods of time than expected. While phosphorylation
events occur within minutes of the mTOR pathway activating, robust changes to the
protein interaction network take place over at least one hour. This long time-course was
also observed during homeostatic scaling events, as the mTOR PINs response during
scaling peaked at forty-eight hours rather than twelve. The mTOR PIN’s slow kinetics
were unexpected, as the glutamatergic and T-cell receptor protein interaction network

responded over the course of minutes (Lautz et al., 2018; Smith et al., 2016).

Additionally, we found that various inhibitors of the mTOR pathway act on different
combinations of the mTOR protein modules. Inhibition at different parts of the mTOR
cascade acted on different sets of modules in a way that was not linearly related. For
example, inhibition of PI3K did not also inhibit the modules that were affected by mTOR
inhibition. One would not expect this as mMTOR is downstream of PI3K and indicates that
MTOR signaling through protein interaction networks is non-linear. This is further
exemplified by the observation that ERK inhibition induced effects on the mTOR

cascade that were comparable to direct mTOR inhibition.

Unexpectedly and contrary to observations made in the glutamatergic synapse, we
found that the mTOR PIN does not respond to homeostatic scaling bidirectionally.

Instead, we found that the direction of scaling can be differentiated by which
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combination of modules are affected. Additionally, we were able to observe that the
MTOR PIN of Shank3-deficient neurons was pre-scaled as hypothesized. However, we
also found the response of the mTOR PIN was also warped, with some interaction
modules displaying an exaggerated response during scaling and others just being pre-
scaled at baseline. This indicated that the loss of Shank3 produces more complicated

effects on mTOR signaling during synaptic scaling that previously expected.

There are many lines of inquiry that future research ought to undertake to better
understand mTOR signaling and its role in synaptic events. However, the path that
takes precedence concerns completing the characterization of mMTOR protein network
signaling during homeostatic scaling. While several insights were made in the
experiments described in the third chapter, many important questions ought to be
addressed. First, the functional relevance of the observations made during our

Quantitative Multiplex Immunoprecipitation (QMI) experiments must be determined.

We have observed that the mTOR protein interaction network’s behavior appears ‘pre-
scaled’ in mutant Shank3 neurons. Specifically, we observed that Shank3-deficient
neurons’ baseline state resembles a downscaled network in neurotypical neurons, but
mutant neurons still responded to BIC and TTX treatment. Additionally, some protein
interaction modules displayed an exaggerated response despite being ‘pre-scaled.’
Shank3 deficient neurons also displayed an irregular response to mTOR inhibition with
Rapalink. While these observations indicate that mTOR signaling during homeostatic
scaling is dysfunctional in Shank3-deficient neurons, we are missing experimental

observations that link mTOR network and synaptic deficiencies together.

151



Quantifying GIuA1l surface expression during homeostatic scaling in Shank3

knockout neurons

One method to make a mechanistic connection between mTOR signaling deficits and
synaptic deficits would be to use immunocytochemistry to quantify surface level GIuAl
expression during homeostatic scaling. Such experiments have been performed in
previous work by former laboratory members to validate the method of inducing
homeostatic scaling (Heavner et al., 2021). Additionally, Shank3 mutant mice have
demonstrated deficiencies in AMPA receptor expression during upscaling (Tatavarty et
al., 2020). Rapamycin treatment also prevents synaptic signaling changes during
homeostatic scaling (Sun et al., 2013). The immediately obvious experiment would be to
guantify AMPA receptor expression in wildtype and Shank3 deficient neurons after
homeostatic scaling. Additionally, we propose to observe the effect of Rapalink
treatment during homeostatic scaling on both surface level AMPA receptor expression

and the mTOR protein interaction network (PIN).

We propose the following experimental design. We will use immunohistochemistry and
QMI to observe the relationship between scaling dependent changes in the mTOR PIN
and AMPA receptor expression. Primary cultures of wildtype and Shank3-mutant mouse
cortical neurons will be prepared as described in previous work in 6-well plates and on
coverslips within 24-well plates. After 17 to 21 days in vitro, cortical neurons from the 6-
well plates will be sorted into different treatment conditions for QMI analysis. Wildtype or
Shank3B mutant cortical neurons from either genotype will be treated with TTX (2 uM),

BIC (40 uM), or DMSO (0.4%) for 48 hours. Additionally, a different set of neurons will
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be given Rapalink (10 nM) along with TTX, BIC, or DMSO treatment for a total of twelve

conditions.

After treatment, the neurons in the 6-well plates will be lysed and analyzed with QMI.
Concurrently, wildtype and mutant neurons on coverslips will be treated using the
experimental conditions described above to quantify surface GIuA1 expression. After 48
hours of treatment, a GluAl antibody will be added to each culture for 20 minutes.
Afterwards, each coverslip will be fixed and mounted as previously described (Heavner

et al., 2021).

The aim of these concurrent experiments is to observe the relationship between scaling
dependent changes in the mTOR protein network and AMPA receptor expression.
Additionally, we aim to observe how Rapalink treatment interferes with both AMPA
receptor expression and signaling through the mTOR protein network during
homeostatic scaling. Regarding the QMI experiments, we expect to first recapitulate
earlier results that showed mTOR signaling deficits in Shank3 mutant neurons during
homeostatic scaling. Additionally, we expect that Rapalink treatment will prevent
wildtype neurons from responding to either TTX or BIC. Specifically, we expect that
profile of the mTOR network will reflect mTOR inhibition regardless of TTX or BIC
treatment in wildtype neurons. In mutant neurons, we expect that the exaggerated
response observed during homeostatic scaling will be dampened by Rapalink treatment,

and the network profile will more strongly resemble the wildtype.

Regarding the immunocytochemistry experiments, we expect to recapitulate previous
experimental observations. Surface level AMPA expression should increase and

decrease following TTX and BIC treatment respectively in wildtype neurons. We also
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hypothesize that Rapalink treatment in wildtype neurons will prevent either TTX or BIC
treatment to induce changes in AMPA receptor expression, based on previous research
(Sun et al., 2012). In Shank3 deficient neurons, we expect that TTX will fail to induce
changes in AMPA expression as this has been observed previously (Tatarvaty et al.,
2020). During BIC treatment, we hypothesize that AMPA expression should still
decrease in mutant neurons. This is because the response to BIC treatment in the
MTOR signaling network of mutant neurons is dysregulated but intact. We also expect
that Rapalink treatment will reduce if not outright prevent scaling dependent changes in

Shank3 deficient neurons.

Measuring Shank3 driven electrophysiological deficits and the effect of Rapalink

treatment

An alternative method to provide a mechanistic insight into the relationship between
MTOR signaling and synaptic scaling would be to perform electrophysiological
experiments. The experimental design would utilize the same conditions outlined above
and would be performed as they have been in our laboratory’s previous work (Heavner
et al., 2021). In wildtype neurons, we would expect that the TTX treatment would
increase EPSC amplitude and frequency while BIC treatment would induce a decrease
in amplitude and frequency. Rapalink treatment should abolish scaling in wildtype
neurons, preventing changes in EPSC amplitude and frequency. In mutant neurons, we
would expect TTX treatment to fail to induce electrophysiological changes. BIC
treatment is expected to still induce a decrease in the response of mutant neurons. As
previously stated, Rapalink treatment should prevent upscaling in mutant neurons and

blunt the downscaling response.
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These experiments would serve to directly connect observations in Shank3 deficient
neurons’ mTOR protein network with the outcome at the synapse. If we observe that
inhibition of MTOR directly affects synaptic structure/signaling along with the mTOR
protein interaction network, we can more confidently state that the mTOR protein
network reflects and mediates synaptic scaling events. Additionally, we could provide a
more potent link between Shank3 related deficits in both mTOR signaling and synaptic
scaling to one another. These experiments would allow a much stronger conclusion to

the observations made in the third chapter.

Identifying convergent ASD models through analysis of the mTOR protein

interaction network

Future research ought to analyze a variety of ASD mouse models using the mTOR QMI
assay. Development for the mTOR antibody panel was inspired by observations made
using the glutamatergic synapse QMI panel. Previous researchers in the Smith lab
analyzed seven different models of ASD using the glutamatergic synapse panel. These
models included Shank3B, Shank3Aex4-9, Ube3a?T¢, TSC2, FMR1, CNTNAP2, and
the E12.5 VPA (maternal valproic acid injection on day 12.5 post-conception). Analysis
of each models’ synaptic protein network with hierarchical clustering on principal
component (HCPC) analysis revealed that the TSC2, Ube3a?"¢, and the VPA model
clustered together. While the TSC2 and VPA models had previously described mTOR
signaling deficits, such signaling deficits had not been implicated in the Ube3a model at
the time. However, subsequent western blot experiments revealed a significant
reduction in AKT phosphorylation in Ube3a?<¢ neurons. This result indicated that

different models of autism could be categorized by patterns in their protein interaction
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network and these patterns might reflect core molecular deficits shared amongst ASD

models.

ASD is a heterogeneous neurodevelopmental disorder and variation exists in nearly all
symptom domains that the disorder encompasses. This variation is a substantial barrier
in creating a comprehensive, mechanistic understanding of ASD as well as in the
identification of biomarkers. One solution to this challenge is to attempt to identify sub-
groups of autism based on a convergent phenotype. For instance, neuroimaging has
been used to characterize ASD related deficits in brain structure and function with the
aim of identifying common trends that indicate subtypes (Hong et al., 2020). The most
prominent efforts in subtyping ASD have been the use of genomics and transcriptomics
to identify functional molecular nodes that subtypes of ASD converge upon. For
example, analysis of gene expression differences between ASD and neurotypical brains
revealed discrete modules of ASD related genes: one module was enriched in neuronal
genes previously related to ASD while another module was enriched for immune and
glial genes (Voineagu et al., 2011). Genomic analysis of rare risk variants has identified
multiple points and layers of convergence. These points can include developmental
time, cell type, biological pathway, and protein-protein interaction networks (Bicks and
Geschwind 2024). We hypothesized that the mTOR signaling cascade is a point of
molecular convergence for ASD. Deficits in mTOR signaling have been identified in a
variety of models of ASD, various components of mTOR signaling are ASD risk genes,

and mTOR signaling is crucial for neuronal signaling events that are implicated in ASD.

The broad aim of this proposed project would be to determine if models of autism

cluster together based on patterns in the mTOR protein interaction network. Such an
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observation would indicate whether the mTOR cascade is a convergent signaling node
and different forms of ASD can be understood based on how each subtype affects
MTOR signaling. Additionally, we may also identify deficits in ASD models not
previously described based on possible deficits in the mTOR network, like how mTOR
deficits were uncovered in the Ube3a?"® based on how the ASD model’s glutamatergic

network clustered.

To better understand how different subtypes of ASD may cluster, we propose to analyze
different models of ASD with various relevance to mTOR signaling. The most obvious
candidates for analysis are ASD models whose genes are directly involved in mTOR
signaling. These mTOR-affected models would include FMR1, PTEN, and TSC models.
The fragile X messenger ribonucleoprotein 1 (FMR1) gene encodes the protein FMRP
and mutations in the CGG repeats induce methylation of the FMR1 promoters and the
subsequent silencing of the FMR1 gene. This underlies Fragile X syndrome, an
intellectual disability and one of the most common causes of syndromic ASD. FMRP is
a regulator of translation that is downstream of mTOR signaling. mTOR signaling is also
dysregulated in FMR1 deficient mice (Sharma et al., 2010). Tuberous sclerosis complex
(TSC) is genetic disorder caused by mutations in either the TSC1 or TSC2 genes,
whose protein products form a complex that inhibits mTORC1 activity. Like fragile X
syndrome, it is a neurodevelopmental disorder that is a common cause of syndromic
ASD (Mitchel et al., 2022). PTEN is an inhibitor of the mTOR pathway that
dephosphorylates PIP3, resulting in inhibition of AKT and subsequently mTOR. PTEN
has also been identified as a significant ASD risk gene (Satterstrom et al., 2020).

Additionally, all four protein targets for each model are included on the current mTOR
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antibody panel. These three models of autism are ideal to analyze with the mTOR panel
as it is highly likely that they will display deficits in signaling through the mTOR protein
interaction network. These three models will also serve as a point of comparison with

other ASD models.

The next set of candidates include the SynGAP, Homerl, and Ube3a®T® models of
ASD. These three models of ASD, though not directly part of the canonical mMTOR
cascade, have all demonstrated mTOR signaling deficits and we hypothesize that they
are likely to display deficits in the mTOR protein interaction network. SynGAP is an
abundant synaptic protein that plays many crucial roles in synaptic functions and has
been identified as a strong ASD candidate gene (Hamdan et al., 2011; Satterstorm et
al., 2020). SynGAP’s role in the synapse also involves the regulation of translation
through Erk and mTOR signaling (Wang et al., 2013). The Ube3a protein is an E3
ubiquitin ligase that is involved in protein degradation, is a highly implicated ASD risk
gene, and is the cause of the neurodevelopmental disorder Angelman syndrome
(Kishino et al., 1997; Nurmi et al., 2001). As mentioned previously, the Ube3a
overexpression model has demonstrated deficits in ASD signaling (Brown et al., 2018).
Homerl proteins are synaptic scaffolding proteins for the metabotropic glutamate
receptors. The assembly and disassembly of Homerl scaffolding proteins with mGLUR
receptors and other synaptic proteins underlie synaptic plasticity and regulate mTOR
signaling in response to MGLURS binding (Rybchyn et al., 2019). Disruptions in the
Homerl scaffold underlie abnormal mGLURS signaling in the FMR1 model and Homerl
has been identified as an ASD risk gene (Kelleher RJ 3" et al., 2012; Ronesi et al.,

2012). Though these three genes are not directly part of the mTOR pathway, their
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function has been linked to mTOR signaling. They may display behavior like the Shank3
model. The Shank3 gene, like the three beforementioned ASD models, is an ASD risk
gene with indirect links to mTOR signaling. We did not necessarily expect to observe
deficits in the mTOR protein interaction network in the Shank3 model, but we had
reason to believe in the possibility. In this way, the SynGAP, Homer1, and Ube3a?™¢

models are promising candidates for analysis.

In contrast with any of the previously mentioned ASD models, the remainder of the
chosen ASD models have tenuous connections to mTOR signaling. There is little
reason to expect that these models, SCN2A, CHDS8, and ARID1B, would display deficits
in the mTOR protein interaction network or converge with other models like PTEN or
TSC. The SCN2A gene encodes the alpha subunit of the voltage gated sodium channel.
SCNZ2A is regarded as a very strong ASD risk gene and is also implicated in epilepsy
disorder Dravet syndrome (Weiss et al., 2003; Wolf et al., 2017). While one would not
expect a sodium channel to be directly linked to mTOR signaling, mMTORC2 has recently
been demonstrated to bind to and regulate SCN2A (Okoh et al., 2023). The
chromodomain helicase DNA binding protein 8 (CHDS8) is a component of the Wnt
pathway that interacts with B-catenin and regulates its transcriptional activity
(Kasherman et al., 2020). CHDS is highly associated with ASD that also regulates other
the transcription of other ASD risk genes (Wilkinson et al., 2015). As a component of the
Whnt signaling pathway, CHD8 only has an indirect link to mTOR signaling through
mutual regulation of B-Catenin and mTOR signaling (Prossomariti et al., 2020). The
AT-rich DNA interacting domain containing protein (ARID1B) is a member of the

chromatin remodeling complex and is strongly associated with ASD. ARID1B is also
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associated with the developmental disorder Coffin-Siris syndrome (Nord et al., 2011).
ARID1B also regulates mTOR expression as ARID1B knockdown increases mTOR
RNA expression while ARID1B gene activation reduces mTOR RNA expression.
ARID1B binds to the mTOR promoter and blocks methionine induced mTOR gene

transcription (Lin et al., 2023).

These three ASD models were chosen because the proteins associated with each gene
target are not traditionally connected to mTOR signaling. Though SCN2A, CHD8, and
ARID1B have some connection to the mTOR cascade, we do not expect hypothetical
dysregulation of mTOR signaling to be as robust as mTOR-affected ASD models. It is
possible that analysis of the mTOR protein interaction network of SCN2A, CHDS8, and
ARID1B models could yield robust results. However, it is more likely that any deficits
observed will be more modest compared to the other previously mentioned ASD

models.

After each ASD model has been gathered, the first set of experiments to be done would
follow the format set out by the previous ASD clustering experiments. At 60 days of age,
wildtype and mutant mouse pairs for each model would be anesthetized before the
removal of each brain. While day 60 was chosen previously as behavioral analysis of
mouse models typically focuses on adults, additional experiments using younger mice
ought to be considered. Different models of ASD may display different developmental
trajectories. Specifically, a model may display a deficit at one age that is not present at
another. Using mice at both day 21 and 60 may prove insightful in characterizing

developmental changes in the mTOR network. Additionally, these experiments ought to
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use both male and female mice to isolate any sex dependent difference between the

models.

After the removal of the brain, the frontal cortex and hippocampus will be isolated,
removed, and then frozen in liquid nitrogen. The frozen tissue will then be frozen at -80
degrees Celsius until all necessary samples are collected. The samples ought to be
frozen instead of immediately analyzed to ensure that all samples are from mice of the
same age. Once all samples are gathered, they will be homogenized with lysis buffer

and analyzed using QMI.

We hypothesize that the mTOR-affected FMR1, TSC, and PTEN models will display the
most robust deficits in mTOR network behavior. Additionally, the mTOR-affected
models should also show patterns in protein interactions that are more alike when
compared to the other models. Conversely, the SCN2A, ARID1B, and CHD8 models
ought to cluster away from the mTOR-affected models because their gene targets are
less associated with the mTOR cascade. The SynGAP, Homerl, and Ube3a models
may cluster in several ways. One possibility is that these models may display patterns in
MTOR network behavior like the mTOR-affected ASD models. This result could indicate
the existence of a large ASD subtype that broadly contains types of autism with mTOR
signaling deficits. Another possible result could be robust patterns of mTOR interaction
deficits that are distinct from the mTOR-affected models. This hypothetical result could
also appear in the SynGAP, Homerl, and Ube3a models. Such an observation may
indicate that these ASD mutations converge on the mTOR pathway but split into unique
subtypes that reflect how they affect the mTOR protein network. Specifically, different

modules of protein interactions may be associated with different groups of ASD models.
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Regardless of how these results may hypothetically come about, we expect to observe
some indication that various ASD models converge on the mTOR pathway. The
experiments that follow would depend on how each ASD model clusters if they do at all.
Follow up experiments may include validating mTOR signaling deficits through western
blotting. This would occur if an ASD model that has not yet displayed mTOR signaling

deficits groups with models that have displayed deficits.

Analysis of mTOR inhibition on different models of ASD

Furthermore, each ASD model ought to be analyzed with QMI following treatment with
MTOR inhibitors or activators. The mTOR cascade has been identified as a potential
therapeutic target for various models of ASD (Sato 2016; Thomas et al., 2023).
Inhibition of the mTOR cascade has reversed social and neurological deficits in the TSC
and PTEN mutant mice models (Sato et al., 2012; Tsai et al., 2012; Schneider et al.,
2017; Zhou et al., 2009). Insulin growth factor 1 (IGF-1), an activator of the mTOR
cascade, has been used to potentially treat ASD (Riikonen 2016). IGF-1 has rescued
synaptic deficits in neurons from patients with Phelan—McDermid syndrome
(Shcheglovitov et al., 2013). However, rapamycin treatment exacerbated behavioral
deficits in FMR1-deficient mice while normalizing mTOR signaling deficits (Sare et al.,
2018). Unexpectedly, application of a synthetic IGF-1 analog to FMR1-deficient mice
corrects behavior, synaptic, and overactive mTOR signaling deficits (Deacon et al,
2015) Additionally, IGF-1 treatment in neurons derived from idiopathic ASD patients
induced heterogeneous responses in gene expression, indicating that ASD individuals
may be either IGF-1 responsive or non-responsive (Linker et al., 2020). Various forms

of ASD may respond differently to treatments targeting mTOR signaling. It is clinically
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important to understand the effect that mTOR activation or inhibition has on different

ASD models.

We propose to use Rapalink-1 and IGF-1 treatment on cortical neuron cultures derived
from the nine previously identified ASD models. Primary cultures of wildtype and mutant
mouse cortical neurons will be prepared as described in previous work in 6-well plates.
After 17 to 21 days in vitro, cultured neurons will be sorted into different treatment
conditions for QMI analysis. Cortical neurons from either genotype will be treated with
Rapalink-1 (10 nM) or IGF-1 (1 uM) for 48 hours. After treatment, the neurons will be
lysed and analyzed with the mTOR QMI panel. If either treatment is insufficient to
induce measurable changes in the mTOR PIN, there are alternative drugs that can be
used. The brain specific mMTORCL1 activator NV5138 or the IGF1 analog NNZ-2566
could be used as an IGF1 alternative. The rapalog RADOO1 or the ATP competitive

mTOR inhibitor sapanisertib could be used instead of Rapalink.

We hypothesize that different models of ASD will cluster based on which treatment
normalizes deficits in the mTOR protein interaction network (PIN). We expect the TSC,
PTEN, and SynGAP models will cluster together and to be normalized by Rapalink
treatment because these models are either mTOR hyperactive or have been rescued by
MTOR inhibition. Conversely, we expect that FMR1, Homer, and Ube3a models to
cluster together and to be rescued by IGF treatment because these models are either
MTOR hypoactivity or have been rescued by mTOR activation. The SCN2A, ARID1B,
and CHD8 models ought to cluster away from either group as we do not expect either
treatment to normalize the models’ function. Alternatively, the SCN2A, ARID1B, and

CHDB8 models may reveal mTOR signaling deficits and cluster accordingly. Overall, we
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hypothesize that different ASD models will reveal patterns of mTOR protein interactions
that correspond to whether targeting the mTOR pathway pharmacologically normalizes
neuronal functioning. We hope that these patterns in the mTOR PIN will also be
predictive of whether the model is responsive to mTOR inhibition or activation.
Categorizing different forms of ASD by which treatments are viable would not only give
useful insights into the function of specific ASD models but would also aid in accurately

determining which treatments would be effective in ASD patients.

Conclusions

There are many lines of inquiry that could be taken to further characterize ASD through
the mTOR protein interaction network. There are dozens of possible ASD models that
could be studied, drug treatments that can be characterized, and various mTOR
dependent neuronal events to interrogate. As these studies are made in the future, they
will hopefully provide insight into shared mechanisms that contribute to ASD. By
elucidating such mechanisms, we may not only be able to better understand autism, but

also answer questions at the root of synaptic and cell signaling.
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