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Abstract:

The mechanistic target of Rapamycin (nTOR) kinase pathway plays critical roles in
neuronal function and synaptic plasticity, and its dysfunction is implicated in numerous
neurological and psychiatric disorders. Traditional linear models depict mTOR signaling
as a sequential phosphorylation cascade, but accumulating evidence supports a model
that includes signaling through dynamic protein-protein interaction networks. To
examine how neuronal mTOR signaling discriminates between distinct stimuli, we
guantified phosphorylation events and protein co-association networks in primary
mouse cortical neurons. Unexpectedly, neuronal mTOR activation by IGF or glutamate
triggered dissociation—rather than the anticipated assembly—of protein complexes
involving mTOR complex1 (TORC1), mTOR complex 2 (TORC?2), and translational
machinery, distinguishing neurons from proliferative cells. Applying in vitro homeostatic
scaling paradigms revealed distinct combinatorial encoding of synaptic scaling direction:
both up- and down-scaling induced dissociation of translational complexes, but
downscaling uniquely included dissociation of upstream pathway regulators. Cortical
neurons from Shank3B knockout mice, modeling autism-associated Phelan-McDermid
Syndrome, displayed baseline hyperactivation of the mTOR network, which reduced the
dynamic range of network responses to homeostatic scaling and pharmacological
inhibition. These findings reveal that neuronal mTOR signaling employs stimulus-
specific combinations of dissociative protein interaction modules to encode opposing

forms of synaptic plasticity.
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Introduction:

Eukaryotic cells rely on intricate signal transduction networks to process and respond to
their external environment. Traditional linear cascade models, exemplified by kinase
signaling pathways such as the MAPK cascade (1), describe signals transmitted
through sequential phosphorylation events that relay information in a direct and specific
manner. However, evidence demonstrating that signaling proteins often physically
interact in highly interconnected networks challenges the simplicity of this linear
paradigm. An alternative model, proposed by Tony Pawson following discovery of the
SH2 domain, posits that signaling proteins form dynamic complexes, with specific
protein combinations encoding stimulus-specific information (2). These two signaling
models are not mutually exclusive, and each has substantial experimental and
theoretical support (3, 4). Reconciling these two models into a cohesive theory remains
challenging, since the linear framework implies both direct causality and specificity, but
protein interaction networks are highly interconnected, and interactions are often

promiscuous.

MTOR is a serine/threonine kinase critical for regulating eukaryotic cell growth,
proliferation, and nutrient-responsive metabolism (5). In neurons, which do not
proliferate and live in a relatively stable nutrient environment, mTOR signaling has been
adapted for specialized processes, including neuronal-activity-dependent protein
synthesis, calcium homeostasis, autophagy, and synaptic plasticity (6). Given the
central importance of these diverse processes to neuronal function, it is perhaps not
surprising that mMTOR dysregulation has been implicated in a vast number of

neurological disorders, including epilepsy (7), brain overgrowth disorders (8) and
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neuropsychiatric disorders including autism (9, 10). In fact, haploinsufficiency of several
components of the mTOR pathway are related to syndromic forms of autism (11, 12),
and data from mouse models and human postmortem studies (10, 13, 14) indicate that

MTOR dysregulation is a recurring feature of both genetic and idiopathic autisms.

MTOR signaling is often modeled as linear pathway, in which PI3K activation
leads to AKT phosphorylation, which leads to mTOR phosphorylation and then
phosphorylation of pathway outputs S6K and 4E-BP1, associated with translation (15).
However, direct protein-protein interactions among mTOR pathway components
suggest a more complex network architecture. For example, upstream PTEN interacts
directly with downstream EIF4E (16), indicating wiring beyond the linear pathway.
Perhaps a better model of mMTOR system-level behavior would help to reconcile ongoing
debates about the function of specific mTOR components (17), or improve drug
normalization of phenotypes caused by hyperactivating mutations in PISK, PTEN, TSC2

or mTOR (18).

To that end, we recently compared linear vs. network models of the mTOR
system by simultaneously monitoring phosphorylation events by phospho-western blot,
and protein complex composition by quantitative multiplex co-immunoprecipitation
(QMI). We applied various small molecule inhibitors during stimulation to immortalized
fibroblasts, and found that while phosphorylation events progressed as predicted from
PI3K to AKT to mTOR, protein complexes increased their co-associations in a modular,

stimulus-specific pattern that did not correspond to a linear hierarchy (19).

Here, we extend this analysis to primary mouse cortical neurons, assessing both

mMTOR phosphorylation and co-association networks to elucidate how mTOR
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differentiates neuronal signals. We find that mTOR signaling distinguishes opposing
types of plasticity-inducing synaptic inputs through a modular and combinatorial
encoding mechanism, and that the dynamic range of this signaling system is disrupted
in Shank3B knockout mice, a genetic model of Phelan-McDermid syndrome. Moreover,
we show that the relationship between mTOR network behavior and phosphorylation
status differs substantially between neurons and fibroblasts, which suggests cell type-

specific rules for integrating linear and network-based signaling models.

RESULTS

MTOR activation associated with network dissociation in neurons

We previously demonstrated that growth factor starvation and refeeding of immortalized
mouse fibroblasts caused a relatively slow (~1-hour), coordinated increase in mTOR
network protein-protein interactions (19). To determine if the mTOR network behaved
similarly in mouse neurons, we subjected DIV 18-21 mouse cortical neurons to 2 hours
of growth factor starvation, followed by stimulation with IGF1 or glutamate, both known
to activate mTOR signaling (20-22) (Figure 1A). Phospho-AKT was reduced by growth
factor starvation (removal of B27 supplement), and increased with exposure to IGF1 or
glutamate (Fig 1B,C). We used quantitative multiplex co-immunoprecipitation (QMI, see
methods section for details) to simultaneously monitor 306 protein interactions among
18 mTOR pathway proteins, using a QMI antibody panel previously validated in mouse
tissue (Table S1). Principal components analysis on the QMI data matrix (consisting of
306 interactions monitored across 4 conditions, N=4 biological replicates per condition)
revealed that growth factor starvation acted to compact the biological replicates in PCA

space compared to untreated "baseline” neurons, reducing variability due to stochastic
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fluctuations in mTOR activity (Fig 1D). IGF1 and glutamate stimulation overlapped with
each other, but not with baseline or starvation, suggesting a similar network response to

both stimulus types.

Protein interaction networks have evolved a modular organization, which
increases robustness and decreases noise inherent in individual interactions (23, 24).
We used correlation network analysis (CNA) (25) to cluster interactions into modules
based on similar behavior across the 16 samples, visualized as a Topological Overlap
Matrix (TOM) plot (Figure 1E). Three of these modules- arbitrarily named “blue”,
“turquoise” and “brown”, correlated with binary-coded experimental variables
representing stimulation states (Fig 1F). The largest module, “turquoise”, best correlated
with a model in which its constituent interactions dissociated following IGF1 or
Glutamate stimulation (correlation coefficient = -0.83, p = 6 x 10™°), suggesting
“turquoise” encodes mMTOR activation. The “blue” module correlated with a model in
which interactions dissociated in all conditions except for serum-starved (correlation
coefficient = -0.6, p = 0.01), suggesting this module reflects tonic mMTOR activation that
was relieved by starvation and reinstated by IGF or Glutamate. Finally, the "brown”
module best correlated with a model in which co-associations decreased following
starvation and did not return to baseline after either treatment (correlation coefficient = -

0.61, p = 0.01).

To identify the pairwise interactions that comprise each module, we used an
Adaptive, Non-parametric, paired statistical test Corrected for multiple comparisons
(ANC), which was specifically designed for QMI datasets (26). Interactions that were

both significant by ANC (Bonferroni-corrected p<0.05) and a member of the turquoise,
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blue or brown CNA modules were plotted on a row-normalized heatmap in descending
order of module correlation strength (Fig 1G). The IGF-and-Glutamate-responsive
“turquoise” module consisted of 20 interactions whose averaged scaled value was not
altered by starvation, but was significantly reduced by both IGF and glutamate
stimulation (Fig 1H). The most prominent interactions involved eukaryotic initiation
factor (EIF)4E and EIF4G, which are components of the translation initiation complex
downstream of the mTOR pathway. IGF and glutamate treatment each strongly reduced
the median fluorescent intensity (MFI) of multiple interactions involving EIG4G and
EIF4E in shared complexes with RAPTOR, P70S6 kinase, and FMRP. Additionally,
IP:mTOR probe:Rictor (abbreviated mTOR_Rictor, Fig 11), Rictor mTOR and
Rictor_Rictor were reduced by stimulation, indicating changes to mTOR complex 2
(TORC?2). We validated the reduction in IP:mTOR probe Rictor by IP-western blot and

found a similar reduction in the amount of co-associated protein (Fig S1).

The starvation-activated “blue” module consisted of 6 interactions that increased
in abundance during starvation and returned to the basal (dissociated) state upon
stimulation (Fig 1J). Prominent among the blue module were the mTOR complex 1
(mTORC1) interactions mMTOR_RAPTOR (Fig 1K), RAPTOR_RAPTOR and
MTOR_MTOR, as well as PI3K, GSK3b and TSC1 self-detection (indicating either
decreased abundance, self-association, or epitope availability). Finally, four brown-
module interactions increased with starvation but did not return to baseline by 1 hour
(Fig 1L), including Beta-Catenin_PTEN (Fig 1M), and mGIuR5_PIKE. Overall, these
data indicate that the response to mTOR-activating stimuli in neurons is the dissociation

of protein interactions representing all levels of the mTOR signaling cascade: TORC1,
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TORC2 and translational outputs. This was surprising, because in fibroblasts mTOR
activation and phosphorylation correlated with increased, not decreased, co-

associations (19).
MTOR activation in Shank3 neurons

The autism risk gene Shank3 contributes to the integrity of glutamatergic post-
synaptic receptor signaling complexes, and the loss of Shank3 disrupts glutamatergic
transmission and reduces activation of downstream signaling pathways such as Erk and
MTOR (27, 28). To characterize mTOR network behavior in Shank3 deficient neurons,
we starved DIV 18-21 cultured cortical neurons from Shank3B knockout mice (28), or
their wildtype littermates, and stimulated them with IGF1 or Glutamate as above. We did
not use the ‘baseline’ condition because it was similar to, but more variable than, the
starved condition (Fig 1D). Western blots showed phosphorylation of AKT following
IGF1 treatment, while Glutamate treatment yielded a small non-significant response in
both genotypes (Fig 2A,B). QMI analysis identified a “green” module that correlated with
IGF and Glutamate stimulation (correlation coefficient = -0.36, p = 0.03). Importantly,
14/17 interactions in the green/stimulation module were independently identified in the
experiment shown in Figure 1 (bolded in Fig 2C), demonstrating robust detection of
responsive protein complexes. A heatmap of significant interactions suggested that the
Shank3B™ neurons did not respond as strongly as WT neurons (Fig 2C). Indeed, while
the averaged scaled value of the module was significantly reduced in WT neurons in
response to both IGF and Glutamate, there was no significant reduction in Shank3B™
neurons in response to IGF treatment and a more modest response to glutamate (Fig

2D). Moreover, while 18 interactions were individually significantly different (by ANC
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statistics) in comparisons of WT starved vs. stimulated, only 4 were significantly
different in Shank3B” comparisons (Table S2). These data, exemplified by
MTOR_Raptor (Fig 2E), indicate that Shank3 neurons are less efficient at transmitting

signals through the mTOR interaction network.

CNA also identified a “red” module that was significantly correlated with genotype
(correlation coefficient = -0.41, p = 0.01), comprised largely of mGluR5-containing
interactions (although note that mGIuR5_mGIuR5 was a member of the
green/stimulation module). The average scaled value of the red/genotype module was
decreased compared to WT in starved Shank3B™ neurons, and while Glutamate
stimulation increased module intensity in WT neurons, it did not affect Shank3B™
neurons. Rather, only IGF stimulation increased red/genotype interactions in Shank3B™
neurons (Fig 2F). Dysregulation of the mGIuR system in Shank3B™ mice is consistent

with a known loss of mGIuR scaffolding by Shank3 (27).
MTOR activation following homeostatic up- or down-scaling

To study mTOR activation in a more physiologically relevant setting, we used the well-
established model of in vitro homeostatic scaling (29) to induce synchronized synaptic
plasticity in a population of neurons in vitro. DIV 18-20 mouse neurons were treated with
tetrodotoxin (TTX) to induce upscaling or with Bicuculline (BIC) to induce downscaling
and lysed after 12 or 48 hours. We first quantified mTOR signal transduction with
phospho-western blots (Fig 3A). AKT phosphorylation was significantly but transiently
reduced by TTX treatment at 12 hours, then significantly increased by BIC treatment at
48 hours (Fig 3B). Downstream of AKT, mTOR phosphorylation was reduced by TTX at

12 and 48 hours, but unchanged by BIC (Fig 3C). Phosphorylation of the mTORC1
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substrate P70S6K1 was increased by BIC at 48 hours (Fig 3D), while phosphorylation
of 4EBP1, another mTORC1, substrate was unchanged (Fig 3F). However, the total
amount of 4EBP1 compared to Actin was reduced by TTX at 48 hours (Fig 3G).
Meanwhile, phosphorylation of P70S6K1’s substrate S6 was strongly and significantly
increased by BIC at 12 and 48 hours and trended toward a reduction by TTX (Fig 3E).
Overall, these data reveal a complex pattern of phosphorylation of mTOR pathway
components by homeostatic scaling, varying with both time and direction (up or down)

of scaling.

We next used QMI to observe changes in mTOR protein complex assembly
following scaling. CNA analysis revealed two modules, a “turquoise” module that
strongly correlated with BIC treatment (CC = -0.79, p = 2 x 10™*!), and a “blue” module
that best correlated with a hypothesis of activation in response to both treatments that
increased over time (CC = -0.76, p = 5 x 109 (Fig 4A). The average scaled value of
significant “turquoise module” interactions showed a reduction of module interactions at
12- and 48- hours following BIC, but no change with TTX at either timepoint (Fig 4B).
The “blue” module showed a reduction at 12 hours with BIC, and a larger reduction at
48 hours with both TTX and BIC treatment. Thus, the mTOR network differentiates
between up- and down-scaling by slow activation of a single shared “Blue” module for
upscaling vs. more rapid activation of the “blue” module AND activation of a unique BIC-

only "turquoise” module for down-scaling.

We next examined the specific interactions that comprise each module (Fig 4D).
Rictor_Rictor was the interaction most strongly correlated with the “Turquoise/BIC-only”

module and was significantly reduced in 12 and 48-hour BIC treated neurons (Fig S2A).
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Both mTORC1 (mTOR_Raptor (Fig S2B)) and TORC?2 interactions were reduced in
response to BIC. Three of 21 interactions in the BIC-only module were bi-directional:
TSC2_TSC1 (Fig S2C), GRM5_GRMS5 (Fig S2D) and PI3K_PI3K increased with TTX
but decreased with BIC. Otherwise, the majority of interactions in the turquoise module

were unchanged by TTX.

Interactions in the “blue/Both” module, exemplified by EIFAG_FMRP (Fig S2E)
were significantly reduced by BIC at 12 hours, and further reduced by BIC and TTX at
48 hours. This pattern was consistent for the co-association between p70S6K_TSC1
(Fig S2F) and EIF4AG_EIF4E. While the turquoise/BIC module involved more upstream
members of the mTOR cascade including TORC2, TORC1 and the TSC complex (Fig
4E), members of the “Both/Blue” module reflected downstream proteins EIF4E, EIFAG
and FMRP involved in translational output (Fig 4F). These data indicate that widespread
activation of TORC1 and TORC2 is exclusive to BIC, but dissociation of EIF-containing

translation complexes is shared between up- and down-scaling.
Homeostatic scaling in Shank3B” neurons.

We next compared scaling in Shank3B™ neurons. Western blot for phospho-S6 showed
up- and down-regulation in response to BIC and TTX, respectively, in both genotypes
(Fig 5A) (although note that BIC was not significantly different from DMSO in Shank3B™"
animals, (Fig S3A)). CNA identified two modules, “Brown” and “Turquoise”, that
responded to BIC exclusively, and a single “Blue” module that responded to both
treatments. The modules showed moderate consistency with those identified in the WT-
only experiment (i.e. Figure 4), with 15/23 interactions in the two “BIC only” modules

also appearing in the prior “BIC only” module, and 12/21 “Both” interactions appearing
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in the prior “Both” module. (Fig S3B,C). This partial overlap is a common feature of QMI
data; due to the stringency of the statistical analysis, many interactions that are
identified as "significant” in one experiment may only trend towards significance in the
next (24). A heatmap of module interactions (Fig 5C) showed clear differences between
Shank3B” and WT signaling, which was more obvious when interactions were clustered
by treatment (Fig S3D). In both genotypes, the turquoise “BIC only” module showed a
strong reduction in response to BIC and a small increase in response to TTX. However,
the average scaled value of the module was significantly lower in Shank3B™ animals,
both at baseline and following TTX treatment (Fig 5D). For some interactions, such as
Rictor_Rictor, Shank3B™” samples did not display a significant response to BIC
treatment, while wildtype samples did (Fig 5E). For others such as TSC2_TSC1, there
was still a significant effect of TTX and BIC treatment in Shank3B™, but the abundance
of each interaction was significantly lower than the WT condition (Fig 5F). Similarly, for
the “Brown” module, BIC treatment significantly reduced the averaged scaled value both
WT and Shank3B™ neurons, but the magnitude of this reduction was greater in WT
neurons (Fig 5G); the MFI of the most highly correlated interaction, PIKE_TSC1, was
significantly reduced only in WT (Fig 5H). Overall, in the two “BIC-responsive” modules,
signaling capacity was reduced in Shank3B™ neurons due to both a trend towards an
activated state in untreated neurons (the Turquoise module), and a reduced magnitude

of activation in response to BIC (the Brown module).

The BIC and TTX-responsive “Blue” module also showed significantly reduced
averaged scaled intensity following TTX and BIC treatment in both genotypes (Fig 5I).

Again, the “Blue” module’s average scaled value was significantly lower in Shank3B™
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neurons compared to WT, in all conditions. The interaction most strongly correlated to
the blue module, EIF4G_FMRP, was significantly reduced by BIC and TTX in WT
neurons, but Shank3B” neurons showed significantly reduced MFI in the DMSO
condition compared to WT, and only a small non-significant response to BIC was
observed (Fig 5J). Overall, the mTOR network appears “pre-activated” in unmanipulated
Shank3B™ neurons because the constituent interactions are at levels more similar to the
wildtype’s stimulated state than the wildtype’s unstimulated state. Functionally, this pre-
activation reduces the dynamic range available to the network upon stimulation,

rendering the system less sensitive to stimuli that rely on mTOR for signal transduction.
Inhibition of MTOR signaling with Rapalink

Rapalink is a third generation mTOR inhibitor that is comprised of Rapamycin linked to
the mTOR inhibitor Sapanisertib for maximal kinase inhibition of TORC1 through two
independent mechanisms (30). Western blot indicated Rapalink-1 treatment inhibited
phospho-S6 downstream of TORC1 without inhibiting phospho-AKT downstream of
TORC?2 in both WT and Shank3B™ neurons (Figure 6A-C). QMI analysis revealed two
modules, turquoise that significantly correlated with Rapalink treatment (correlation
coefficient = 0.84, p = 2¥10°), and “green” that correlated with both Rapalink (CC = -
0.52, p = 0.009) and Genotype (CC=-0.43, p = 0.04). CNA is agnostic to the direction of
change, but observation of the turquoise module heatmap (Fig 6D) revealed two
classes of interactions—those that increased or decreased with Rapalink. Decreased
interactions strongly and significantly reduced following Rapalink, and were not different
between genotypes (Fig 6E). All decreased interactions involved mTOR itself, for

example, mTOR_Rictor, reflecting conformational changes caused by Rapalink (Fig
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6F). Critically, the remainder of the module strongly increased in abundance following
Rapalink (Fig 6G), for example Rictor_TSC1 (Fig 6H). These data highlight the
dissociative nature of the mTOR interaction network in neurons, since inhibition of a
dissociative network should yield increased co-associations, as observed. The only
interactions to decrease were mTOR-containing interactions, likely directly impacted by

Rapalink binding.

Compared to WT neurons, untreated Shank3B™ neurons showed significantly
reduced co-associations among “up” proteins in the turquoise module at baseline,
consistent with a "pre-activated" model (Fig 6G). Following Rapalink, average scaled
intensity of the turquoise-up module was still reduced compared to WT (Fig 6G).
Moreover, the green module contained 4 interactions that reduced intensity in response
to Rapalink exclusively in Shank3B™ neurons (Fig 6l), for example PIKE_PI3K (Fig 6J),
which may reflect tonic mGIuR activation associated with Shank3 loss (31). These data
demonstrate that Shank3B™ deficient neurons have an abnormal dynamic range during
inhibition with Rapalink, similar to the disrupted dynamic range observed during

homeostatic scaling.
Discussion:
Phosphorylation correlated with dissociation of interactions

The mTOR network has been extensively characterized over the past two decades (32),
with the majority of studies conducted in actively proliferating or immortalized cell types,
such as HEK293 and HelLa cells (33). Following stimulation, pathway components are

typically phosphorylated according to a traditional linear hierarchy of PI3K -> AKT ->
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MTOR -> S6 kinase. Concurrent with phosphorylation, mMTOR complexes assemble
following stimulation; for example, Raptor-containing TORC1 complexes are recruited to
the lysosome upon amino acid stimulation, which recruit TSC2 to the lysosome upon
insulin stimulation to regulate Rheb activity (34—36). TORC2 complex assembly is
enhanced upon growth factor signaling, andTORC2 localization to the plasma
membrane is necessary for its role in phosphorylating AKT (37). Furthermore,
interactions between TORC1 and ULK1 modulate autophagy initiation, demonstrating
that mTOR complex dynamics extend beyond protein synthesis and cellular growth
(38). Importantly, in immortalized cell types, mTOR phosphorylation and protein

complex formation are positively correlated (19).

In neurons, MTOR is activated by stimuli such as brain-derived neurotrophic
factor (BDNF) and synaptic activity, which lead to phosphorylation of pathway
components like S6 and 4E-BP1. Several studies have utilized RAPTOR or RICTOR
knockout mice (17, 39) and Rapalogs (40-43) to demonstrate that both TORC1 and
TORC?2 are required for different types of synaptic plasticity. However, these studies
have not considered mTOR complex dynamics. Meanwhile, some studies have made
the counterintuitive observation that dendritic protein synthesis is reduced after acute
MTOR activation (44, 45), indicating that mTOR may function differently in neurons.
However, direct evidence of stimulus-dependent mMTOR complex assembly or

disassembly in neurons remains limited.

Here we show that mTOR complexes disassemble following stimulation, despite
increases in phosphorylation. These data imply that neurons have evolved a

fundamentally different mechanism of mTOR regulation that reflects their unique usage
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of the system to mediate synaptic plasticity and dendritic excitability (46, 47). Since
MTOR controls local dendritic translation of proteins downstream of synaptic activity, we
speculate that mTOR activation may down-regulate protein synthesis acutely following
strong synaptic activity, giving a localized dendritic segment a temporary pause in
translation. Such a pause would be consistent with imaging data showing a resistance
to structural LTP (sLTP) following an initial SLTP-inducing stimulation (48), and the de-
activation of NMDA receptors by GRM5 following activity-dependent untethering of
GRMS5 from its Shank-Homer scaffolding by phosphorylation or Homerla expression
(27, 49, 50). Together, these systems may allow a potentiated synapse to pause and
process the incoming signal before being receptive to further potentiation. This
hypothesis is also consistent with mTOR being a voltage sensor that regulates the

excitability of dendritic segments (51).

Combinatorial encoding of up- vs. down-scaling

Cells use a limited number of signal transduction pathways to perform a vast number of
computations, begging the question, how can cells differentiate signals given such a
limited set of pathways? Pawson postulated that different combinations of protein-
protein interactions could encode different stimuli by activating combinations of
signaling pathways (2). Indeed, we previously showed that a glutamate synapse protein
interaction network recruits different combinations of protein interactions in response to
NMDA vs. DHPG stimulation(52), consistent with the Pawson hypothesis. Alternatively,
the intensity of activation of a conserved network could encode information. For
example, in developing T cells, strong activation of a signaling network downstream of

the T cell receptor encodes a cell death response to prevent self-recognition and
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autoimmunity, while weak activation of the same protein network encodes successful
TCR recombination and permits continued development (53). Here, we identified a
unique “A vs. A+B” encoding of competing stimuli. TTX-induced dissociation of a
module containing downstream EIF-containing interactions, suggesting it induced a
change in the translational output of the system. BIC induced dissociation of the same
module, of the same approximate magnitude, to TTX. This dissociation is consistent
with SILAC labeling mass spectrometry experiments that found large clusters of
proteins that decreased synthesis in both TTX- and BIC-treated neurons (54). In
addition, BIC induced dissociation of a second module not affected by TTX, consisting
of more upstream interactions including TORC2 and the TSC complex. 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 (55). To our knowledge, this is the first time this type of

A/A+B encoding has been documented.
Homeostatic setpointin Shank3B™ animals

Shank3 is an important scaffolding protein for the post-synaptic density, regulating the
arrangement of its receptors and consequently their downstream signaling
cascades(27, 28, 56, 57). The loss of Shank3 causes hypoactive mTOR signaling by
disrupting mGIuRS5 scaffolding, which both tonically activates the mGIuR receptor in a
ligand-independent manner, and impairs ligand-induced ERK and mTOR signaling
downstream of the mGIuRS5 receptor (56, 58). Consistent with ligand-independent

activation, we observed reduced interactions in the unstimulated condition (Fig 5C,H,
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Fig 6G), corresponding to a partial or tonic activation of the dissociative mTOR
interaction network. Moreover, we previously reported that synaptic signaling networks
in Shank3B™ cortical neurons showed evidence of tonic hyperactivity. Protein
interactions among a glutamate synapse interaction network dissociated upon plasticity-
inducing stimulation, and were lower in resting Shank3B™ mutants, consistent with tonic
activation of a protein network downstream of synaptic activity (24). Here, we find
similar evidence that Shank3 loss mimics a partial activation of signal transduction in

resting neurons, leading to reduced dynamic range upon signal activation.

However, the lack of response to IGF, and the blunted response to glutamate
(Fig 2D,F) and homeostatic scaling (Fig 5F) suggest a more complex phenotype that
mirrors the complex behavior of the mTOR network. For example, studies using acute
shRNA-based knockdown of Shank3 (as in (56)) vs. genetic knockdown may lead to
different findings due to extensive feedback among the mTOR network leading to
homeostatic compensation and network re-arrangement, as is evident in experiments
involving chronic vs. long-term treatment with Rapalogs (59). Further, the effects of
Shank3 mutation can be developmentally regulated; for example cortico-striatal
synapses are hyperactive in young Shank3 animals, but hypoactive in adults (60). Of
note, Shank3 overexpression also causes mTOR hypoactivation and reduced mTOR
phosphorylation (61). Future work should characterize the mechanisms of the Shank3’s
regulation of the mTOR network to determine how it influences the response range of
mMTOR signaling and how this affects neurodevelopment. Elucidating the relationship

between Shank3 and mTOR signaling will be critical in attempting to restore the setpoint
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of dysregulated signal transduction systems, which may be an avenue for normalizing

system behavior.

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™2¢™ (stock 017688) mice were
originally obtained from The Jackson Lab-oratory (Bar Harbor, ME) and maintained
through in-house breeding. Mice were kept on a 12-12 light cycle with food and water

available ad libitum.
Genotyping

Crude DNA extract (0.3 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(62, 63).

Whole cortex from PO or P1 mouse neonates was dissociated using papain
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(Worthington) and plated at a 1-1.2 x 10° cell density per well in six well plates treated
with poly-D-lysine. Cells were cultured in Neurobasal A medium supplemented with 2%
B27 and 2 mM GlutaMAX (Thermo Fisher Scientific) and 100U/ml pennicillin and
100ug/ml streptomycin 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. DMSO (0.1%) served as a vehicle control.
Two days prior to mTOR stimulation and inhibition experiments, cultured neurons were
given 680 pL of fresh media [400 ul] and pure water [280 pl] (to compensate for
evaporation) to standardize the media nutrient composition. Rapalink (Cat# HY-111373
MedChem Express) was diluted in Neurobasal medium that lacked any supplements
and added at 10nM to the culture medium. Neurons were cultured as normal and lysed

after 3 hours. DMSO 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 NacCl, 50 mM
Tris (pH 7.4), 1% Digitonin, 10 mM sodium fluoride, 2 mM sodium orthovanadate,
protease inhibitor cocktail (Sigma-Aldrich), and phosphatase 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).
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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 with primary antibody diluted according to the manufacture’s instructions
overnight at 4°C or for 1 hour at room temperature. Primary antibodies were detected
using species-specific horseradish peroxidase-conjugated secondary 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: Phospho-AKT Ser473 (catalog number 4060), PAN-AKT
(#2920), Phospho-p44/42 MAPK Thr202/Tyr204 (#4370), p44/42 MAPK (#4695), S6
Ribosomal Protein (#2317), Phospho-S6 Ribosomal Protein Ser235/236 (#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).
Quantitative Multiplex Immunoprecipitation

QMI was performed as described previously(64). 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
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NaCl, 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 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.

Statistical Analysis.

General. Statistical comparisons were tested by 1 or 2-way ANOVA as appropriate
followed by multiple-comparison-correction by Dunnett (1-way) or Tukey (2-way) in the
Prism software (GraphPad). ANOVA details are available in the ANOVA Table S3.
Comparisons between QMI bead distributions were made using ANC, an approach that
takes into account inter-replicate reproducibility and bead distribution width while
adjusting the alpha cutoff to achieve a type | error of 0.05, see for details(26, 64).
Modules of Interactions that covaried with experimental conditions were identified using
weighted correlation network analysis(25). Bead distributions 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(65). 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
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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 CNA “hits”
and significantly different by for a given experimental condition were considered high
confidence interactions affected in that condition. For Principal component analysis,

post-COMBAT, log2 transformed MFI values were input into the prcomp function in R.
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Figure Legends:

Figure 1: mTOR dynamics following IGF or Glutamate stimulation. A) Experimental
design. NBA, neurobasal media; DIV days in vitro. B) Representative western blots
showing phospho- and total AKT, with actin for a loading control. C) Quantification of
blots shown in B. * indicates p<0.05 from starved by ANOVA followed by Dunnett post-
hoc testing,. N = 4. D) Principal component graph of QMI data, N=4 per condition. E)
Topological overlap matrix of QMI data. Ends of the symmetrical dendrogram indicate
interactions (unlabeled). Dark pixels indicate stronger correlation between interactions
on the x and y axes. Colored boxes indicate modules. F) 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 variables as shown in the table below. G) Heatmap of scaled values of all
significantly changed 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 (listed IP_Probe). Statistical
significance calculated by ANC and CNA statistics as detailed in methods. H-M) Mean

scaled value of all interactions in the turquoise (H), blue (J) or brown (L) module, and a
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representative interaction from each module (I,K,M). * indicates p<0.05 by ANOVA

followed by Dunnett post-hoc testing (H,J,L) or by ANC (I,K,M).

Figure 2: mTOR dynamics following IGF and Glutamate treatment of Shank3 KO
neurons. A) Representative western blots showing phospho- and total AKT with actin
for a loading control. B) Quantification of blots shown in A. * indicates p<0.05 by
ANOVA followed by Dunnett post-hoc testing N =6. C) Heatmap of all significantly
altered interactions as in Fig 1. D) Mean scaled value of all interactions in the green
module. E) Median fluorescent intensity of the mTOR_Raptor co-association. F) Mean
scaled value of all interactions in the red module. For D-F, * indicates p<0.05 compared
to same genotype (treatment effect), # indicates p<0.05 compared to same treatment
condition (genotype effect) by 2-way ANOVA followed by Tukey post-hoc testing (D,F)

or ANC (E).

Figure 3: mTOR pathway phosphorylation following homeostatic scaling. A)
Representative western blots showing phospho- and total AKT, S6, 4EPB1,mTOR and
p70S6K following 12 or 48 hours of up- or down-scaling with TTX or BIC. B-G)
Quantification of blots shown in A. * indicates p<0.05 compared to DMSO by 2-way

ANOVA followed by Dunnett post-hoc testing, p<0.05. N =4.

Figure 4: mTOR network dynamics following homeostatic scaling in cultured

neurons. A) Module-trait table showing the correlation coefficient (top number) and p-
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value (bottom number) between the eigenvector of each color-coded module (colored
rectangles on the left) and binary-coded trait labels shown in the table below. B,C)
Average scaled value of all interactions in the turquoise (B) and blue (C) modules. *
indicates p<0.05 by 2-way ANOVA followed by Dunnett post-hoc testing. D) Heatmap of
the scaled values of all significantly altered interactions, N=8 per condition. Statistical
significance calculated by ANC and CNA statistics. E,F) Node-edge diagrams of all
interactions in the turquoise (E) and blue (F) modules. Nodes represent proteins
measured by the QMI panel, edges represent interactions significantly by ANC and

CNA statistics.

Figure 5: Homeostatic scaling in Shank3™ neurons. A) Western blot showing
phospho- and total S6 following 48 hours of up- or down-scaling. B) 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 shown in the table below. C) Heatmap of the scaled values of all
significantly altered interactions, by ANC and CNA, N=7 per condition. D-J) Mean
scaled value of all interactions in each module (D,G,l), and representative interactions
from each module (E,F,H,J). * indicates p<0.05 by 2-way ANOVA followed by Dunnett

post-hoc testing (D,G,l) or ANC (F,E,H,J).

Figure 6: Inhibition of mTOR signaling with Rapalink in WT and Shank3B™

neurons. A) Representative western blots showing phospho- and total Akt, phospho-
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and total S6, and beta-actin in WT and Shank3B™ neurons with and without Rapalink
treatment. B-C) Quantification of blots shown in A. * indicates p<0.05 by 2-way ANOVA
followed by Dunnett post-hoc testing; N=4. D) Heatmap showing the scaled values of
significantly different interactions identified by both ANC and CNA; N=4. E-J) Mean
scaled value of all interactions in each module (E,G,l), and representative interactions
from each module (F,H,J). * indicates p<0.05 compared to DMSO control within
genotype (treatment effect), and # indicates p<0.05 compared to wildtype with same
treatment (genotype effect) by 2-way ANOVA followed by Dunnett post-hoc testing

(E,G,I) or ANC (F,H,J).
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