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1. Introduction: Autism Spectrum Disorder (ASD) is one of the most common
neurological disorders worldwide, characterized by abnormal social interaction, deficits
in communication and restricted/repetitive stereotype behaviors and, In addition, a
significant number of autistic individuals suffer from intellectual disability and seizures™*.
Single gene mutations are linked to ASD and dysregulation
of Mechanistic Target Of Rapamycin (MTOR) signaling cascade has been linked to
ASD’>’. More specifically, loss-of function mutations of the phosphatase and tensin
homolog (PTEN), a negative regulator of mTOR signaling, were associated with
syndromic ASD®. While in PTEN-deficient individuals (or mouse models), the activity of
both mTOR complexes (MTORC1 and mTORC2) is up-regulated, it is generally
believed that persistent increased mTORC1 activity leads ASD-like symptoms®.
However, most of the evidence supporting a role for mTORCL1 in ASD relies heavily on
the chronic pharmacological inhibition of mMTOR by rapamcyin, which blocks the activity
of both mTORC1 and mTORC2 complexes in brain. There are no drugs to specifically
target MTORC1 or mTORC2. Thus, the scope of this research was to determine the
role of MTOR complexes in a pten-deficient mouse model of ASD using mouse
genetics. To investigate the selective involvement of mTORC1 and/or mTORC?2 in pten-
associated ASD, we used the Cre-loxP system and generated mice lacking a) pten
(pten fb-KO mice), b) pten and raptor (a defining component of mMTORC1,; pten-raptor
fb-KO mice) and c) pten and rictor (a defining component of mMTORC2) in the murine
forebrain.

2. Keywords: Autism Spectrum Disorder (ASD), mTORC2, mTORC1, protein
synthesis, actin polymerization, metabolism, long-term memory, social behaviors,
repetitive behaviors, seizures.

3. Overall Project Summary.

The major goal of our grant application was to elucidate the molecular and cellular
mechanisms underlying ASD, with a special emphasis on the mTOR signaling pathway
and its two major complexes. We believe that in the three years of funding, we have
made remarkable progress. Specifically, we have discovered that each mTOR complex
differentially contributes to different aspects of ASD. While the activity of both mTOR
complexes (IMTORC1 and mTORC?2) is increased in pten-deficient individuals and
mice®, the individual contribution of mMTOR complexes to the molecular, behavioral and
electrophysiological abnormalities associated with pten deficiency remains unknown.
We found that mice lacking pten in forebrain neurons (pten fb-KO) exhibit increased
MTORC1 and mTORC2. In addition, pten fb-KO mice show enhanced brain size, ASD-
like behaviors (including social and cognitive deficits as well as repetitive behaviors),
seizures and early mortality. We found that genetic deletion of mTORC1 (raptor), but
not MTORC2 (rictor), only restores normal brain size. Surprisingly, genetic silencing of
MTORC2, but not mTORC1, in pten-deficient mice, prolonged lifespan, suppressed
seizures, rescued the cognitive and ASD-like behaviors as well as the seizure
phenotype. These insights hold promise for new specific mMTORC2-based treatments for
ASD and related mTORopathies.



Selective genetic_silencing of mMTORC2 or mTORC1 in pten-deficient mice. As
previously reported, we found that mTORC2-mediated phosphorylation of Akt at Ser473
(an established readout of mMTORC2 activity®) and mTORC1-mediated phosphorylation
of ribosome protein S6 (an established readout of mTORC1 activity)’® were both
increased in the hippocampus of pten fb-KO mice (Fig. le-g). We found that while in
the hippocampus of pten-rictor fb-DKO mice, mTORCL1 activity remained abnormally up-
regulated, mTORC2 activity was restored. By contrast, in pten-raptor fb-DKO mice, the
opposite is true, namely mTORC2 activity remains up-regulated by mTORCL1 activity is
normalized (Fig. 1). Hence, conditional deletion of rictor selectively blocks mTORC2
activity in pten-deficient neurons and conditional deletion of raptor selectively block
MTORCL1 activity in pten-deficient neurons. These loss-of-function manipulations allow
us to dissect the functional role of each mTOR complex in pten-deficient-mediated

pathology.
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Genetic_silencing of mTORC1, but not mTORC2, restore brain_size in_pten-
deficient _mice. A significant percentage of children with ASD exhibit brain
enlargement”, which becomes noticeable a few months after birth and persists until
early adolescence. However, little is not about the molecular mechanism underlying the
early brain overgrowth'>*?. Moreover, it is currently unknown whether the same
mechanism regulating brain size also controls the other core features of ASD, including
the seizures and behavioral and electrophysiological abnormalities.

To measure the contribution of each mTOR complex to the brain size in pten-
deficient mice, we measured the size of the brain at 4 weeks postnatal. Deletion of pten
in the postnatal forebrain leads to an increased brain size, compared to control
littermates (Fig. 2a-b). Interestingly, genetic silencing of mTORC1, but not mTORC2,
restores brain size in pten-deficient mice (Fig. 2a-b). Thus, the exacerbated increased
in MTORC1 (but not mTORC2) activity accounts for the increased brain size in pten-
deficient mice.
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Genetic silencing of mTORC2, but not mTORC1, prolonged survival in pten-
deficient mice. Not unexpectedly, Kaplan-Meier analysis of animal survival revealed a
dramatic decreased in survival in pten fb-KO mice compared to control mice (Fig. 3).
The majority of the pten fb-KO mice die a few weeks postnatal. Interestingly, genetic
suppression of mMTORC1 had no a major effect on pten fb-KO mice survival (compare
pten fb-KO mice vs. pten;raptor DKO survival curves). Remarkably, genetic suppression
of MTORC?2 significantly extended survival (almost three times) in pten-deficient mice
(compare pten fb-KO mice vs. pten;rictor DKO survival curves; Fig. 3; pten;rictor fb-
DKO die at an age of 119.4 +/- 25). Hence, selective inhibition of mTORC2, but not
MTORC], in Pten-deficient mice prolongs their survival.

10 Fig. 3. Genetic inhibition of MTORC2
— Contol prolongs survival in Pten-deficient mice.
— plenH-KO Kaplan-Meier survival curves for wild-type,
e | Pten fo-KO, Pten-raptor fb-DKO and Pten-
rictor fbo-DKO. The median survival for Pten-
rictor fb-DKO (n=35) is 120 days, a 140%
251 extension in life span compared with the
single Pten- fb-DKO mice (n=11) or Pten-
— raptor fb-DKO (n=8). The curves of Pten fb-

Days KO mice and Pten-rictor DKO mice are
significantly different (p<0.0001).
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Genetic_silencing of mTORC2, but not mTORC1, suppressed seizures and
runaway hyperexcitabilty in pten-deficient mice.

Because both human individuals and mouse models with Pten mutations exhibit
epilepsy?, we next analyzed spontaneous seizures and abnormal electroencephalogram
(EEG) activity. We found that pten fb-KO mice show abnormal EEG and behaviorl
seizures (Fig. 4). Consistent with their survival rates, pten;raptor fb-DKO mice also
showed tonic-clonic and EEG seizures. By contrast, pten-rictor fbo-DKO mice showed
only some abnormal interictal spikes in the EEG pattern but not EEG or behavioral
seizures (Fig. 4). Thus, inhibition of MTORC2, but not mTORC1, suppresses the
seizures EEG phenotype in Pten-deficient mice.




Fig. 4. Genetic inhibition of mTORC2,
but not mTORC1, suppresses EEG
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Given the increased excitability in the brain network of pten-deficient mice, we
next examined whether intrinsic excitability is altered in hippocampal pyramidal
neurons. To this end, we performed whole-cell recordings in slices, as we previously
described®®. Neurons fired significantly more action potentials to equivalent step
injections. Interestingly, such an increased in runaway excitability is restored in pten-
deficient neurons lacking rictor, but not raptor (Fig. 5). These data indicate that the
increased runaway excitability is due to increased mTORC2, but not mTORC1, activity.

Control pten fb-KO pten; raptor fo-DKO pten; rictor fo-DKO input-output

Ml

- Control

-+ pten fo-KO

] pten; raptor fo-DKO
pten; rictor fb-DKO

32
Spike frequency (Hz)

i
0 100 200 300 400 500 €00 700 BOO
Current injected (pA)

Fig. 5. Genetic inhibition of mTORC2, but not mTORC1, suppresses the increased intrinsic
runaway excitability. Examples of voltage traces elicited by current injection in hippocampal pyramidal
neurons from control, pten fb-KO mice, pten;raptor fo DKO mice and pten;rictor fb-DKO mice. b)
Quantification of spike frequency vs current injection (n=6=10 per group).

Because in pten;raptor fb-DKO mice genetic inhibition of mTORC1 had not effect
on seizures onset and duration, hyperexcitability and animal survival, we focused on the
behavioral characterization of pten-rictor deficient mice.

Genetic silencing of mMTORC2 rescues long-term memory deficits in pten-deficient
mice. Emotions have a powerful impact on memory; most vivid autographical memories
tend to be of emotional effects. In addition, 70-80% of autistic individuals suffer from
mental retardation’®. Thus, we first tested emotional memory, as we previously
described™®**. To this end, mice were studied in contextual Pavlovian fear conditioning.
Contextual fear conditioning, and hippocampus-dependent task, was induced by pairing
a context (conditioned stimulus; CS) with a foot shock (the unconditioned stimulus; US).
Mice were subsequently exposed to the auditory tone or visual stimulus (CS) and fear
responses [mouse stop moving (“freezes”)] were taken as an index of the strength of




memory (Fig. 6a). As expected, compared to control mice, pten fb-KO mice showed a
dramatic reduction in freezing behavior 24 hr post-training, indicating that their long-
term fear memory is impaired (Fig. 6b). Strikingly, long-term memory is significantly
improved once rictor is deleted in pten-deficient mice. Thus, silencing mTORC2 activity
restores LTM in mice lacking pten.

We next studied object recognition memory, another hippocampal dependent
task. In this task, an object is presented to the subject mouse. After a 24 hr delay, the
object is presented again with a new object (Fig. 6c). The time spent exploring each
object is tracked via by a computer-operated optical animal activity system (ANIMAZE).
We found that Pten-deficient mice failed to discriminate between and old and a new
object (Fig. 6d). However, genetic deletion of rictor restore the object recognition long-
term memory deficits in Pten-deficient mice. Taken together, these data indicate that
inhibiton of MTORC2, but not mTORC1, restore hippocampal-dependent long-term
memroy formation in pten-deficient mice.

a Fig. 6. Genetic inhibition of mMTORC2 rescues the
. Teu ‘T %] [% =& deficient long-term fear and object recognition

o i T e memory in Pten fb-KO mice. a, Schematic of

g =N = = e ¢ experimental design. b, For contextual fear conditioning,

_ freezing times were recorded 24 hr after conditioning. As
compared to control mice, Pten fb-KO mice show

I e 20
f:, d “ T deficient freezing 24 hr after training, indicating that their
in Em | long-term memory is impaired. In Pten-rictor fb-DKO
| ie mice, freezing levels are similar to those observed in WT
& o mice, indicating that their long-term memory is restored.
& * c, Schematic of object recognition task. d)

Discrimination scores between two objects.

Genetic_silencing of mTORC2 rescues social behaviors in pten-deficient mice.
Given that social interaction deficits are salient features of ASD individuals®, we next
studied social behaviors. First, we assessed reciprocal social interactions by recording
the amount of time a pair of mice spent interacting in a neutral arena® (Fig. 7a), as we
previously described®. We found that compared to control mice, pten-deficient mice
showed reduced reciprocal interaction (Fig. 7b). Interestingly, in pten-rictor fb-KO mice,
reciprocal social interaction is normal. Next, we measured sociability and preference for
social novelty using the Crawley 3-chamber test® (Fig. 7c, 7e). In the sociability task,
we compared the time a mouse spends interacting with an empty wired cage and one
containing a mouse (Fig. 5¢); whereas in the social novelty test, we measured the time
a mouse spends interacting with a familiar or a stranger mouse (Fig. 7e). Consistent
with the direct social interaction results, we found that pten fb-KO mice had normal
sociability (Fig. 7d), but showed no preference for interaction with a stranger versus a
familiar mouse in the social novelty test (Fig. 7f). Strikingly, deletion of mMTORC2
rescues the social novelty deficits in pten-deficient mice (Fig. 7f). Taken together these
data indicate that pten-fo KO mice display social deficits and inhibition of mTORC2
restored their phenotypes.
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Fig. 7. Social behaviors are normal in Pten-rictor fb-DKO mice. a) Schemetic of reciprocal social
interaction task. b, Compared to control or pten-rictor fb-DKO mice, pten-fb KO mice showed reduced
reciprocal interaction. c, e, Schematic of three chamber social interaction task. f, Control mice spent most
of the time interacting with the stranger mouse but Pten fb-KO mice spent equal time interacting with the
familiar or strange mouse, indicating that social behavior is impaired in these mice. Like WT mice, Pten-
rictor fb-KO mice spent more time interacting with the stranger mouse, indicating that social behavior is
restored.

Genetic silencing of mMTORC2 rescues repetitive behaviors in pten-deficient mice.
Because ASD patients also exhibit repetitive/stereotyped behaviors, we first assessed
marble burying, as we previously described®. In this task, mice were individually placed
in Plexiglas cages containing 5 cm deep fresh bedding, with 20 black marbles pre-
arranged in 5x4 evenly spaced rows (Fig. 8a). Testing was conducted for 20 min. After
the test period, unburied marbles were counted. We found that pten-deficient mice
buried more marbles than control mice, indicating repetitive behavior (Fig. 8b).
Remarkably, deletion of rictor (NTORC2) restored the repetitive behavior in pten-
deficient mice (Fig. 8b). We next assessed behavioral flexibility in the T-maze. In this
task, normal animals tend to investigate first one and the other arm of the maze (Fig.
8c). Notably, pten-deficient mice explored the same arm of the maze, demonstrating
and impairment in behavioral flexibility (Fig. 8d). Remarkably, in pten-rictor fb-DKO
mice the behavioral inflexibility behavior is restored (Fig. 8d). In conclusion, our data
demonstrate that inhibition of mMTORC2 restores memory, social and repetitive
behaviors in pten-deficient mice.

Fig. 8. Behavioral flexibility and repetitive
behaviors are restored by deletion of mMTORC2 in
Pten-deficient mice. a) Scheme of the marble
burying task. b) Quantification of stereotype marble
burying behavior ¢) Schematic of the T maze. d)
Alternation scores (%) across 10 sessions of testing in
the spontaneous alternation task. (n=7-9 per group).
Data are mean * s.e.m. *P < 0.05, **P < 0.01.

Genetic inhibition of mMTORC?2, but not mTORC1, restores key metabolic changes
in_pten-deficient mice. PTEN regulates changes in metabolism by blocking the
Warburg effect '/, a process in which “cancer” cells catabolize large amounts of




glucose through glycolysis. To explore whether the same is true in neurons lacking
pten, we perform metabolomics from hippocampal samples from control and pten
deficient mice. Consistent with the idea that PTEN regulates metabolic changes
associated with and anti-Warburg effect, we found that pten-deficient neurons there is a
significant increased in metabolites involved in the glycolytic pathway. Remarkably,
suppression of mMTORC2, but not mTORC1, activity was sufficient to restore these
changes in metabolism associated with the loss of pten (Fig. 9). Hence, increased
MTORC2, but not mTORC1, activity leads to changes in neuronal metabolism
associated with the Warburg effect.

Fig. 9. Metabolic changes are restored by
deletion of mMTORC2, but not mTORC1, in
Pten-deficient mice. a) Schematic of the
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4. Key Research Accomplishment

- We developed a novel way to selectively silence mTORC2 activity in pten-deficient
mice.

- We developed a novel way to specifically silience mTORCL1 activity in pten-deficient
mice.

- We found that genetic deletion of mMTORCL1 selectively restores brain size in pten-
deficient mice.

- We found that genetic deletion of mMTORC2 prolongs the survival of pten-deficient
mice.

- We found that genetic silencing of mMTORC2 dramatically suppressed seizures in pten
-deficient mice.

- We found that genetic deletion of mTORC2 improves cognitive and social phenotypes
in pten-deficient mice.

- We found that genetic deletion of mMTORC2 improves repetitive behaviors in pten-
deficient mice.

- We found that genetic silencing of mTORC1 failed to restore animal’s survival and
seizures phenotype.

- We found that genetic silencing of mTORC2, but not mTORC1, restores the brain
metabolic changes in pten-deficient mice.

5. Conclusion

It has been proposed that increased mMTORCL1 is responsible for the cellular, synaptic
and behavioral abnormalities associated with ASD®'®2  In addition, it is generally
believed that a common molecular mechanism regulates both the anatomical (brain
size) and core features (behavioral symptoms) of ASD ?*. Our new data challenge these
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views by providing causal evidence that mTOR complexes differentially regulate these
processes. We found that a) the up-regulation of mTORC1 is only responsible for the
enlarged brain size, whereas, b) persistent activation of mTORC2 activity leads to
cognitive decline, ASD-like behaviors, seizures and changes in brain metabolism in the
Pten-ASD mouse model. Hence, we identified a new signaling pathway (mTORC?2)
crucially involved in ASD and seizure disorders. Our results may lead to the
development of new treatments for ASD and seizure disorders.

Future experiments: Given that a) metabolites in the glycolytic pathway are increased in
the brain of pten fb-KO mice and b) inhibition of mTORC2 IN pten-deficient mice
reverses not only the metabolic changes, but also the synaptic, network and behavioral
abnormalities, in future experiments, we will attempt to reduce glycolysis by subjecting
pten-deficient mice to a ketogenic diet %°. This diet will reduce the availability of glucose,
which is the principal metabolite for glycolysis. Thus, we expect that ketogenic diet will
ameliorate some of the symptoms in pten-deficient mice.

6. Publications
a. List all manuscripts submitted for publication during the period covered by this report resulting from this project.

Some of these results described above were presented in

- “Catastrophic Epilepsy” at the Neurological Research Institute (NRI), Houston, Texas
- Symposium Society for Neuroscience (see 1: Huber KM, Klann E, Costa-Mattioli M,
Zukin RS. Dysregulation of Mammalian Target of Rapamycin Signaling in Mouse
Models of Autism. J Neurosci. 2015 Oct 14;35(41):13836-42. doi:
10.1523/INEUROSCI.2656-15.2015. PubMed PMID: 26468183; PubMed Central
PMCID: PMC4604222.)

- PIBK-mTOR-PTEN Network in Health and Disease, Cold Spring Harbor, 2016.

- Marine Biological Laboratory Course Wood hole, 2016.

- Federation of Latin American and Caribbean Neuroscience, Buenos Aires, Argentina,
2016.

- UT Health Neuroscience symposium, 2016.

- Rush and Helen Record Neuroscience Retreat, 2017.

7. Inventions, Patents and Licenses.

We plan to file and application claiming that blockage of mMTORC2 reduce seizures and
ameliorate ASD-like symptoms.

8. Reportable Outcome

Nothing to report

9. Other achievements

We developed forebrain-specific Pten double KO mice.

We developed forebrain-specific rictor-Pten double KO mice.
We developed forebrain-specific raptor-Pten double KO mice.
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