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Autism is an etiologically heterogeneous group of neurodevelopmental disorders, diagnosed mostly by the
clinical behavioral phenotypes. The concept that the tumor-related gene PTEN plays a critical role in autism
spectrum disorder has emerged over the last decade. In this review, we focus on the essential role of the
PTEN signaling pathway in neuronal differentiation and the formation of neural circuitry, as well as genetic
mouse models with Pten manipulations. Particularly, accumulated data suggest that the effect of PTEN on
neural stem-cell development contributes significantly to the pathophysiology of autism spectrum disorders.
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Introduction

The phosphatase and tensin homolog (PTEN) gene
on chromosome 10 was initially identified as a tumor-
suppressor gene that is frequently mutated in human
cancers. Further studies showed that PTEN plays an
important role in brain development™ 2. Human genetic
studies showed that PTEN germline mutations result
in macrocephaly, seizures, and mental retardation®*.
Biochemical studies showed that PTEN negatively
regulates the phosphatidylinositol-3-kinase (PI3K)/AKT
signaling pathway' (Fig. 1A). Its lipid phosphatase function
directly counteracts PI3K activity, thereby inhibiting the
activation of AKT. The PI3K/AKT pathway is indispensable
for regulating cell growth, survival, and proliferation.
Therefore, abnormalities in the PISBK/AKT/mTOR pathway
lead to neurological and psychiatric disorders such as brain
tumors, autism, and schizophrenia.

A component of the PI3SK/AKT pathway, tuberous
sclerosis complex 1/2 (TSC1/2) was initially identified as
a tumor-suppressor, but further studies found that it is
essential for normal brain development and function. TSC1
interacts with TSC2 to form a dimer that has physiological

functions. TSC1/TSC2 inhibit mammalian target of
rapamycin complex 1 (mTORC1), which is a regulatory
factor for mitotic cell growth, and this suppression is
released by AKT-mediated TSC2 dephosphorylation®”
(Fig. 1A).

Autism spectrum disorders (ASDs) include a variety of
neurodevelopmental symptoms™. They affect ~7 per 1 000
children and are marked by impaired social relationships,
communication deficits, and stereotyped and repetitive
behaviors. Seventy percent of ASD cases are associated
with mental retardation®"". Still, the genetic basis of ASDs
remains largely unknown. So far, hundreds of genes and
many chromosome regions have been proposed to be
associated with ASDs. In this review, we summarize the
recent genetic and neurobiological findings and hypothesize
that the PTEN signaling pathway plays a critical role in the
pathophysiology of ASD, ranging from multiple aspects
of neural development such as neurogenesis, synapse-
formation and plasticity, to the structural and functional
plasticity of neural circuitry (Table 1). We also discuss
available mouse models with genetic manipulations
involving the PTEN signaling pathway.
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Fig. 1. PTEN-TSC1/2-mTOR in neural stem cell (NSC) regulation. A: PTEN is a negative regulator of the AKT pathway. In the AKT pathway,
TSC1/2, an mTOR activator, is inhibited by AKT. B: NSCs are self-renewing and multipotent cells. They differentiate into neurons,
astrocytes, and oligodendrocytes with distinct stimuli. NSC properties are upregulated with PTEN or TSC1/2 disruption.

Table 1. Recent findings of the PTEN signaling pathway in autism spectrum disorders

TSC1/2

PTEN
Disorder ASD with macrocephaly?
Rate of autism 1-17%""®
Rate in autism 1%

Synapse development Overgrowth? 2"
Animal models

anxiety, learning deficits®®”

Macrocephaly, social behavior deficits, seizures,

Tuberous sclerosis complex!™"

~25-60%""*"
1.1-1.3%"7"
Hypertrophy®”

Macrocephaly, seizures, learning

and memory deficits, anxiety 24

Genetic Mutations of the PTEN Signaling Pathway
in ASD Patients

Studies of PTEN mutation frequency in ASD patients show
discrepancies across different studies most likely due to
genetic variations among populations. Geneticists have
screened the PTEN mutations in children diagnosed with
autism and macrocephaly independently, and reported
that their frequency is ~1%"?, 8.3%® and 17%"%. The
head circumference of the included children and whether
they were from simplex or multiplex families may explain
the inconsistencies among studies. Autism with extreme
or familial macrocephaly may have a much higher PTEN
mutant rate!”. When Buxbaum et al. undertook PTEN gene

mutation analysis in patients with ASDs and macrocephaly,
they showed ~1% PTEN mutations in all participants with
macrocephaly from multiplex families, who were the only
macrocephalic individuals in the family"®. In the future,
more comprehensive analysis of the PTEN gene in a
greater number of patients with autism would give a more
complete picture of the prevalence of PTEN mutations
in autistic people. Moreover we still need to consider the
possibilities that a reduction in PTEN level may occur either
by genetic mutation or by epigenetic mechanisms within
specific brain regions, which would not be detectable in
peripheral blood samples®®.

Either TSC1 or TSC2 gene mutation causes human
tuberous sclerosis complex (TSC) and 25-50% of these
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patients exhibit phenotypes related to ASD"*". In patients
diagnosed with ASD, 1.1-1.3% have TSC"""". Children
with TSC and TSC2 mutations are more likely to develop
autism than those carrying TSC1 mutations. Children
with TSC2 mutations are more likely to be diagnosed
with autism if they show early-onset infantile spasms and
temporal lobe tubers screened by MRI®. In one study,
Jeste et al. showed that ~50% of children with TSC have
autistic phenotypes, based on the Autism Diagnostic
Observation Schedule (more specifically 66% at 1.5 years
of age, 54% at 2 years, 46% at 3 years, and 50% at 5
years)®. Furthermore, the cognitive functions of children
with TSC and ASD phenotypes are more severely impaired
than those without autism®®.

Role of the PTEN Pathway in Neuronal Fate
Determination and Differentiation

Brain-specific Pten-deficient mice provide a good model
to investigate the role of PTEN in the proliferation and
differentiation of neural stem/progenitor cells (NSCs)?> %%,
The mouse brain becomes abnormally large when Pten is
deleted from embryonic NSCs. Further analysis showed
that this results from increased cell proliferation, reduced
apoptosis, and cellular enlargement®. Independent studies
have shown that adult NSCs are regulated by PTEN in the
subventricular zone of the lateral ventricles®™.

However, using in vivo clonal analysis, researchers
found that Pten deficiency in quiescent nestin-GFAP-
expressing radial glia-like precursor cells in the adult
subgranular zone exhausts the pool of these cells, and
this is achieved by accelerated terminal differentiation
of astrocytes within 30 days®". Similarly, another study
indicated that Pten deletion in adult NSCs results in an
increase of the proliferation and differentiation rates of
development into hypertrophic neurons. Within several
months, the enhanced differentiation rate leads to early
exhaustion of the NSC pool. Finally, they showed that
mice lacking Pten are significantly deficient in social
interactions and have infrequent generalized seizures;
while more astrocytes, rather than neurons, were derived
from newborn cells in the hippocampus after four months
of Pten deletion®. Both studies showed that Pten deletion
in NSCs initially causes an increase in proliferation and the
subsequent exhaustion of NSCs™ (Fig. 1B).

In vivo experiments showed that NSCs with Tsc?
deletion increase in size with enlarged vacuoles®. The
proliferation of NSCs increases with Tsc? disruption®. In
addition, Tsc7-null NSCs in the lateral ventricle result in
deregulated aggregation and migration®®. Furthermore,
NSCs with Tsc17 disruption form subependymal nodules and
subependymal giant-cell astrocytomas, which are regular
characteristics of the TSCs. Furthermore, they found that
the loss of Tsc1 in cultured NSCs does not result in evident
changes in morphology or proliferation®.

Role of the PTEN Signaling Pathway in Dendritic
and Synaptic Development

Conditional Pten knock-out mice have been used to study
Pten in the nervous system® ¥*!. Mice with Pten deletion
in mature neurons of the cerebral cortex and hippocampus
have macrocephaly, while the growth of dendrites and
axons and the number of synapses are impaired. In vitro
and in vivo studies showed that loss of Pten in neurons
leads to neuronal hypertrophy with somatic, dendritic, and
axonal overgrowth® ?". The dendritic over-growth is further
reflected by increased dendritic arborization, increased
dendritic caliber, and increased number of dendritic spines.
Pten is also involved in the regulation of neuronal polarity;
disrupting Pten function leads to multiple ectopic axons
and loss of proper axonal projections® “?. Furthermore,
Luikart et al. recently developed a virus-based strategy
that allows in vivo knockdown of Pten specifically in mouse
hippocampal granule cells™®; they found that granule
cells with Pten knockdown have a preferential increase
in excitatory synaptic functions. A recent study has also
shown that Pten overexpression results in reduced spine
density, which depends on protein phosphatase activity™.
Thus, attenuating Pten function in neurons has profound
effects on neuronal morphology and circuitry. Interestingly,
whether the protein or phospholipid phosphatase activity of
Pten contributes to different physiological outcomes needs
to be further addressed.

Previous studies have shown that TSC1/2 disruption or
hyperactivation of mMTORC1 results in neuronal hypertrophy.
Importantly, a recent study demonstrated that lack of either
TSC1 or TSC2 in neurons also promotes ectopic axon-
formation®® *°. Tsc1/2 mutations are suspected to result in
mTORC1 overactivation. Thus, it has been proposed that
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hyperactivation of the mTOR pathway results in increased
synaptic protein synthesis, thereby giving rise to abnormal
synaptic function.

Role of the PTEN Signaling Pathway in Synaptic
Plasticity

To investigate the role of PTEN in mature neuronal
circuitry, Chow et al. used chronic in vivo imaging to trace
the changes of pyramidal neurons before and after Pten
knockout in the cortex of adult mice!*”. They found that the
apical dendrites of layers II/lll pyramidal neurons in Pten-
null mice became longer and more tortuous, whereas
spine density was significantly reduced along more distal
dendritic regions. Interestingly, the apical dendrites of layer
V pyramidal neurons in Pten-null mice appeared normal,
and dendritic growth, spine density, and spine dynamics did
not change, suggesting that PTEN plays a distinct role in
different neuronal populations in adult circuitry®” .

Tavazoie et al. showed that in the hippocampal
pyramidal neurons of rodents, the TSC pathway is essential
for the regulation of soma size, dendritic spine density and
size, and excitatory synaptic properties*®. Loss of Tsc?
leads to increased size but decreased density of dendritic
spines. Tsc1 disruption increases AMPAR-mediated
synaptic currents. Neuronal morphology is sensitive to
hemizygosity of Tsc1. Bateup et al. knocked out Tsc1? in the
hippocampal CA1 neurons of mice after birth. They found
that metabotropic glutamate receptor-dependent long-
term depression, which depends on protein translation,
is not detectable in Tsc7-knockout neurons®. There
are no clear abnormalities in dendritic spine number,
morphology, or presynaptic release probability with Tsc1
knockout®. This evidence suggests that PTEN and TSC
signaling pathways play central roles in the structural and
functional plasticity of adult cortical and hippocampal neural
circuitry.

Genetic Mouse Models in ASD Studies

Pten knockout mice die in the early embryonic period,
and heterozygous mice are susceptible to a variety of
tumors, including prostate cancer, endometrial cancer, and
lymphoid tumors™®. Pten deletion enhances the proliferation
of T-lymphocytes, mammary epithelial cells, NSCs, and

astrocytes®® ** ** % and hypertrophy is induced in granule
neurons, cardiomyocytes, and the cerebellum® *". Kwon
et al. ablated Pten expression specifically in a subset of
post-mitotic neurons in mouse hippocampus and cortex.
These mice develop macrocephaly, and display behavioral
phenotypes which resemble human autism, including social
behavior deficits, seizures, elevated anxiety, and learning
deficits®.

Consistent with the Pten deletion phenotypes, knocking
out Tsc1/2 broadly in the brain results in macrocephaly
and seizures® . In addition, Tsc2 heterozygous mice
with elevated mTORC1 activity in the brain show deficits
in learning and memory®, and Tsc2 dominant-negative
transgenic mice show increased anxiety’®. Thus, disrupting
TSC1/2 complex function in the nervous system mimics
the cellular effects of PTEN loss, and loss of Tsc1/2 in the
brain results in behavioral defects similar to PTEN ablation.
Together, these data indicate that the TSC1/2 complex is
a major component mediating the cellular and behavioral
changes observed in Pten mutants.

Further studies showed that the specific mMTORC1
inhibitor rapamycin can prevent and reverse the enlargement
of neurons and improve the abnormal behaviors caused by
Pten deletion®. These results strongly suggest that PTEN-
TSC1/2 pathway dysfunction causes autistic phenotypes
and correction of the signal pathway reverses some
abnormal phenotypes, providing a potential strategy for the
treatment of ASDs.

Perspectives and Remaining Questions

Many studies have indicated that the PTEN/TSC/
mTOR pathway is involved in the pathogenesis of ASD,
although many other pathways could also lead to this
complicated syndrome. The regulatory effect of PTEN
on NSC development is quite complicated, in that it is
not only involved in the regulation of NSC proliferation,
but also in the modulation of NSC lineage specification.
More importantly, PTEN may play distinct roles in NSC
development at different developmental stages and in
different stem-cell populations. Is there any evidence
indicating that glial cells play any important role in the
etiology of ASD? Are there any other suspected ASD genes
that affect neuronal differentiation? These questions need
to be answered in the mechanistic study of ASDs.



Jing-Wen Ly, et al.

Role of the PTEN signaling pathway in autism spectrum disorder

777

ACKNOWLEDGEMENTS

This review was supported by a grant from the National Natural
Science Foundation of China (Fostering Project for Major
Research) (91232712).

Received date: 2012-12-08; Accepted date: 2013-01-21

REFERENCES

[1]

(2]

(3]

4]

(3]

(6]

(7]

(8]

E]

[10]

(1l

[12]

[13]

Li J, Yen C, Liaw D, Podsypanina K, Bose S, Wang SI, et al.
PTEN, a putative protein tyrosine phosphatase gene mutated
in human brain, breast, and prostate cancer. Science 1997,
275(5308): 1943-1947.

Endersby R, Baker SJ. PTEN signaling in brain:
neuropathology and tumorigenesis. Oncogene 2008, 27(41):
5416-5430.

Blumenthal GM, Dennis PA. PTEN hamartoma tumor
syndromes. Eur J Hum Genet 2008, 16(11): 1289-1300.
Waite KA, Eng C. BMP2 exposure results in decreased
PTEN protein degradation and increased PTEN levels. Hum
Mol Genet 2003, 12(6): 679-684.

Inoki K, Li'Y, Zhu T, Wu J, Guan K L. TSC2 is phosphorylated
and inhibited by Akt and suppresses mTOR signalling. Nat
Cell Biol 2002, 4(9): 648-657.

Manning BD, Tee AR, Logsdon MN, Blenis J, Cantley
LC. Identification of the tuberous sclerosis complex-2
tumor suppressor gene product tuberin as a target of the
phosphoinositide 3-kinase/akt pathway. Mol Cell 2002, 10(1):
151-162.

Potter CJ, Pedraza LG, Xu T. Akt regulates growth by directly
phosphorylating Tsc2. Nat Cell Biol 2002,4(9):658-665.
Silverman JL, Yang M, Lord C, Crawley JN. Behavioural
phenotyping assays for mouse models of autism. Nat Rev
Neurosci 2010, 11(7): 490-502.

Bertrand J, Mars A, Boyle C, Bove F, Yeargin-Allsopp
M, Decoufle P. Prevalence of autism in a United States
population: the Brick Township, New Jersey, investigation.
Pediatrics 2001, 108(5): 1155-1161.

Yeargin-Allsopp M, Rice C, Karapurkar T, Doernberg N, Boyle
C, Murphy C. Prevalence of autism in a US metropolitan
area. JAMA 2003, 289(1): 49-55.

Fombonne E. Epidemiological surveys of autism and other
pervasive developmental disorders: an update. J Autism Dev
Disord 2003, 33(4): 365-382.

Butler MG, Dasouki MJ, Zhou XP, Talebizadeh Z, Brown
M, Takahashi TN, et al. Subset of individuals with autism
spectrum disorders and extreme macrocephaly associated
with germline PTEN tumour suppressor gene mutations. J
Med Genet 2005, 42(4): 318-321.

Smalley SL, Tanguay PE, Smith M, Gutierrez G. Autism and

[14]

(18]

[16]

(7]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

tuberous sclerosis. J Autism Dev Disord 1992, 22(3): 339-355.
Smalley SL. Autism and tuberous sclerosis. J Autism Dev
Disord 1998, 28(5): 407—-414.

Wiznitzer M. Autism and tuberous sclerosis. J Child Neurol
2004,19(9): 675-679.

Buxbaum JD, Cai G, Chaste P, Nygren G, Goldsmith J,
Reichert J, et al. Mutation screening of the PTEN gene in
patients with autism spectrum disorders and macrocephaly.
Am J Med Genet B Neuropsychiatr Genet 2007, 144B(4):
484-491.

Fombonne E, Du Mazaubrun C, Cans C, Grandjean H.
Autism and associated medical disorders in a French
epidemiological survey. J Am Acad Child Adolesc Psychiatry
1997, 36(11): 1561-1569.

Baker P, Piven J, Sato Y. Autism and tuberous sclerosis
complex: prevalence and clinical features. J Autism Dev
Disord 1998, 28(4): 279-285.

Asano E, Chugani DC, Muzik O, Behen M, Janisse J,
Rothermel R, et al. Autism in tuberous sclerosis complex is
related to both cortical and subcortical dysfunction. Neurology
2001, 57(7): 1269-1277.

Kwon CH, Luikart BW, Powell CM, Zhou J, Matheny SA,
Zhang W, et al. Pten regulates neuronal arborization and
social interaction in mice. Neuron 2006, 50(3): 377-388.
Jaworski J, Spangler S, Seeburg DP, Hoogenraad C
C, Sheng M. Control of dendritic arborization by the
phosphoinositide-3'-kinase-Akt-mammalian target of
rapamycin pathway. J Neurosci 2005, 25(49): 11300-11312.
Bateup HS, Takasaki KT, Saulnier JL, Denefrio CL, Sabatini
B L. Loss of Tsc1 in vivo impairs hippocampal mGIuR-LTD
and increases excitatory synaptic function. J Neurosci 2011,
31(24): 8862—-8869.

Meikle L, Talos DM, Onda H, Pollizzi K, Rotenberg A, Sahin
M, et al. A mouse model of tuberous sclerosis: neuronal loss
of Tsc1 causes dysplastic and ectopic neurons, reduced
myelination, seizure activity, and limited survival. J Neurosci
2007, 27(21): 5546-5558.

Zeng LH, Rensing NR, Zhang B, Gutmann DH, Gambello
MJ, Wong M. Tsc2 gene inactivation causes a more severe
epilepsy phenotype than Tsc1 inactivation in a mouse model
of tuberous sclerosis complex. Hum Mol Genet 2011, 20(3):
445-454.

Varga EA, Pastore M, Prior T, Herman GE, McBride KL. The
prevalence of PTEN mutations in a clinical pediatric cohort
with autism spectrum disorders, developmental delay, and
macrocephaly. Genet Med 2009, 11(2): 111-117.

Zhou J, Parada LF. PTEN signaling in autism spectrum
disorders. Curr Opin Neurobiol 2012, 22(5): 873-879.
Bolton PF. Neuroepileptic correlates of autistic
symptomatology in tuberous sclerosis. Ment Retard Dev
Disabil Res Rev 2004, 10(2): 126-131.

Jeste SS, Sahin M, Bolton P, Ploubidis GB, Humphrey A.



778

Neurosci Bull December 1, 2013, 29(6): 773-778

[29]

[30]

[31]

[32]

(33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

Characterization of autism in young children with tuberous
sclerosis complex. J Child Neurol 2008, 23(5): 520-525.
Groszer M, Erickson R, Scripture-Adams DD, Lesche R,
Trumpp A, Zack J A, et al. Negative regulation of neural stem/
progenitor cell proliferation by the Pten tumor suppressor
gene in vivo. Science 2001, 294(5549): 2186—-2189.
Gregorian C, Nakashima J, Le Belle J, Ohab J, Kim R, Liu
A, et al. Pten deletion in adult neural stem/progenitor cells
enhances constitutive neurogenesis. J Neurosci 2009, 29(6):
1874-1886.

Bonaguidi MA, Wheeler MA, Shapiro JS, Stadel RP, Sun GJ,
Ming GL, et al. In vivo clonal analysis reveals self-renewing
and multipotent adult neural stem cell characteristics. Cell
2011,145(7): 1142-1155.

Amiri A, Cho W, Zhou J, Birnbaum SG, Sinton CM, McKay
RM, et al. Pten deletion in adult hippocampal neural stem/
progenitor cells causes cellular abnormalities and alters
neurogenesis. J Neurosci 2012, 32(17): 5880-5890.
Castilho RM, Squarize CH, Chodosh LA, Williams BO,
Gutkind JS. mTOR mediates Wnt-induced epidermal stem
cell exhaustion and aging. Cell Stem Cell 2009, 5(3): 279—
289.

Goto J, Talos DM, Klein P, Qin W, Chekaluk YI, Anderl S,
et al. Regulable neural progenitor-specific Tsc1 loss yields
giant cells with organellar dysfunction in a model of tuberous
sclerosis complex. Proc Natl Acad Sci U S A 2011,108(45):
E1070-E1079.

Magri L, Cambiaghi M, Cominelli M, Alfaro-Cervello C, Cursi
M, Pala M, et al. Sustained activation of mTOR pathway
in embryonic neural stem cells leads to development of
tuberous sclerosis complex-associated lesions. Cell Stem
Cell 2011, 9(5): 447-462.

Zhou J, Shrikhande G, Xu J, McKay RM, Burns DK, Johnson
JE, et al. Tsc1 mutant neural stem/progenitor cells exhibit
migration deficits and give rise to subependymal lesions in
the lateral ventricle. Genes Dev 2011, 25(15): 1595-1600.
Backman SA, Stambolic V, Suzuki A, Haight J, Elia A,
Pretorius J, et al. Deletion of Pten in mouse brain causes
seizures, ataxia and defects in soma size resembling
Lhermitte-Duclos disease. Nat Genet 2001, 29(4): 396—403.
Kwon CH, Zhu X, Zhang J, Knoop LL, Tharp R, Smeyne RJ,
et al. Pten regulates neuronal soma size: a mouse model of
Lhermitte-Duclos disease. Nat Genet 2001, 29(4): 404—411.
Marino S, Krimpenfort P, Leung C, van der Korput HA,
Trapman J, Camenisch |, et al. PTEN is essential for cell
migration but not for fate determination and tumourigenesis
in the cerebellum. Development 2002, 129(14): 3513-3522.
Fraser MM, Zhu X, Kwon CH, Uhimann EJ, Gutmann DH,
Baker SJ. Pten loss causes hypertrophy and increased
proliferation of astrocytes in vivo. Cancer Res 2004, 64(21):
T773-7779.

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

Yue Q, Groszer M, Gil JS, Berk AJ, Messing A, Wu H, et
al. PTEN deletion in Bergmann glia leads to premature
differentiation and affects laminar organization. Development
2005, 132(14): 3281-3291.

Jiang H, Guo W, Liang X, Rao Y. Both the establishment
and the maintenance of neuronal polarity require active
mechanisms: critical roles of GSK-3beta and its upstream
regulators. Cell 2005, 120(1): 123—-135.

Luikart BW, Schnell E, Washburn EK, Bensen AL, Tovar KR,
Westbrook GL. Pten knockdown in vivo increases excitatory
drive onto dentate granule cells. J Neurosci 2011, 31(11):
4345-4354.

Zhang XC, Piccini A, Myers MP, Van Aelst L, Tonks NK.
Functional analysis of the protein phosphatase activity of
PTEN. Biochem J 2012, 444(3): 457-464.

Tavazoie SF, Alvarez VA, Ridenour DA, Kwiatkowski DJ,
Sabatini BL. Regulation of neuronal morphology and function
by the tumor suppressors Tsc1 and Tsc2. Nat Neurosci 2005,
8(12): 1727-1734.

Kelleher RR, Bear MF. The autistic neuron: troubled
translation? Cell 2008, 135(3): 401-406.

Chow DK, Groszer M, Pribadi M, Machniki M, Carmichael
ST, Liu X, et al. Laminar and compartmental regulation of
dendritic growth in mature cortex. Nat Neurosci 2009, 12(2):
116-118.

Stiles B, Groszer M, Wang S, Jiao J, Wu H. PTENIess means
more. Dev Biol 2004, 273(2): 175-184.

Li G, Robinson GW, Lesche R, Martinez-Diaz H, Jiang
Z, Rozengurt N, et al. Conditional loss of PTEN leads to
precocious development and neoplasia in the mammary
gland. Development 2002,129(17): 4159-4170.

Suzuki A, Yamaguchi MT, Ohteki T, Sasaki T, Kaisho T,
Kimura Y, et al. T cell-specific loss of Pten leads to defects
in central and peripheral tolerance. Immunity 2001, 14(5):
523-534.

Crackower MA, Oudit GY, Kozieradzki I, Sarao R, Sun H,
Sasaki T, et al. Regulation of myocardial contractility and
cell size by distinct PI3K-PTEN signaling pathways. Cell
2002,110(6): 737-749.

Ehninger D, Han S, Shilyansky C, Zhou Y, Li W, Kwiatkowski
DJ, et al. Reversal of learning deficits in a Tsc2+/- mouse
model of tuberous sclerosis. Nat Med 2008,14(8):843-848.
Ehninger D, Silva AJ. Increased levels of anxiety-related
behaviors in a Tsc2 dominant negative transgenic mouse
model of tuberous sclerosis. Behav Genet 2011, 41(3): 357—
363.

Zhou J, Blundell J, Ogawa S, Kwon CH, Zhang W, Sinton
C, et al. Pharmacological inhibition of mTORC1 suppresses
anatomical, cellular, and behavioral abnormalities in neural-
specific Pten knock-out mice. J Neurosci 2009, 29(6): 1773—
1783.





