1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Mol Psychiatry. Author manuscript; available in PMC 2016 March 01.

-, HHS Public Access
«

Published in final edited form as:
Mol Psychiatry. 2015 September ; 20(9): 1132-1138. d0i:10.1038/mp.2014.125.

Molecular and Phenotypic Abnormalities in Individuals with
Germline Heterozygous PTEN Mutations and Autism

Thomas W. Frazier, PhD, Rebecca Embacher, MEd, BCBA, Amanda K. Tilot, BA, Katherine
Koenig, PhD, Jessica Mester, MS, LGC, and Charis Eng, MD, PhD

Center for Autism (TWF and RE), Genomic Medicine Institute (TWF, AKT, JM, and, CE), and
Neurological Institute (KK) at Cleveland Clinic.

Abstract

PTEN is a tumor suppressor associated with an inherited cancer syndrome and an important
regulator of ongoing neural connectivity and plasticity. The present study examined molecular and
phenotypic characteristics of individuals with germline heterozygous PTEN mutations and ASD
(PTEN-ASD), with the aim of identifying pathophysiologic markers that specifically associate
with PTEN-ASD and that may serve as targets for future treatment trials. PTEN-ASD patients
(n=17) were compared to idiopathic (non-PTEN) ASD patients with (macro-ASD, n=16) and
without macrocephaly (normo-ASD, n=38) and healthy controls (n=14). Group differences were
evaluated for PTEN pathway protein expression levels, global and regional structural brain
volumes and cortical thickness measures, neurocognition, and adaptive behavior. RNA expression
patterns and brain characteristics of a murine model of Pten mislocalization were used to further
evaluate abnormalities observed in human PTEN-ASD patients. PTEN-ASD had a high proportion
of missense mutations and showed reduced PTEN protein levels. Compared to the other groups,
prominent white matter and cognitive abnormalities were specifically associated with PTEN-ASD
patients, with strong reductions in processing speed and working memory. White matter
abnormalities mediated the relationship between PTEN protein reductions and reduced cognitive
ability. The Pten™™ murine model had differential expression of genes related to myelination
and increased corpus callosum. Processing speed and working memory deficits and white matter
abnormalities may serve as useful features that signal clinicians that PTEN is etiologic and
prompting referral to genetics professionals for gene testing, genetic counseling and cancer risk
management; and could reveal treatment targets in trials of treatments for PTEN-ASD.

Introduction

Autism spectrum disorder (ASD) represents a diverse set of neurodevelopmental conditions
with social communication deficits and inflexible/repetitive behaviors. Behavioral genetic
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studies have confirmed a strong genetic component to ASD.! However, only 10-20% of
cases have a known genetic etiology.2~7 The vast majority of studies of ASD
pathophysiology have been conducted on idiopathic ASD. Unfortunately, attempts at
identifying molecular and cellular pathophysiology have been hampered by massive
phenotypic and genetic heterogeneity. One approach to identifying pathophysiology and
mechanism-based treatments for ASD is to focus on cases with a recognized genetic
etiology. A growing body of literature has identified a relationship between the tumor
suppressor gene PTEN and ASD with macrocephaly. Yet, ASD and macrocephaly
associated with germline heterozygous PTEN mutations (PTEN-ASD) has not been well
studied in humans.

PTEN is a dual specificity phosphatase and an important regulator of neural connectivity
and plasticity.® Animal models of conditional Pten loss in specific brain cells imply a
critical role in the control of behavior, manifesting as abnormal social and repetitive
behavior.9-11 They also show larger cell size and dendritic branching, with increased but
poorly developed white matter.10 These abnormalities influence synaptic plasticity and
disrupt short and long distance brain connectivity, reminiscent of abnormal connectivity in
idiopathic ASD.12-14 The Pten™™ mouse is a germline model of disrupted Pten
intracellular localization. The mutant protein is absent from the nucleus, disrupting the
brain’s normally equal nuclear:cytoplasmic balance of Pten.15: 18 Mutations to the human
PTEN gene that have the same effect on protein localization have been reported in patients
with PTEN hamartoma tumor syndrome (PHTS).1” We utilize this model for PTEN-ASD
due to elevated but abnormally-directed social motivation,16 mimicking the active-but-odd
human ASD phenotype,18 as well as molecular phenotypes (e.g. increased Akt-
phosphorylation) that align with PHTS patient cell lines.16. 19

Loss of PTEN in humans was first studied in individuals with PHTS.20 In addition to
increased cancer risk, a substantial proportion of these patients have neurocognitive
deficits.?! Recently, enrichment of germline PTEN mutations has been identified in cohorts
of patients with ASD and macrocephaly,22-24 including whole exome and targeted
sequencing studies.5: 25 Aggregated rates suggest that PTEN-ASD represents ~10% of
macrocephalic ASD,23 which is ~20% of all ASD.28 Reported PTEN-ASD cases tend to
have severe symptoms and decreased cognition.23 Small studies of patients with PTEN
mutations have observed white matter abnormalities,2”: 28 results which align with the role
for AKT in the production of myelin.2® However, the above findings may reflect
ascertainment bias and identified brain abnormalities are not ubiquitous across patients.

To date, no studies have compared phenotypic and molecular characteristics between PTEN-
ASD and other idiopathic ASD cases with (macro-ASD) and without macrocephaly (normo-
ASD). Comprehensive characterization of PTEN-ASD is critically needed to identify
clinico-pathologic features that signal the need for genetic evaluation and to identify
cognitive, neural, and molecular markers relevant to treatment trials. FDA-approved
medications (e.g., rapamycin analogues) have shown promise in modifying Pten pathways in
the mouse brain,3%-32 including altering fear and object recognition memory30: 31 and
improving social deficits.33 Thus, the present study aimed to identify molecular and
phenotypic abnormalities in patients with PTEN-ASD. The secondary aim was to build a
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cross-level model of relationships between molecular findings, brain abnormalities, and
neurobehavioral deficits in PTEN-ASD. To achieve these aims, we prospectively collected
the largest cohort to date of PTEN-ASD patients. We also used our existing Pten™3m™
cytoplasm-predominant murine model® 16 to further confirm neuropathophysiological
findings in human PTEN-ASD.

Materials and Methods

Sample

Individuals with PTEN-ASD (n=17), macro-ASD (n=16), normo-ASD (n=38), and healthy
controls (n=14) were recruited into this study. PTEN-ASD patients were individually-
matched on age and sex to available patients from other groups. PTEN-ASD and macro-
ASD groups were not matched on head circumference as PTEN cases tended to have very
large head circumference. 1Q was not matched as it may be an important differentiating
characteristic. Analyses of neurobehavioral measures, brain volumes, and cortical thickness
were conducted with and without 1Q and total brain volume as a covariates, where
appropriate. The procedures of the present study were reviewed and approved by the
Cleveland Clinic institutional review board. Consent and assent were obtained from parents/
guardians and participants.

ASD diagnoses

Consensus ASD diagnoses were made using results of the Autism Diagnostic Interview-
Revised (ADI-R),34 clinical observations, and, in young children, by the Autism Diagnostic
Observation Schedule.3 Participants in ASD groups met DSM-1V-TR and DSM-5 criteria.
Control participants had t-scores <60 on the Social Responsiveness Scale (SRS)36 and were
deemed to not have an ASD by expert clinical evaluation.

PTEN mutation scanning

LightCycler or DGGE mutation scanning and semi-automated Sanger sequencing
(ABI3730xl) of exons 1 through 9 and flanking intronic regions of genomic DNA was
performed for each participant.3”- 38 Data were checked for germline intragenic mutations in
exons 1-9 and in the splice sites. Analysis of the extended promoter region3® was performed
by Sanger sequencing to reveal promoter variants. Promoter variants were subjected to
reporter assay as well as functional interrogation. Deletion analysis was conducted using
multiplex ligation-dependent probe amplification to reveal large deletions/rearrangements.
All novel variants were checked for presence and frequency in 350 sex- and ancestry-
matched population controls. The single nucleotide polymorphism database was also
consulted. A subset of 44 idiopathic ASD participants was offered clinical screening for
large, potentially deleterious, copy number variations beyond those encompassing PTEN. Of
these, nearly half (20 of 44) received testing and none had a confirmed deleterious variant,
consistent with the low yield of pathogenic CNVs in idiopathic ASD without congenital
anomalies. To examine mutational characteristics (missense versus other mutations), the
PTEN-ASD patients described above and an additional 14 PTEN-ASD patients (31 total)
without comprehensive phenotyping were compared to 264 PHTS patients without ASD
from our registry.
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Protein assays and scoring

Western blot analysis of peripheral leukocyte or lymphoblastoid cell total protein lysate
using antibodies against PTEN, P-AKT, P-p42/44MAPK were performed with the
antibodies and techniques routinely used in the Eng lab, by investigators blinded to genotype
and group.1® Quantitation of Western blot signals was performed by normalization to the
median expression of the samples on each blot.1® The resulting blood PTEN protein levels
were classified as PTEN-Q1, PTEN-Q2, PTEN-Q3, and PTEN-Q4, with Q1 and Q4
corresponding to the lowest and highest quartiles of expression (Online S1).19 Active PTEN
results in decreased phosphorylation of AKT and MAPK, up-regulation of p27, and down-
regulation of cyclin D1 protein levels, resulting in decreased proliferation and increased
apoptosis (canonical PTEN signaling). All of these proteins have been shown to be
consistent in peripheral protein lysates from 100 population controls.19 Thus, protein studies
should reveal the functional effects of PTEN alterations.

Magnetic resonance imaging

MRI acquisition was performed using a Siemens TIM Trio 3 tesla scanner with a standard
12-channel receive-only head coil. An eight-minute whole-brain T1-weighted inversion
recovery turboflash (MPRAGE) was acquired with the following parameters: 160 axial
slices; 1mm3 isotropic voxels; field-of-view=256 mm x 256 mm?; inversion time/echo time/
repetition time/flip angle = 900/1.71/1900; receiver bandwidth 490 Hz/Px. Participants with
significant head motion were evaluated using a shorter protocols. Volumetric measurements
were obtained using the software suite Freesurfer4C (http://surfer.nmr.mgh.harvard.edu/).
The FSL program SIENA was used to correct for head size*! and the resulting anatomical
volumes were visually inspected for accuracy. A priori measures included: total brain
volume; total cortical grey and white matter; volumes of the bilateral hippocampi, bilateral
amygdalae, corpus callosum, cerebellum, brain stem, white matter hypo-intensities, and
lateral ventricles; and total and frontal cortical thickness. Group comparisons for total brain
volume were computed with and without correcting for head size. Age, sex, full scale 1Q,
and total brain volume were included as covariates in all regional analyses.

Neurobehavioral assessments

Full scale, verbal, and non-verbal intelligence quotients were obtained using the Mullen
Scales of Early Learning#? 43 or the Wechsler Abbreviated Scale of Intelligence.4
Processing speed was measured using mean reaction time from the Conners’ Continuous
Performance Test.*> Immediate and working memory were assessed via the Wide Range
Assessment of Memory and Learning.*® Autism symptoms and adaptive behavior were
measured using the Social Responsiveness Scale3¢ and the Scales of Independent
Behavior.47

Mouse model evaluation

The Pten™™ model changes the intracellular localization of Pten by altering two exon
seven localization sequences, causing the protein to be absent from the nucleus and
disrupting the brain’s normally equal distribution of cytoplasmic and nuclear Pten.16 The
Pten™™ model alters activity of the protein from the earliest developmental timepoints in
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every cell type, making the Pten™™ mouse a strong model for human PHTS. In contrast,
alternative models are based on removing the Pten gene from a specific cell type after a
certain developmental stage (e.g. post-mitotic neurons).33: 48. 49 This allows for careful
dissection of the role for Pten within that cell type, but does not replicate the biology of the
human disease — where neurons, glia, and cells of the vasculature all experience the same
mutation. Thus, the Pten™™ model was chosen because, unlike brain-region specific
knockout models, it closely mimics both the brain and non-brain aspects of PHTS with
ASD. Furthermore, the Pten™™ model shows increased time with novel mice but also a
qualitatively unusual pattern of interaction, thereby providing a window into humans with
ASD who have elevated social motivation but lack appropriate interaction skills.18

Total RNA was isolated from cortices of Pten™™ and Wt littermate mice using Trizol (Life
Technologies, Grand Island, NY), and clean-up/DNase treatment performed using the
Ambion Purelink kit (Life Technologies) according to the manufacturer’s protocol (n=3
mice/genotype). Following Bioanalyzer analysis for RNA quality, sequencing libraries were
prepared by the sequencing facility using the lllumina TruSeq Stranded Total RNA with
Ribo Zero kit (Illumina, San Diego, CA). Libraries were multiplexed at 3/lane, and 100bp
paired-end sequencing was performed using lllumina HiSeq. Reads were aligned to the
mouse mm10 reference genome using Tophat/Bowtie and differential expression (DE)
calculated using Cufflinks/Cuffdiff2.%0: 51 Differences in gene expression were considered
significant at false discovery rate < 0.05, using Benjamini-Hochberg multiple testing
correction.®0 This resulted in 1377 genes that were differentially expressed (p<0.005).
Pathway analysis of DE genes and network generation was performed using Ingenuity
Pathway Analysis (Ingenuity® Systems, www.ingenuity.com), and gene ontology
information was obtained from AmiGO 2 (version 2.2.0, accessed June 26, 2014). Data are
available via Gene Expression Omnibus, accession number: GSE59318.

Free-floating fixed tissue sections (30 um) were washed in PBS with 0.3M glycine to reduce
background fluorescence before incubating in 10% Triton X-100 for 30 minutes at room
temperature. Sections were then blocked overnight in 10% normal goat serum diluted in
PBS containing 0.3% Triton X-100. Overnight incubation at 4°C with primary antibodies
(NeuN - 1:500, Millipore, Billerica, MA; MBP — 1:500, Covance, Princeton, NJ) was
followed by washes in PBS and incubation with secondary antibodies diluted in PBS for one
hour at room temperature (AlexaFluor 488 — 1:1000, Invitrogen, Grand Island, NY). Finally,
sections were washed in PBS, mounted on glass slides, and examined using upright
fluorescence microscopy. Corpus callosum measurements were made in triplicate 550um
from the center of the posterior forceps. Cortical thickness measurements were taken using
the same anatomical landmark. Data presented are averages of measurements made by two
investigators blinded to genotype (1-2 sections per animal, 3—4 animals per genotype).

Statistical analyses

Univariate analyses of variance and Chi-square analyses compared patient groups across
demographic (age, sex, head circumference z-score) and clinical (ADI-R domain scores and
SRS total T-score) measurements. Chi-square analysis evaluated differences in the
proportion of missense versus other mutation types in PTEN-ASD and PHTS without ASD
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patients. PTEN and related pathway protein expression levels were compared across patient
groups using generalized estimating equation (GEE) models,52 with patient group as a fixed
factor, age and sex as covariates. Matched patient groups served as the clustering variable
and an unstructured error covariance matrix had superior fit relative to other error structures.
Similar GEE models were used to evaluate brain volume and neurobehavioral differences
among patient groups, but total brain volume and 1Q were added as covariates. A priori
contrasts were calculated between PTEN-ASD and other patient groups.

Cross-level relationships between protein scores, brain volumes/thicknesses, and full scale
IQ in PTEN-ASD patients was evaluated using mediational models. Statistical mediation
does not imply causation but rather is used to identify cross-level relationships. In each
model, structural brain measurements were the mediator between protein scores (upstream
variable) and full scale 1Q (downstream variable). Statistical analyses were computed using
regression modeling in SPSS version 21.53 Mediational models were computed using
AMOS v21°4 following the analytic criteria described by Baron and Kenny.>®

Power to detect group differences was estimated using an analysis of variance model with
the expectation that actual power would be enhanced using GEE models.56 Power to detect
overall group differences (N=85) was very good (1-=.87, a=.05) for large effect sizes (d=.
80). Power to detect a priori contrasts was excellent (1-$=.95, a=.05, two-tailed). Very large
effects were expected for imaging data (Cohen’s d=1.2) and power was good (1-3=.84) for
detecting this effect magnitude or larger in the imaging sub-sample (n=38).

There were no significant differences in age or sex across patient groups, although there was
a trend toward enrichment of older females in the control group (Table 1). Age and sex were
included as covariates in all analyses. Not surprisingly, head circumference was largest in
PTEN-ASD, slightly smaller in macro-ASD, and closer to the population mean in the
normo-ASD and control groups. ASD groups did not differ on any of the ADI-R domain
scores or SRS Total T-score.

Missense mutations were enriched in PTEN-ASD group relative to PHTS patients without
ASD from our large patient registry (51.6% missense in 31 PTEN-ASD patients, 29.6%
missense in 264 PHTS patients without ASD; X2(1)=6.22, p=.013; online S2). Of the 17
PTEN-ASD patients with comprehensive evaluation (Online S3), 41% had known de novo
and 24% inherited mutations (35% unknown inheritance). PTEN-ASD patients had
significantly lower PTEN protein expression (Online S4 and S5), but no other significant
differences were observed.

PTEN-ASD patients had larger total brain volume than other groups (Table 2), a difference
that was proportional to increases in head size. When total brain volume was used as a
covariate, total cortical white matter was increased in PTEN-ASD, as was callosal volume
and white matter hypo-intensities. White matter hypo-intensity volumes were elevated in all
but the oldest PTEN-ASD patient (d=2.91) and there was a large significant relationship
between age and white matter hypo-intensity volumes in PTEN-ASD (r=-.70, p=.037),
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suggesting delayed maturation or abnormal development of white matter (Online S6 and
S7). The cerebellum and lateral ventricles were also larger in PTEN-ASD, though these
differences were not as dramatic as those of white matter structures. Interestingly, PTEN-
ASD had the opposite pattern for cortical thickness, with lower total and frontal cortical
thickness before and after adjustment for total brain volume.

Full scale, verbal, and non-verbal 1Q was significantly reduced in PTEN-ASD relative to
other ASD groups and healthy controls (smallest Wald X2(3)=16.86, p<.001; Table 3).
Processing speed, working memory, and immediate verbal and visual memory were also
reduced, as was adaptive function. The largest effect sizes were for processing speed
(d=1.15) and working memory (d=1.07), with both showing trends toward significant
reductions after adjustment for full scale 1Q (processing speed X2(1)=3.71, p=.054 and
working memory X?2(1)=2.63, p=.105).

Total cortical white matter, corpus callosum volume, and white matter hypo-intensities fully
mediated the relationship between PTEN protein expression level and full scale 1Q (Figure
1). P-AKT expression was negatively associated with full scale 1Q, but this relationship was
independent of PTEN expression (P-AKT only p=-.28 vs. P-AKT with PTEN p=-.31).

In addition to altered sociability and poor balance reminiscent of some individuals with
ASD, our previous studies using the Pten™™ model uncovered increased proliferation of
NG2 glia, leading to increased numbers of oligodendrocytes.1> 16 Combined with the
present human results, we hypothesized that Pten™™ mice would display increases in
myelination. Pathway analysis of RNA sequencing data revealed significant differential
expression of genes related to myelination (network p-value = 6.11E-15; Figure 2A). The
great majority of these genes were upregulated, including major myelin structural proteins
MBP and PLP. Comparing the full set of 1377 differentially expressed genes to those
contained within the gene ontology term “central nervous system myelination” (accession
number GO:0022010), we found highly significant enrichment of myelination-related genes
(Fisher’s exact test, odds ratio = 3.66, p-value = 2.76x1078). Corpus callosum thickness was
increased (n = 5-8 sections/genotype, F(2,16)=19.03, p<.0001; Figure 2B), without change
in cortical thickness (F(2,14)=.189, p=.823; Figure 2C). These findings indicate that
increased white matter volume contributes to increased brain mass in the Pten™™ model,
consistent with findings in PTEN-ASD.

Discussion

The present study represents the largest prospective cohort of PTEN-ASD patients with
comprehensive molecular and phenotypic characterization. Comparison to macro- and
normo-ASD patients and healthy controls indicated reductions in PTEN protein levels,
increased brain volume, dramatic white matter abnormalities, and variable but generally
impaired cognition and adaptive function. Slow processing speed and large deficits in
working memory were observed, consistent with prominent white matter abnormalities,
implying that behavioral treatment should focus on slow, repeated presentation of
information to maximize learning, even in high functioning PTEN-ASD patients. These
particular clinical features may signal the treating clinician that PTEN could be an
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underlying cause, for referral to genetics professionals for genetic testing in the setting of
genetic evaluation and counseling and PTEN-informed cancer risk assessment and
management. Importantly, cognitive measures, total brain volume, and white matter
abnormalities may be promising treatment targets in pharmacologic studies.

PTEN-ASD patients showed reduced PTEN protein expression but not P-AKT or
P42/44MAPK expression. This suggests non-canonical pathway involvement in PTEN-
ASD, but may also reflect differences in peripheral blood versus brain expression patterns or
early developmental timing of canonical signaling abnormalities. Canonical and non-
canonical PTEN pathways, including FOXO, should be investigated longitudinally in future
samples. Intriguingly, AKT expression was an independent driver of reduced cognitive
ability in the PTEN-ASD group. This may imply additional genetic predisposition factors
that modify the PTEN phenotype through the AKT pathway, independent of PTEN
expression.

White matter structures statistically mediated the relationship between reduced PTEN
expression and impaired cognitive function. In contrast, cortical and sub-cortical grey matter
volumes were not abnormal and cortical thickness tended to be smaller with and without
adjustment for total brain volume. Analogously, the relationship between PTEN expression
and white matter abnormalities was also supported in the Pten™™ model, with upregulation
of myelin-associated proteins and increased corpus callosum, but not cortical, thickness. The
observation that cortical thickness is not increased in human PTEN-ASD or the Pten™3™
model is contrary to observations in murine knockout models and may imply that the ASD
phenotype within PTEN mutation cases is largely driven by white matter disruptions. White
matter abnormalities have also been seen in PHTS patients without ASD.27 However, it is
not yet known whether the magnitude and/or developmental timing of white matter deficits
may differentiate individuals with and without ASD. Direct comparisons of PHTS patients
with and without ASD are needed for understanding whether abnormal white matter
development leads to ASD, intellectual disability, or other neuropsychiatric phenotypes.
Brain imaging in multidisciplinary evaluation of ASD is common. Our observations suggest
that disproportionately increased white matter with multiple hypointensities may signal the
medical team to consider PTEN as the etiology. In addition to the neurobehavioral
implications of PTEN involvement, this recognition of specific etiology is important because
of the possibility of increased PTEN-associated cancer risks,? requiring lifelong cancer
surveillance.

While the largest described cohort, the present study was limited by modest PTEN-ASD
sample size and difficulty in closely matching each PTEN patient to one or more patients
from each comparison group. To address this, we used GEE models which readily
accommodate different sizes of matched groups and adjust group differences based on all
available data within each match. The lack of comprehensively characterized PHTS patients
without ASD is also a limitation. However, our own work?! with these patients indicates
that their neurocognitive dysfunctions, while present and impairing, tend to be less severe
than those seen in PTEN-ASD. Head-to-head comparisons are needed to confirm this
pattern. Unfortunately, the neuroimaging approach used in this study was designed for ease
of acquisition and not detailed white matter evaluation. Further characterization of white
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matter using diffusion tensor imaging will allow more accurate measurement and
classification, as well as linking to specific molecular processes. Finally, the inclusion of
idiopathic macro-ASD cases was a major strength of this study and permitted identification
of specific brain and neurocognitive abnormalities. Future work should include both macro-
ASD and PHTS without ASD cases to further differentiate PTEN-specific and ASD-specific
abnormalities. This work should be longitudinal in order to estimate the development of
cognitive function, measure non-canonical functions of PTEN, and consider mutation type
as a moderator of outcome. In sum, PTEN-ASD patients show a specific pattern of
overgrown and poorly-developed white matter with processing speed and working memory
deficits extending beyond general intellectual reductions. White matter abnormalities were
supported by our mouse model of cytoplasmic-predominant Pten. Given that white matter
abnormalities have not responded to rapamycin treatment in murine models of Pten,33 it will
be important to also consider processing speed, working memory, and total or regional brain
volumes as efficacy outcomes in future treatment trials of human PTEN-ASD.

Supplementary Material
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Figure 1.

Mediational models displaying the direct relationships between PTEN protein score and full
scale 1Q and indirect relationships via white matter characteristics. Direct relationships are
shown in blue. Indirect relationships are shown in red. *p<.05. PTEN score was not
significantly related to total cortical thickness precluding mediation.
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Figure 2.
Mouse model myelination-related gene expression network and white matter evaluation. (A)

Ingenuity Pathway Analysis network of myelination-related gene expression is upregulated
in Pten™3mA/m3m4 ¢ rtex at six weeks of age. The color of the molecule indicates the
expression change from wild-type, with red and green indicating up- and down-regulation,
respectively. Color intensity reflects the extent of change. The function of each differentially
expressed gene is represented by the shape of the molecule, and listed in the legend below.
(B) Representative images of MBP (scale bar = 250 um) and NeuN (scale bar = 500 um)
immunofluorescence staining in Pten™M/m3mM4 and Wt cortex at six weeks of age. (C)
Quantification of corpus callosum and cortical thickness measured from staining shown in

(B).

Mol Psychiatry. Author manuscript; available in PMC 2016 March 01.



Page 15

Frazier et al.

Author Manuscript

's1s8) 90y-1s0d uo (50'>d) saouaiapip Juediiubis ajousp sydiiasiadns Jusiayiq 810N
*

(T00">) 2692 o(6°0T) 0°L¥ o(Z01) 208  o(FET)TOL  o(9€T) 6'8L 21025-] [£101 SHS
(0557 09°0 - (22) 89 (g2 gL (62)GL  Joineyag annnaday ‘pajoliisay
(806 0T'0 - (6%) 08 (Sv) s (ev) g8 uonEdIUNWWOD [BgI3A-UON
(019 05°0 - (81) g8t oY (€9) 96T uonveIBIU| [B100S

d-1av

(T00°>) ST'6Y o(TT)60 2(60) L0 (TT) 62 (ET) TV 21025-Z 892Ua48JWINIII0 PRaH
(8607 T€'9 (%.9) 8 (%28) 1¢ (%b6) ST (%L2) €T (% ‘u) aleN
(9v2) Y0 (96) 0'¥1 (ca)vit (88)6'¢T (Logtr aby

T 8¢ 9T LT N
(d) ;x/4 (@as)w (@) (@) (@s) W
s|ou0D AylesH  AQSV-0WJON  dSV-0M%eN  ASV-NILd

T alqel

Author Manuscript

Author Manuscript

"S211S11819RIRYD [RIIUIID pue dlydelBowap ajdwes

Author Manuscript

Mol Psychiatry. Author manuscript; available in PMC 2016 March 01.



Page 16

Frazier et al.

"UORINGLISIP Y} PSZIfEWIOU Y2IYMm UolewIojsuel) 0THO| & U0 paseq a1am sasAjeue ‘snyL “01nouny pue pamas Ajaanisod A|a1anas sem sanisusiul-odAy Janew aym Jo uonnguisip
8y "sdnolb QSy-0IoB A pue ASY-NILd Usamiaq (50 >d) sisesuod 1iold e Juediiubis 108]81 S9ZIS 108148 Pap|og "8WNJOA UreIq [€10) 40§ Paisnipe a1am saWN|oA 214198ds-a1Mon.ls pue [euolfay 810N
M

Sr'1- (2o1) 609 (c0) L'e (z0) L'e (c0) 4 (To) 9 SSBUMDIY L [BD11I0D [eIU0)
9T'Z- (tto)  ortT (T0) Le (T0) Le (T0) 8¢ (T0) Lz SSAUMIIY L [€21310D [e10L
T (€00)  eTvT  (L'6) L'1e ) 70T (8'8) 0'€T (g81)  9ce S9|ILIIUBA [edareT]
16°C (€00)  TTVT (TT) €€ (s0) 14 (670 91 (¥'6) €L sa1HsuaIu|-0dAH JeIBIN SHUM
LT (#00)  8E€T  (v€) €L2 (9¢) €Te (€8) 8'€z (09) §'se wals ureag
vT'T (610) 066 (991) gT.T  (G88) eser  (T6e)  GIET (T'S2)  veST wnjjagaied
0ze (200) srZT (8°0) o€ (o1 T'€ (90) v'e (s7) L'y wnso|[ed snd10d
A (ev9) 891  (L0) GE (90) Ge (70 Le (T1) 6'¢ erepbiwy
20~ (ser)  ers (e 0'6 (01) g8 (€0) 16 (871) 16 sndweosoddiH
€9'T (too) ogst (zzt1) S60S  (0TS)  8¥9y  (80L)  €veES  (9'8ST)  §'669 J311EIA SHUAN [E91110D [E10L
8z (too>) 9sve (z29) oees  (028) Gles (228 vse9  (80TT)  2'2S9 Jonen Aeao [eanioQ [eloL
vT'T (to0>) 8v'1e (c66T) 6TOVT (€T2T) L9eeT  (9'8ST) 860KVT (92L2) T¥E9T ureag [ejoL
p s.Usyod (d) x (as) W (as) W (as) N (as) W

asv-o4oeN uosrredwo)

'SA ASV-N3Ld dnolo-y sjoauod AyyesH  ASVY-OWJON asv-o10eN asv-N3Ld

'sdnoJBb Apnis ss0.oe (W) SSBUXIIY} [21110D pue (¢WD) SBUNJOA Urelq [euolBal pue [eqo|9

¢ ?dlqel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Mol Psychiatry. Author manuscript; available in PMC 2016 March 01.



Page 17

Frazier et al.

"wiopaaiy o seaifap € Buisn sdnoJb Juaned |[e UAAMIA] SBIUBIBLIP SAIEN[EAD S|aPOW FID WO ;X PEM "ASY-0.9BIN PUB ASY-N3Ld UssmIaq (G0">d) 1senuod Lioud e Jueayiubis e salealpul pjog :910N

Author Manuscript

6’ (To0>) €562 (T€2) 926 (L'€2) €29 Ww1e) L1L (%) §¥S BuiAr Anunwwod
67" (T00>) 6067 (8'6T) 9201 (9'6T) 8'39 (8'12) L09  (9°02) v'es Buini reuostad
SL (too>) 2516 (cen) vatt (9929) €29 (z1€)80L  (B'0E)6TS  UOMEIIUNWWOD/UONIRIAU] [E120S
L8 (too>) 95 (022) L11T (892)reL  (soo)e6L  (262) T09 1010
etch (To0>) S8'19 (0'62) T°60T (5'€2) 6'65 (6'€2) 899  (L€2) v'0S aouspuadapul peoig Y¥-41S
69° (5000  ¥6'CT (¥'ST) 8'56 (8'21) 562 (Sza)ote  (cen6lL Arows\ syerpswiw| [ensIA
9’ (To0>) 6982 (e21) 8'S0T (oem) €98 (Lva)Lee  (BET) 0L AsowsN arerpawiw| Aoupny
10T (To0>)  ¥e'es (s01) 8°20T (0'02) 828 (6'6T) 206  (£'9T) 9°0L Kaows Bupiopm
ST'T (too) Lzt (€'01) T¥0T (z'ze) 526 (6'81) 266  (6'€2) 6'9L paads Buissa00.d
06’ (too>) €zoe (z'sT) 2°80T (et0)eee (v ese  (LLn)T8L Ol [egIaA-UoN
V8 (Too) 9891 (9'v1) 6501 (T'€2) 0’16 (Ler)oes  (eva)ess Ol [eg4an
€6’ (t00>) ST'6C (¢v1) v'80T (6'12) 6'06 (Lse) g6 (F'12) 6'SL Ol 8[eds |In4
p s.uayod (d) X prem (@) (@) (@s) (@)
asv-ooenN uosiredwo)
'SA dSV-N3Ld dnouo- $104Ju0D AUiesH  QSV-OWJON  ASV-0M%8N  ASVY-N3ILd

€9lqel

Author Manuscript

'sdnoJb Apnis ssoloe uonauny aandepe pue Aljige aaniubo)

Author Manuscript

Author Manuscript

Mol Psychiatry. Author manuscript; available in PMC 2016 March 01.



