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Lighting a path: genetic studies pinpoint
neurodevelopmental mechanisms in autism

and related disorders

Matthew E Pescosolido, BA; Unikora Yang, BS; Mark Sabbagh, BS;
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In this review, we outline critical molecular processes that
have been implicated by discovery of genetic mutations
in autism. These mechanisms need to be mapped onto the
neurodevelopment step(s) gone awry that may be associ-
ated with cause in autism. Molecular mechanisms include:
(i) requlation of gene expression; (ii) pre-mRNA splicing;
(iii) protein localization, translation, and turnover; (iv)
synaptic transmission; (v) cell signaling; (vi) the functions
of cytoskeletal and scaffolding proteins; and (vii) the func-
tion of neuronal cell adhesion molecules. While the mol-
ecular mechanisms appear broad, they may converge on
only one of a few steps during neurodevelopment that
perturbs the structure, function, and/or plasticity of neu-
ronal circuitry. While there are many genetic mutations
involved, novel treatments may need to target only one

of few developmental mechanisms.
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Introduction

utism spectrum disorders (ASDs) are a het-
erogeneous group of neurodevelopmental disorders
characterized by impaired social interaction, disrupted
development of communication and language skills, and
repetitive behaviors. Over an affected individual’s life-
time, costs of care can reach about $3.2 million, while the
annual cost to society is an estimated $35 billion." Such
burdensome costs combined with new high estimates in
prevalence—the newest numbers place the develop-
mental disorder at 1 in 88 children*—call for a need to
fully understand and to develop new treatments for
autism. Treatment for ASD has shown uneven efficacy,
and no treatment to date has demonstrated the ability to
alleviate the core social deficits. While the high-func-
tioning spectrum of ASD has shown promising and
hopeful response to behavioral treatments, a sizable
cohort, predominantly lower-functioning and/or with
comorbid intellectual disability, has not demonstrated
significant treatment gains.’ For this latter group of
patients, the need to develop new treatment paradigms
is critical.
Understanding the neurodevelopment mechanisms gone
awry may provide crucial insights into the underlying
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Selected abbreviations and acronyms

ASD autism spectrum disorder

CNV copy number variation

FMRP  fragile X mental retardation protein
FXS fragile X syndrome

ID intellectual disability

RTT Rett syndrome

SC tuberous sclerosis

UPS ubiquitin-proteasome system

pathobiology of autism and identify novel, effective
treatment methods. An essential step is to determine
what aspects of brain development and function are
impaired in autism. Forward genetics, a process that
identifies putative genes or gene networks, allows
researchers to identify mutations, sometimes specific
molecules, and perhaps converging mechanisms involved
in autism.* One important question researchers should
attempt to answer is: Can mutation discoveries lead us
to specific step(s) that are perturbed during neurode-
velopment? By answering this question, researchers may
be able to identify distinct neurodevelopmental
processes responsible for autistic subtypes that may
allow for targeted treatments of autistic symptoms. In
this review, we will argue that genetic studies in particu-
lar have helped us pinpoint a small number of neurode-
velopmental steps that are generally involved in autism
to those of the late steps of neurodevelopment, that are
primarily involved in the development of neurocircuitry,
namely axon and dendrite growth and arborization, and
also experience-dependent synapse modification.

Human brain development and structural
brain differences in autism

In contrast to the >22 000 genes in the human genome
and steep number of molecular mechanisms within a
functioning and differentiating cell, the number of steps
involved in human brain development are relatively few
and finite. Eleven processes are conceptualized in
Figure 1. Essentially, we can divide these developmen-
tal stages of brain development into two categories:
fetal and postnatal. Fetal brain development is largely
experience-independent and begins with neural tube
formation and patterning, and neurogenesis whereby
neural progenitor cells proliferate and give rise to neu-
rons of the brain. These newborn neurons then must
undergo migration from the fetal neurogenic niche (the
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ventricular zones or subcortical structures for y-
aminobutyric acid (GABA)-ergic cells) to their final
position in the brain. Subsequently, the process of neu-
ronal morphogenesis involves the formation of cellular
polarization that leads to the development of axonal
growth cones which begin traversing the brain, forming
its complex circuitry. This period of development is
marked by profound axon and dendrite branching and
arborization that eventually determines the axons and
dendrites of any given neuron.>®

These aforementioned neurodevelopmental events are
typically considered experience-independent processes.
In other words, intrinsic genetic factors regulate each
mechanism independent of sensory experience of the
external world. Interestingly, there are many monogenic
diseases that appear to affect one or various given stages
above. For example, disorders that cause small brain size
at birth, called primary microcephaly, result from a large
number of single gene mutations that appear to affect
neurogenesis.” Similarly, other monogenic disorders may
result in abnormal patterning such as sonic hedgehog
mutations or other mutations that may cause holopros-
encephaly (failure of the forebrain to develop into two
hemispheres).® Finally, there are a number of disorders
of cortical migration that lead to abnormal layering of
the brain or abnormal gyrus and sulcus formation.’
Although there are exceptions, the above disorders have
not been typically associated with autism symptoms;
however, instead highly related conditions such as intel-
lectual disability and epilepsy are more frequently
described, along with the associated structural brain mal-
formation. Interestingly, with respect to axon outgrowth,
there are a number of monogenic disorders that may
involve abnormalities of axon growth and/or targeting
that have been associated with autistic symptoms.
Joubert syndrome, for example, is a genetically hetero-
geneous condition that displays abnormalities in axon
outgrowth and has been associated with autism symp-
toms." Similarly, one neurodevelopmental abnormality
in tuberous sclerosis (TSC) is also abnormal axon
growth, and TSC is also recurrently although inconsis-
tently associated with autism." Joubert syndrome is gen-
erally associated with structural brain malformations.
TSC is most frequently associated with a variety of mor-
phologic abnormalities including tubers, but also with
abnormalities of the corpus callosum. Growth of the cor-
pus callosum has frequently been cited as an indicator
of problems in the axon growth step of neurodevelop-
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0 0
Conception Birth Puberty Aging

0 Blastocyst implantation

0 Appearance of primitive streak/gastrulation
Appearance of the notochord

0 First heartbeats

0 Appearance of optic and otic placode

0 First embryo movements

Process Start End
3 CNS patterning 26 days 84 days
6 Cell fate determination 40 days 210 days
7 Neuronal morphogenesis 40 days 250 days
8  Axon outgrowth 40 days 1 year

Synapse formation

Embryonic days Postnatal days/years

Figure 1. Timeline of human brain development. This figure represents a schematized conceptualization of the steps during human brain devel-
opment. Time in weeks post-conception and then postnatal years are shown along the horizontal axis. Birth and puberty and age at which
cerebral cortex begins to thin are shown. The onset, peak, and end of different stages of neurodevelopment are depicted in color-coded
fashion as shown in the associated table. “Days” in the figure refer to embryonic days. “Years"” refer to postnatal years. The timing of the
human stages is approximately based on refs 6, 117, 118, 119.
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ment. Indeed, isolated agenesis, hypogenesis, or dysgen-
esis of the corpus callosum have been associated with an
increase in autism symptoms.'>"

In addition to the experience-independent neurodevel-
opmental processes, concomitant with the determination
of axons and dendrites, neurons begin the process of
forming connections via synaptogenesis commencing a
series of experience-dependent developmental mecha-
nisms. The process of synapse formation in the develop-
ing brain involves the production of a wide excess of
synapses and a subsequent pruning back, perhaps
strengthening of some and loss of others."*" In this case,
neuronal activity thought to be mediating the processes
of experience may result in chromatin modifications that
lead to long-lasting effects on gene expression, brain
development, and circuit architecture. This mechanism is
most important for postnatal synaptic plasticity and dur-
ing the synaptic pruning that begins at birth and becomes
most widespread, continuing into adolescence.

There are also a limited number of monogenic disorders
that appear to be associated with synaptic plasticity and
autism. In particular, Fragile X syndrome (FXS) which is
associated with a trinucleotide repeat expansion and loss-
of-function mutation, is frequently associated with
autism." Interestingly, in some reports FXS is associated
with an increase in cerebral volume.” Macrocephaly,
increases in cerebral volume (generally greater than 2
standard deviations above the mean for age, ethnicity,
and gender), has a longstanding association with autism.'
Estimates suggest that approximately 30% of children
with autism have macrocephaly.” However, there also
appear to be a subset of children with autism who have
microcephaly. Mutations in the gene PHOSPHATASE
AND TENSIN HOMOLOG (PTEN) have been notably
associated with autism and large head size,” while Rett
syndrome (RTT) (due to mutations in MeCP2 gene) is
also frequently associated with autistic symptoms and
also generally with microcephaly. What are the underly-
ing neurodevelopmental mechanisms that cause brain
overgrowth or undergrowth? Of course, the timing of the
emergence of this structural brain defect will greatly lead
hypotheses regarding this question. For macrocephaly in
idiopathic autism, there are proposals that the brain is
generally normocephalic at birth and demonstrates a
postnatal brain overgrowth. Assuming that relative tim-
ing of the different steps of human brain development
are preserved (Figure 1), then this timing would rule out
mechanisms such as neurogenesis, and would include an
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overabundance of dendrites and axons, and/or a failure
to prune. Morphologic examination in mouse models
have shown an excess of neuronal arborization in the
Pten-mutant mouse” and a impoverishment of neuronal
arbors in the Mecp2-null mouse.*

Genomic programs underlying experience-dependent
synapse plasticity utilize hundreds of genes

An experimental proxy for studying the processes of
synaptic plasticity involves studying the gene networks
that are regulated by neuronal activity or more specifi-
cally, neuronal membrane depolarization in cell culture
systems. Genome-wide studies of the regulation of gene
expression by neuronal activity have suggested that a
large percentage of the genes in the genome may be reg-
ulated by neuronal activity and thereby, may play some
role in synaptic plasticity. Is it conceivable that a large
number of these genes may be mutated or play a role in
autism? Gene variants at a significant number of these
loci may contribute to autism in a complex genetic fash-
ion. Regarding the vast genetic heterogeneity that may
be at play in autism, it is worth considering the genetic
architecture of intellectual disability (ID). Of course, ID
may be related to autism in many cases, as approximately
38% of children with autism also have co-occurring ID.?
ID is caused by a large variety of mutations, including
chromosomal as well as many monogenic mutations such
as X-linked loci. Indeed, greater that 10% of the genes
on the X chromosome may be associated with ID.” By
the lessons of ID, there are genetic mutations that would
perturb just about all steps of neurodevelopment (Figure
1); however, if we restrict the clinical scope to “non-syn-
dromic” intellectual disability (ie, cognitive effects with-
out structural brain or medical effects), the mechanisms
may be more refined to synaptic structure and in partic-
ular dendritic spine abnormalities.” Here, we also con-
tend that those steps of neurodevelopment that are
involved in autism are similarly constrained, and we will
argue here that they are constrained to those steps that
affect the formation of neuronal circuitry, ie axon and
dendrite growth and arborization, and experience-depen-
dent synaptic modification.

Heterogeneous gene mutations in autism

Genetic studies in ASD have made substantial progress
in the last decade. Numerous, individual mutations,
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largely corresponding to rare genetic variants, have been
discovered.*” These studies have elucidated a variety of
genetic loci and pathways regarding the genetic archi-
tecture of autism. No single locus in question appears to
be found in greater than 1%, and the majority of loci are
recurrent at a much lower rate, and some representative
of private (single mutations). The nature of the rare
mutations include gross chromosomal anomalies, copy
number variants, single nucleotide variants, particularly
de novo variants.”**

These mutations have pinpointed a heterogeneous
group of genes and loci that may contribute to the
pathobiology of autism. These mutations appear to affect
a range of mechanisms (7able I) including those that reg-
ulate: (i) gene expression; (ii) pre-mRNA splicing; (iii)
protein localization, translation, and turnover; (iv) synap-
tic transmission, such as synaptic vesicle release and
membrane excitability; (v) cell signaling; (vi) cytoske-
tal and scaffolding proteins particularly at the post-
synaptic membrane; and (vii) neuronal cell adhesions
molecules. With each discovery of a new mutation,
researchers are forced to ask: What stage of neurode-
velopment is perturbed by this genetic mutation?
Answering this question is essential to understanding the
genetic contributions of autism. The purpose of this
review is to critically address this question for the puta-
tive molecular mechanisms in autism that are outlined

Molecular mechanisms Gene/mutation*
implicated by mutation
Regulation of gene expression
MeCP2, MBD5, CHD3, CHD7, CHDS,
EHMTT1, FOXP2

A2BP1/FOX1

FMRT, CYFIP1, NHE6/9, UBE3A

Pre-mRNA splicing
Protein localization, translation,
turnover

Synaptic transmission
Cell signaling

Synaptic scaffolding and AHI1, SHANK2/3
cytoskeletal proteins
Neuronal cell adhesion

NRXNT, CNTN4

Multiple highly recurrent, large CNVs,

CACNAT1C, CACNATH, RIMS3, SYN1, GRIK2
TSC1/2, PTEN, MAPK3, MET, PTCHD1, RELN Neuronal morphogenesis; Axon and dendrite growth and

CNTNAP2, NLGN3, NLGN4X, ILTRAPLI,

below. One major benefit to this approach is, while there
are dozens of potential cellular mechanisms and hun-
dreds of genes, the function of the mutation must con-
verge on a given step of neurodevelopment of which
there may be a more limited number of steps (Figure 1)
and may be the ultimate target of treatment.

Gene expression and chromatin regulation

Increasing evidence suggests disruption of gene expres-
sion programs and/or expression of multiple genes at
once can lead to cognitive disorders. We can make sense
of how alterations in global gene expression may disrupt
cognitive processes, as many facets of synapse matura-
tion and function require the fine-tuned regulation of
multiple genes. Perhaps most relevant to cognition,
neural plasticity exercises activity-dependent modula-
tion of gene expression and depends on the process of
chromatin remodeling and coordinate gene transcription
involving a large number of genes.””* A recent tran-
scriptome analysis of post-mortem autistic brain tissue
suggests a probable link between global dysregulation
of transcription and autism.* Utilizing microarrays, the
authors identified a little over four hundred genes show-
ing differential expression between autistic and control
cortex samples. Key developmental events like dendrite
formation and synaptic pruning appear to require mol-

Neurodevelopmental step (from Figure 1)

Neuronal morphogenesis; Axon and dendrite growth and
branching; Experience-dependent synapse modification;
Synaptic plasticity

Many

Neuronal morphogenesis; Axon and dendrite growth and
branching; Experience-dependent synapse modification;
Synaptic plasticity

Experience-dependent synapse modification; Synaptic plasticity

branching; Experience-dependent synapse modification;
Synaptic plasticity
Experience-dependent synapse modification; Synaptic plasticity

Neuronal morphogenesis; Axon and dendrite growth and
branching; Experience-dependent synapse modification;
Synaptic plasticity

Table I. Molecular mechanisms and genes implicated in autism map onto a limited number of steps in neurodevelopment. *We refer readers to
https://gene.sfari.org/autdb/\Welcome.do for references regarding each gene mutation.
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ecules involved in chromatin remodeling.** Indeed, con-
verging lines of genetic evidence suggest a role for such
chromatin modification machinery in the pathogenesis
of autism.

Perhaps the strongest insight into this mechanism comes
from over a decade of research of the MECP2 gene,
mutations of which lead to the development of RTT,
which shares similarities to autism. MECP2 encodes
methyl-CpG binding protein 2 (MeCP2) whose molec-
ular function was originally believed to be a direct
repressor of gene expression.” However, recent knock-
out and transgenic experiments reveal MeCP2 mediates
both transcriptional activation as well as repression.™
This most likely is a result of MeCP2 function on chro-
matin remodeling. For example, upon loss of MeCP2,
histone H3 acetylation elevates globally and the levels
of histone H1 double.”” With regards to the protein’s
effect on cognition, neuronal activity leads to phospho-
rylation of MeCP2, and in vivo prevention of this phos-
phorylation results in neuronal and behavioral deficits
characteristic of a loss in experience-dependent chro-
matin remodeling during nervous system development.”
This link between MeCP2 and autism hints at a possible
role for other methyl-CpG binding proteins in the
pathogenesis of the disorder, and in fact, a study of 226
autistic individuals by Cukier et al identified 46 variants
spread across four such proteins (MBD1-4).* In addi-
tion, a recent analysis of 2q23.1 microdeletion syndrome,
which also shares similarities to autism, pinpointed
MBD?5 as the causative locus.” Further association of
MBD5 with autism has been shown via sequencing of
autistic individuals with chromosomal abnormalities.*
Interestingly, three recent independent sequencing stud-
ies implicated another gene involved in chromatin
remodeling: chromodomain-helicase-D NA-binding pro-
tein 8 (CHDS8).”** One study also identified de novo
events in CHD3 and CHD?7.* Individuals with mutations
in CHD7 develop CHARGE syndrome, 68% of whom
exhibit an autistic-like phenotype.* Furthermore, the his-
tone methyltransferase EHMTI, which is responsible for
another syndromic form of autism called Kleefstra’s syn-
drome,*® was identified in two of these studies.*
Another recent exome sequencing study of 343 simplex
families identified 13 candidate genes involved in either
transcription regulation or chromatin remodeling.*® As
a whole, these findings suggest that autism may arise as
a result of impaired regulation of the chromatin state.
Such dysregulation may result in improper synaptic
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wiring of brain circuitry and/or prevent the proper neu-
ronal response from external stimuli necessary for the
development of social cognition. Further analyses into
the relationship between neuronal activity and chro-
matin remodeling are necessary to garner clues for how
the two may orchestrate circuit formation.

Large recurrent copy number variants (CNVs) have
been associated with autism.* Careful consideration of
the molecular effects of such a genetic locus is war-
ranted. On first consideration, it is likely that the major-
ity of such loci alter the dosage or gene expression level
of a number of contiguous genes. Is one gene involved
in these loci or is it a combination of genes? For the
majority of CNVs, it seems most likely that the latter
model will prevail, that CNVs lead to a complex inter-
action of the effects of perturbed gene expression from
multiple contiguous genes. In some ways, the loss of a
gene that modulates gene expression such a chromatin
modifying gene may have similar effects, ie perturbation
of dosage of a collection of genes.

Pre-mRNA splicing

Disruption of A2BPI/FOX1, a gene involved in mediat-
ing RNA splicing, has been noted in two autistic indi-
viduals.”** This is especially intriguing in that another
category of genes implicated in autism—cell adhesion
molecules (CAMs)—exhibit numerous alternatively
spliced transcripts that appear crucial for cell-cell recog-
nition.” The aforementioned transcriptome analysis not
only revealed A2BPI to be downregulated in compari-
son to control tissue but also determined many of the
protein’s targets were genes involved in synaptic func-
tion.* In line with the CNV data, this suggests that the
disorder may come about not from the perturbation of
a single gene whose function is localized to the synapse
but rather a disruption of several components of the
synaptic machinery. This is a multigenic model again,
even though the primary genetic effect may have a sin-
gle major effect locus.

Thus, with regard to the molecular mechanism of global
regulation of gene expression, multiple studies demon-
strate that neurodevelopmental processes are sensitive
to the dosage of a wide variety of genes, likely con-
tributing to autism. Such processes most likely include
experience-dependent modulation of neural networks
via synaptogenesis and synaptic plasticity because such
events appear to rely on a large and dynamic array of
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genes rather than some other genetically prepro-
grammed response that may be more confined in gene
usage and thereby show more Mendelian inheritance.
This also may explain why more overt signs of autism do
not manifest until a later “critical period” of cognitive
development and perhaps why there is a period of nor-
mal development in RTT patients followed by a regres-
sion in development. Such a regression may reflect an
inability of neurons and neuronal circuits to properly
adapt to environmental stimuli.

Protein localization, translation, and turnover

The synapse plays host to a number of critical events for
proper neuronal function including neurotransmitter
release, synaptic vesicle recycling, and postsynaptic
receptor activation and recycling. Such a dynamic envi-
ronment poses a challenge for the cellular machinery
responsible for protein synthesis and degradation
because numerous molecules must work together in a
precise manner to mediate these events and produce
downstream effects like activity-dependent synaptic
plasticity. Thus, it is conceivable that disruptions of any
single one of these components could have a deleterious
effect at the synapse. Alternatively, we can imagine a
molecular mechanism whereby multiple features of the
synaptic machinery are altered via the perturbation of
an upstream regulator of these features, such as local
protein regulation. Current genetic data seems to sug-
gest both mechanisms contribute to the pathogenesis,
however, they converge on neurodevelopmental
processes dependent on the synapse. For example, muta-
tions contributing to syndromic forms of autism have
been discovered in fragile X mental retardation 1 (FMRI)
and cytoplasmic FMRI-interacting protein 1 (CYFIPI),
which are genes encoding for negative translational reg-
ulators.” Loss of function of such genes consequently
enhances local protein translation altering synaptic plas-
ticity. In fact, local translational regulation was first
revealed as a central mechanism in proper neurodevel-
opment by studies of FXS, a disorder caused by hyper-
methylation of FMRI and subsequent loss of fragile X
mental retardation protein (FMRP) expression. FMRP
represses translation at the synapse by stalling ribosomes
on target mRNA transcripts™ and is critical for mGluR-
mediated long-term depression.” Fmrl knockout mice
confirm the global upregulation of transcripts. In FXS,
synaptic transcript products upregulate through FMRP’s

failure to recruit CYFIP1, a cytoplasmic FMR1-inter-
acting protein that is also a eukaryotic translation initi-
ation factor 4E (eIF4E) binding protein. Interestingly,
loss of FMRP in both mice and humans results in abnor-
mal dendritic spine morphology, a characteristic of many
intellectual disability-associated disorders.

Case studies of nonsyndromic forms of autism have
identified de novo variants in genes involved in trans-
lational control. Of note, el F4E is downstream of several
of these signaling pathways, and mutations directly in
elF4E have been discovered in three autistic individu-
als.” This study found de novo gene disruptions in 14
autism candidate genes and 13 CNVs that overlapped
with FMRP target genes,” which supports the notion
that FXS-associated autistic phenotypes may result from
disrupted expression levels of specific gene products. It
is hypothesized that disrupted protein translation may
lead to abnormal neuronal morphology and, hence,
abnormal synaptogenesis. This faulty brain connectivity
may be responsible for the global impairment in learn-
ing and memory associated with disorders of intellectual
disability like FXS. However, comorbid autism in these
disorders could reflect a disruption of the same devel-
opmental mechanism but perhaps of more specialized
circuits or synapses responsible for social learning.
Many candidate genes for ASD pathology map onto the
endosomal pathway.* A family of protein exchangers
localized on endosomes have recently been studied in syn-
dromic autism. Christianson syndrome, which presents like
Angelman syndrome, has been associated with the func-
tional loss of the endosomal Na+/H+ exchanger NHEG6
(also known as SLC9A6).”*** Many cases of nonsyndromic
autism have been linked to deficits in cellular trafficking
of proteins”; an autistic individual with a chromosomal
inversion that disrupts receptor expression-enhancing pro-
tein 3 (REEP3), a putative regulator of vesicle trafficking
between the ER and Golgi network™; two individuals with
mutations in the small GTPase RAB39B%; and an individ-
ual with a haploinsufficiency of the small GTPase
RABIIFIP5%; a translocation that disrupts the NEU-
ROBEACHIN (NBEA) gene.” This evidence suggests
mostly GTPases and their regulators of the recycling endo-
somes at the presynapse are affecting the transport of spe-
cific cargo. A recent study reported that collapse of the
recycling endosome results in a decrease in spine density
in an activity-dependent manner.*'

We can predict how mutations in genes involved in pro-
tein trafficking can directly affect neurite morphogene-
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sis and synaptogenesis. Cellular trafficking of proteins is
also indirectly critical for membrane dynamics underly-
ing mechanisms of synaptic plasticity and neurotrans-
mission. For example, the polarized expression of con-
tactin-associated protein 2 (CAPSR2), a cell adhesion
molecule in the neurexin family, relies on compartment-
specific endocytosis.” A study by Bel et al showed how
inhibition of endocytosis leaves CAPSR?2 inserted in the
somatodendritic compartment. Multiple studies found
individuals with autism and/or related disorders with
mutations in the CAPSR2 locus of CNTNAP2.%%
Recent studies have implicated vesicular trafficking of
brain-derived neurotrophic factor (BDNF) via secretory
vesicles with reduced dendritic complexity, as well as sig-
nificant differences in dendritic spine numbers and mor-
phological spine types.”® Whether BDNF mediates activ-
ity-dependent dendritic spine plasticity during learning
and memory in vivo is unclear, but it remains a strong
candidate as a factor to structurally prepare excitatory
synapses for consolidation of hippocampal-dependent
learning that provides evidence for a morphological
basis for the synaptic deficiencies thought to underlie
autism.

Various components of the multicomplex ubiquitin-pro-
teasome system (UPS) are necessary for proper develop-
ment of the brain, axon outgrowth and guidance, synapse
development and plasticity.® Tight regulation of protein
degradation is critical in neurodevelopment and neurode-
generation. Glessner and colleagues reported evidence of
CNVs associated with the ubiquitin pathway as a source
of ASD susceptibility.®® Glessner et al found that four
genes (ubiquitin-protein ligase E3A [UBE3A], parkinson
protein 2 [PARK2], ring finger and WD repeat domain 2
[REWD2], F-box protein 40 [FBXO40]) were significantly
enriched for CNVs only in autism, in addition to cell-adhe-
sion molecules. Ubiquitination post-translationally modi-
fies protein function and targets cytoplasmic polyubiqui-
tinated proteins for 26S proteasome-mediated
degradation.” Monoubiquitinated transmembrane pro-
teins can be targeted for the lysosomal degradation or
sorting for the endosomal pathway.® UBE3A, an E3 ubiqg-
uitin-protein ligase, has been extensively studied in rela-
tion to Angelman syndrome, a disorder caused by muta-
tions or deletions of the maternal UBE3A allele and often
presenting with autistic features.®” Mutations of PARK2,
another ubiquitin-protein ligase, have been associated with
juvenile-onset Parkinson disease. REFWD2 and FBXO4
are also ubiquitin-protein ligases without previously asso-
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ciated disease-causing mutations. Other ubiquitin protein
E3 ligases and UBE2A (E2 ubiquitin-conjugating
enzyme) have been implicated in syndromic intellectual
disability.”

Mouse models for Angelman syndrome exhibit abnor-
mal connectivity and synaptic development.” UPS in the
Reelin-signaling cascade is relevant for proper synap-
tic connectivity. Reelin is a large glycoprotein that coor-
dinates the migration of different neuronal populations
in the cortex of the mammalian central nervous system.”
Reelin binds to the very-low-density lipoprotein recep-
tor (VLDLR) and the ApoE receptor 2 on target neu-
rons.” ApoER2-deficient mice have defects in LTP
because of the inability to downregulate Dabl, a cyto-
plasmic adaptor protein that is targeted by the UPS after
Reelin signaling.” UPS mediates the intricate balance
between protein synthesis and degradation to help nav-
igate axons from extrinsic guidance cues to their target
destinations. Ubiquitin is required to clear Robo from
the growth cone surface and reduce the repellent effect
so the growth cone can be guided across the midline.*
The UPS also prevents the re-crossing with Robo upreg-
ulation and mediates the attraction to the midline by the
Netrin-DCC/Fra system.”” Ubiquitination and deubiq-
uitination are also critical for the modification of
synapse strength, which requires the insertion and
removal of glutamate receptors.

Membrane excitability, synaptic vesicle maturation,
and synaptic transmission

Many “synaptic” genes responsible for steps in synaptic
maturation and/or neurotransmission have been identi-
fied as candidates for ASD susceptibility, including both
postsynaptic ~ (NLGN3, NLGN4, SHANK2/3,
IL1RAPL1) and presynaptic proteins (NRXN1, CNT-
NAP2, RIMS3/NIM3).” These loci have been identified
through rare yet generally recurrent clinical cases and
have led to a prevailing hypothesis that autistic pheno-
types are due to abnormal synaptic function and/or
neural connectivity in the time window in which neu-
ronal circuits are extensively remodeled by experience.”
Underlying this hypothesis of “synaptopathy” is the dys-
function of excitation and inhibition in neural circuits,
potentially from aberrant synaptic vesicle release.”
Abnormal synaptic vesicle release would predictably
alter long-term potentiation and long-term depression
needed for synaptic plasticity. Several lines of evidence
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converge to support the hypothesis that a subgroup of
autistic phenotypes may be due to abnormal synaptic
vesicle maturation and release.”

One study identified a Q555X mutation in synapsin 1
(SYNI),an X-linked gene encoding for a neuron-specific
phosphoprotein implicated in the regulation of neuro-
transmitter release and synaptogenesis, in French-
Canadian individuals with comorbid ASD and epilepsy.*
Animal models with this mutation show impaired synap-
tic vesicle density and availability for the readily
releasable pool. SYN3 functions in synaptogenesis and
the modulation of neurotransmitter release.**

Some evidence suggests that abnormal neurotransmit-
ter release found in autistic patients may be cell-specific
and functionally alter firing patterns. Uncl3a-null mice
demonstrate impairment of glutamatergic synaptic vesi-
cle maturation.” One study found three independent
patients with autism that have microdeletions at NBEA
and AMISYN, negative regulators of low-dense core
vesicle secretion affected. Acute slices from the brain
stem of Nbea knockout animals showed both reduced
spontaneous excitatory and inhibitory postsynaptic cur-
rents and increased failure rates of evoked inhibitory
responses, consistent with the finding that Nbea affects
stimulus-release coupling, vesicle fusion, postsynaptic
signal amplitude, formation or maturation of synaptic
contacts.* In addition, the frequency of miniature exci-
tatory and both the frequency and amplitudes of minia-
ture inhibitory postsynaptic currents were severely
diminished in knockout mice, indicating a perturbation
of both action potential-dependent and -independent
transmitter release.

Cell signaling

Disruptions in components of signaling pathways could
lead to very diffuse downstream events on two previ-
ously mentioned molecular mechanisms—transcription
and translation—that effect a number of neuronal
processes crucial for proper development of the nervous
system. Several such genes have been identified, and of
these, the tumor growth suppressors 7SCI, TSC2, and
phosphatase and tensin homolog (PTEN) are the most
intensely investigated. Mutations in 7SCI and 7SC2
cause TSC by impeding the recruitment of EIFAE down-
stream the mTOR pathway for cap-dependent initiation
of translation.” With regard to the central nervous sys-
tem, TSC is marked by the formation of cortical

tubers—hamartomas within brain tissue—that result in
a number of neurological manifestations including
seizures, intellectual disability, and autism. Although
these symptoms may arise due to disruptions of sur-
rounding brain tissue by these cortical tubers, develop-
ing evidence suggests that 7SCI and TSC2 mutations
could also have specific effects on neuron function. For
example, disruptions of the TSC signaling pathway result
in enlarged neurons, disrupted spine growth and mor-
phology, and alteration of glutamatergic synapses.* The
two genes also mediate axonal growth® and hippocam-
pal mGluR-mediated long-term depression.*® In addi-
tion, conditional knockout of 7SCI in GABAergic neu-
rons of mice resulted in impaired postnatal growth,
decreased numbers of interneurons, impaired neuronal
migration, and a lowered seizure potential, suggesting
the neurological deficits in individuals with TSC could
arise from disruptions of signaling pathways in specific
neuronal subtypes.*” Variants in 7SCI and 7SC2 may be
potential susceptibility factors for autism separate from
TSC. Evidence for this comes from a recent study utiliz-
ing high-throughput sequencing on nonsyndromic autis-
tic individuals to analyze genes involved in the mGluR
signaling pathway. The authors identified a number of
rare, potentially disruptive single nucleotide variants in
TSCI and TSC2 never before seen in individuals with
TSC.”

A subset of individuals with PTEN mutations have non-
syndromic autism without the presence of tumors. A
recent study suggests these individuals have mutations
that preserve PTEN function, whereas PTEN hamar-
toma tumor-related syndrome associated mutations
cause a loss of function.” PTEN is involved in dephos-
phorylation of the second messenger PIP3 and subse-
quent activation of the PI3K/Akt/mTOR signaling path-
ways. Like with TSCI/TSC2, mutations in PTEN could
have a direct effect on neuronal function or neurode-
velopment separate from indirect effects by tumor for-
mation that results in autism pathogenesis. Conditional
knockout of PTEN in adult progenitor cells of the sub-
granular zone of the hippocampus results in a depletion
of the stem cell pool and development of hypertrophied
neurons with abnormal polarity.” Furthermore, condi-
tional deletions of PTEN to discrete neuronal subpopu-
lations in mice result in abnormal dendrite and axonal
growth.”

There is also genetic evidence for impaired signaling
beyond the mTOR pathway. For example, CNVs on
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chromosome 16 that disrupt the MAPK3 gene encoding
extracellular signal-related kinase 1 (ERK1) are associ-
ated with autism”” and pinpoint disruptions of
Ras/Raf/ERK1/2 signaling as a possible contributor to
autism.” Upregulation of this pathway results in
impaired neuronal cell migration, neurogenesis, synapse
formation, and dendritic spine development.” Also, two
of the recent sequencing studies already discussed impli-
cate dual-specificity tyrosine-(Y)-phosphorylation regu-
lated kinase 1A (DYRKI1A)** a serine/threonine kinase
involved in Down syndrome that regulates neuronal
morphogenesis via cytoskeletal dynamics.”® Taken
together, combined in vitro and in vivo studies would
suggest impairments in intracellular signaling could lead
to alterations in neuronal morphology and synaptic con-
nections. Therefore, the genetic evidence in this case
highlights disruptions of activity-independent neurode-
velopmental mechanisms as a contributing factor to
autism, especially those of neurite outgrowth. Such
deficits, in turn, could mimic the effects of epigenetic
perturbations despite functioning activity-dependent
processes since faulty neuronal wiring could produce an
ineffective neuronal foundation for intepreting external
stimuli.

Postsynaptic density and cytoskeletal mechanisms

Scaffolding proteins provide multimeric protein-protein
interaction domains that localize key synaptic proteins
and signaling molecules to the postsynaptic terminals,
enabling effective neurotransmission and synaptic plas-
ticity necessary for normal cognitive development in the
brain. From autism de novo CNV studies, some critical
genes that have been identified such as SHANK2” and
SHANK3." Many of these genes are also implicated in
other neurodevelopmental disorders with potentially
overlapping mechanisms such as schizophrenia.*
Disrupting the function of these scaffolding proteins
directly impairs the synapse organization and stabiliza-
tion, and neurite outgrowth. These cellular and physio-
logical consequences were confirmed in knockdown ani-
mal models of SHANK?Z2, which had smaller dendritic
spines and reduced AMPA receptor currents.” Dendritic
morphology is intimately correlated to synaptic trans-
mission and processing, and SHANK2 demonstrates
how dysfunction of structural organization can lead to
the physiological autistic phenotype of imbalanced exci-
tatory and inhibitory currents. Current research is pur-
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suing SHANK isoforms—one study suggests microdele-
tions on SHANKI may lead to a high functioning autis-
tic phenotype.' Initially, SHANK3 was disrupted by a
de novo balanced translocation in a child with all the
features of the 22q13.3 deletion syndrome and subse-
quent studies have confirmed SHANK3 deletions may
be limited to lower functioning autism."'” The different
autistic phenotypes from the various SHANK isoforms
may be due to the temporal differences in recruitment
into the postsynaptic density.'* Recently discovered
ASD candidate genes seem to center around scaffolding
proteins and cell adhesion molecules, suggesting a point
of convergence similar to the story unfolding for the
PI3K-AKT-mTOR pathway.

Neuron cell adhesion molecules

Syndromic autism has been linked directly to mutations
of genes modulating neuronal cell-adhesion molecules,
which are involved in the formation, signaling, and plas-
ticity of synaptic connections. Neuronal cell-adhesion
molecules are necessary for axonal guidance and neu-
ronal-glial interactions. Neuroligin superfamily members
and numerous cell-adhesion molecules have been paths
of convergence for many other complex neurodevelop-
mental disorders including intellectual disability and
schizophrenia.'” Various mutations in idiopathic autism
were found: structural variations of NRXNI,'*
microdeletions in CNTNAP2,'"” R451C substitution in
NLGN3," ten mutations (2 frameshifts, 5 missense, 3
internal deletions) in NLGN4X," and de novo CNVs in
other cadherins.®* NLGN3 and NLGN4 mutant mice dis-
play an autistic phenotype, and exhibit abnormal
inhibitory and excitatory synaptic transmission.'” These
studies also support the finding that neuroligins are crit-
ical for synaptic function and transmission, not neces-
sarily for synapse formation.'”

However, the role of the neuroligin-neurexin mechanism
in autism remains unclear. NLGN3 and NLGN4 muta-
tions appear to be always penetrant in males, and even
female carriers with these mutations often have a phe-
notype, but SHANK3 point mutations are also found in
the probands’ nonsymptomatic relatives." Furthermore,
these mutations can lead to different phenotypes. A child
with a NLGN4 microdeletion had severe autism,
whereas his sibling developed Tourette syndrome."" For
instance, a linkage study found a common polymorphism
in CNTNAP2, another member of the presynaptic
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neurexin superfamily, is significantly associated with
autism and a variant displays a parent-of-origin and gen-
der pattern of inheritance.'” Studying the presynaptic
side of cell adhesion has been complicated, but neurexin-
KO mice showed impaired neurotransmitter release and
reduced NMDA-dependent synaptic responses.'
Mutations in these genes may only raise the susceptibil-
ity and not always confer the disorder. These genomic
studies allow us to see patterns and consider pathway
interactions. For instance, ubiquitin is critical in the
turnover of neuronal cell-adhesion molecules in regu-
lating activity-dependent synaptic plasticity, which sug-
gests another convergence point for pathways.®

A brief comment on ‘“epigenetic”” mechanisms in
autism

Epigenetics is the study of heritable phenotypes caused
by mechanisms other than changes in genomic sequence
and that are instead frequently due to modifications of
chromatin, such as methylation of DNA or various cova-
lent histone modifications. Some authors erroneously
use the term “epigenetics” to refer to effects on gene
expression mediated by modification of chromatin, ie,
they leave out the critical aspect requiring inheritance of
these changes and the associated phenotype, or some-
times the term is used to invoke changes in chromatin
mediated by environmental experience again leaving out
the requirement for inheritance."* With regard to the
topic of the genetics of autism, some recent studies have
suggested that in some cases autism may arise due to
alterations in chromatin modifications and subsequent
gene expression programs, instead of due to alterations
in genomic sequence.'” This exciting novel hypothesis
may require new methods of studying patient gene
expression and also, will lead researchers to test if indeed
these disease-associated chromatin modifications are
heritable, ie, epigenetic. Interestingly, many of the loci
that have emerged in these studies of chromatin modifi-
cation are indeed genes that have been previously impli-
cated by genetic studies, although some are novel.
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lluminando el camino: los estudios genéticos
identifican mecanismos del neurodesarrollo
en el autismo y los trastornos relacionados

En esta revision se describen importantes proce-
sos moleculares que han surgido a partir del des-
cubrimiento de mutaciones genéticas en el
autismo. Estos mecanismos necesitan ser incluidos
dentro de la(s) etapa(s) mal ejecutada(s) que
puede(n) estar asociada(s) con la causa del
autismo. Los mecanismos moleculares incluyen: 1)
regulacion de la expresion génica, 2) empalme
pre-RNAm, 3) localizacion, traslacion y recambio
de proteinas, 4) transmision sindptica, 5) sefiales
celulares, 6) las funciones de las proteinas en el
citoesqueleto y el esqueleto (del cromosoma) y 7)
la funcion de moléculas de adhesion neuronal.
Aunque son numerosos los mecanismos molecu-
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genéticas involucradas, es posible que los nuevos
tratamientos necesiten enfocarse sélo en alguno
de los pocos mecanismos del desarrollo.

Une voie éclairée : des études génétiques
mettent en évidence les mécanismes
neurodéveloppementaux dans I'autisme
et dans des troubles liés

Dans cet article, nous décrivons les processus molé-
culaires critiques impliqués par la découverte de
mutations génétiques dans I'autisme. Ces méca-
nismes pourraient étre cartographiés en étapes neu-
rodéveloppementales mal achevées qui pourraient
étre associées a l‘origine de ['autisme. Les méca-
nismes moléculaires comprennent : 1) la régulation
de I'expression du géne ; 2) I'épissage du pré-ARNm ;
3) la localisation, la translation et le renouvellement
des protéines ; 4) la transmission synaptique ; 5) la
signalisation cellulaire ; 6) les fonctions des protéines
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et 7) la fonction des molécules d’adhésion cellulaire
neuronales. Les mécanismes cellulaires semblent
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ment, perturbe la structure, la fonction et/ou la plas-
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6. Tau GZ, Peterson BS. Normal development of brain circuits.
Neuropsychopharmacology. 2010;35:147-168.

7. Mochida GH. Genetics and biology of microcephaly and lissencephaly.
Semin Pediatr Neurol. 2009;16:120-126.

8. Dubourg C, Bendavid C, Pasquier L, Henry C, Odent S, David V.
Holoprosencephaly. Orphanet J Rare Dis. 2007;2:8.

9. Gleeson JG, Walsh CA. Neuronal migration disorders:from genetic dis-
eases to developmental mechanisms. Trends Neurosci. 2000;23:352-359.

10. Sattar S, Gleeson JG. The ciliopathies in neuronal development:a clin-
ical approach to investigation of Joubert syndrome and Joubert syndrome-
related disorders. Dev Med Child Neurol. 2011;53:793-798.

11. Sahin M. Targeted treatment trials for tuberous sclerosis and autism:no
longer a dream. Curr Opin Neurobiol. In press.

12. Piven J, Bailey J, Ranson BJ, Arndt S. An MRI study of the corpus callo-
sum in autism. Am J Psychiatry. 1997;154:1051-1056.

13. Booth R, Wallace GL, Happe F. Connectivity and the corpus callosum in
autism spectrum conditions:insights from comparison of autism and callosal
agenesis. Prog Brain Res. 2011;189:303-317.

14. Huttenlocher PR. Synapse elimination and plasticity in developing
human cerebral cortex. Am J Ment Defic. 1984;88:488-496.

15. Huttenlocher PR, de Courten C, Garey LJ, Van der Loos H.
Synaptogenesis in human visual cortex - evidence for synapse elimination
during normal development. Neurosci Lett. 1982;33:247-252.

16. Krueger DD, Bear MF. Toward fulfilling the promise of molecular med-
icine in fragile X syndrome. Annu Rev Med. 2011;62:411-429.

17. Meguid NA, Fahim C, Sami R, et al. Cognition and lobar morphology in
full mutation boys with fragile X syndrome. Brain Cogn. 2012;78:74-84.

18. Miles JH, Hadden LL, Takahashi TN, Hillman RE. Head circumference is
an independent clinical finding associated with autism. Am J Med Genet.
2000;95:339-350.

19. Courchesne E, Pierce K, Schumann CM, et al. Mapping early brain devel-
opment in autism. Neuron. 2007;56:399-413.

20. Butler MG, Dasouki MJ, Zhou XP, et al. Subset of individuals with
autism spectrum disorders and extreme macrocephaly associated with
germline PTEN tumour suppressor gene mutations. / Med Genet.
2005;42:318-321.

21. Prevalence of autism spectrum disorders - Autism and Developmental
Disabilities Monitoring Network, United States, 2006. MMWR Surveill Summ.
2009;58:1-20.

22. Belichenko PV, Wright EE, Belichenko NP, et al. Widespread changes in
dendritic and axonal morphology in Mecp2-mutant mouse models of Rett
syndrome:evidence for disruption of neuronal networks. / Comp Neurol.
2009;514:240-258.

23. Gecz J, Shoubridge C, Corbett M. The genetic landscape of intellectual
disability arising from chromosome X. Trends Genet. 2009;25:308-316.

24. von Bohlen Und Halbach O. Dendritic spine abnormalities in mental
retardation. Cell Tissue Res. 2010;342:317-323.

25. Bill BR, Geschwind DH. Genetic advances in autism: heterogeneity and
convergence on shared pathways. Curr Opin Genet Dev. 2009;19:271-278.
26. Sanders SJ, Murtha MT, Gupta AR, et al. De novo mutations revealed
by whole-exome sequencing are strongly associated with autism. Nature.
2012;485:237-241.

27. Neale BM, Kou Y, Liu L, et al. Patterns and rates of exonic de novo
mutations in autism spectrum disorders. Nature. 2012;485:242-245.

28. O'Roak BJ, Vives L, Girirajan S, et al. Sporadic autism exomes reveal a
highly interconnected protein network of de novo mutations. Nature.
2012;485:246-250.

29. O'Roak BJ, Deriziotis P, Lee C, et al. Exome sequencing in sporadic
autism spectrum disorders identifies severe de novo mutations. Nat Genet.
2011;43:585-589.

250



Genetic studies in autism spectrum disorders - Pescosolido et al

Dialogues in Clinical Neuroscience - Vol 14+ No. 3 - 2012

30. lossifov I, Ronemus M, Levy D, et al. De novo gene disruptions in chil-
dren on the autistic spectrum. Neuron. 2012;74:285-299.

31. Martinowich K, Hattori D, Wu H, et al. DNA methylation-related chro-
matin remodeling in activity-dependent BDNF gene regulation. Science.
2003;302:890-893.

32. Korzus E, Rosenfeld MG, Mayford M. CBP histone acetyltransferase
activity is a critical component of memory consolidation. Neuron.
2004;42:961-972.

33. Guan Z, Giustetto M, Lomvardas S, et al. Integration of long-term-
memory-related synaptic plasticity involves bidirectional regulation of gene
expression and chromatin structure. Cell. 2002;111:483-493.

34. Voineagu |, Wang X, Johnston P, et al. Transcriptomic analysis of autis-
tic brain reveals convergent molecular pathology. Nature. 2011;474:380-384.
35. Wu JI, Lessard J, Olave IA, et al. Regulation of dendritic development
by neuron-specific chromatin remodeling complexes. Neuron. 2007;56:94-
108.

36. Kirilly D, Wong JJ, Lim EK, et al. Intrinsic epigenetic factors cooperate
with the steroid hormone ecdysone to govern dendrite pruning in
Drosophila. Neuron. 2011;72:86-100.

37. Nan X, Campoy FJ, Bird A. MeCP2 is a transcriptional repressor with
abundant binding sites in genomic chromatin. Cell. 1997;88:471-481.

38. Ben-Shachar S, Chahrour M, Thaller C, Shaw CA, Zoghbi HY. Mouse
models of MeCP2 disorders share gene expression changes in the cerebel-
lum and hypothalamus. Hum Mol Genet. 2009;18:2431-2442.

39. Skene PJ, lllingworth RS, Webb S, et al. Neuronal MeCP2 is expressed
at near histone-octamer levels and globally alters the chromatin state. Mo/
Cell. 2010;37:457-468.

40. Cohen S, Gabel HW, Hemberg M, et al. Genome-wide activity-depen-
dent MeCP2 phosphorylation regulates nervous system development and
function. Neuron. 2011;72:72-85.

41. Cukier HN, Rabionet R, Konidari I, et al. Novel variants identified in
methyl-CpG-binding domain genes in autistic individuals. Neurogenetics.
2010;11:291-303.

42. Talkowski ME, Mullegama SV, Rosenfeld JA, et al. Assessment of 2g23.1
microdeletion syndrome implicates MBD5 as a single causal locus of intel-
lectual disability, epilepsy, and autism spectrum disorder. Am J Hum Genet.
2011;89:551-563.

43. Talkowski ME, Rosenfeld JA, Blumenthal I, et al. Sequencing chromo-
somal abnormalities reveals neurodevelopmental loci that confer risk across
diagnostic boundaries. Cell. 2012;149:525-537.

44. Johansson M, Gillberg C, Rastam M. Autism spectrum conditions in indi-
viduals with Mobius sequence, CHARGE syndrome and oculo-auriculo-
vertebral spectrum:diagnostic aspects. Res Dev Disabil. 2010;31:9-24.

45. Kleefstra T, Smidt M, Banning MJ, et al. Disruption of the gene
Euchromatin Histone Methyl Transferase1 (Eu-HMTase1) is associated with
the 9934 subtelomeric deletion syndrome. J Med Genet. 2005;42:299-306.
46. Morrow EM. Genomic copy number variation in disorders of cognitive
development. J Am Acad Child Adolesc Psychiatry. 2010;49:1091-1104.

47. Mikhail FM, Lose EJ, Robin NH, et al. Clinically relevant single gene or
intragenic deletions encompassing critical neurodevelopmental genes in
patients with developmental delay, mental retardation, and/or autism spec-
trum disorders. Am J Med Genet A. 2011;155A:2386-2396.

48. Martin CL, Duvall JA, llkin Y, et al. Cytogenetic and molecular charac-
terization of A2BP1/FOX1 as a candidate gene for autism. Am J Med Genet
B Neuropsychiatr Genet. 2007;144B:869-876.

49. Shapiro L, Love J, Colman DR. Adhesion molecules in the nervous sys-
tem:structural insights into function and diversity. Annu Rev Neurosci.
2007;30:451-474.

50. Kelleher RJ, 3rd, Bear MF. The autistic neuron:troubled translation? Cell.
2008;135:401-406.

51. Darnell JC, Van Driesche SJ, Zhang C, et al. FMRP stalls ribosomal
translocation on mRNAs linked to synaptic function and autism. Cell.
2011;146:247-261.

52. Huber KM, Gallagher SM, Warren ST, Bear MF. Altered synaptic plas-
ticity in a mouse model of fragile X mental retardation. Proc Nat/ Acad Sci
U S A. 2002;99:7746-7750.

53. Neves-Pereira M, Muller B, Massie D, et al. Deregulation of EIF4E:a
novel mechanism for autism. J/ Med Genet. 2009;46:759-765.

54. Yap CC, Winckler B. Harnessing the power of the endosome to regu-
late neural development. Neuron. 2012;74:440-451.

55. Schroer RJ, Holden KR, Tarpey PS, et al. Natural history of Christianson
syndrome. Am J Med Genet A. 2010;152A:2775-2783.

56. Xinhan L, Matsushita M, Numaza M, Taguchi A, Mitsui K, Kanazawa H.
Na+/H+ exchanger isoform 6 (NHE6/SLC9AG) is involved in clathrin-depen-
dent endocytosis of transferrin. Am J Physiol Cell Physiol. 2011;301:C1431-
C1444.

57. Orrico A, Galli L, Buoni S, Orsi A, Vonella G, Sorrentino V. Novel PTEN
mutations in neurodevelopmental disorders and macrocephaly. Clin Genet.
2009;75:195-198.

58. Castermans D, Wilquet V, Parthoens E, et al. The neurobeachin gene is
disrupted by a translocation in a patient with idiopathic autism. J Med Genet.
2003;40:352-356.

59. Giannandrea M, Bianchi V, Mignogna ML, et al. Mutations in the small
GTPase gene RAB39B are responsible for X-linked mental retardation asso-
ciated with autism, epilepsy, and macrocephaly. Am J Hum Genet.
2010;86:185-195.

60. Roohi J, Tegay DH, Pomeroy JC, et al. A de novo apparently balanced
translocation [46,XY,t(2;9)(p13;p24)] interrupting RAB11FIP5 identifies a
potential candidate gene for autism spectrum disorder. Am J Med Genet B
Neuropsychiatr Genet. 2008;147B:411-417.

61. Park M, Salgado JM, Ostroff L, et al. Plasticity-induced growth of den-
dritic spines by exocytic trafficking from recycling endosomes. Neuron.
2006;52:817-830.

62. Bel C, Oguievetskaia K, Pitaval C, Goutebroze L, Faivre-Sarrailh C.
Axonal targeting of Caspr2 in hippocampal neurons via selective somato-
dendritic endocytosis. J Cell Sci. 2009;122:3403-3413.

63. Burbach JP, van der Zwaag B. Contact in the genetics of autism and
schizophrenia. Trends Neurosci. 2009;32:69-72.

64. Girirajan S, Brkanac Z, Coe BP, et al. Relative burden of large CNVs on
a range of neurodevelopmental phenotypes. PLoS Genet. 2011;7:e1002334.
65. Chapleau CA, Larimore JL, Theibert A, Pozzo-Miller L. Modulation of
dendritic spine development and plasticity by BDNF and vesicular traffick-
ing:fundamental roles in neurodevelopmental disorders associated with
mental retardation and autism. J Neurodev Disord. 2009;1:185-196.

66. Glessner JT, Wang K, Cai G, et al. Autism genome-wide copy number
variation reveals ubiquitin and neuronal genes. Nature. 2009;459:569-573.

67. Joazeiro CA, Hunter T. Biochemistry. Ubiquitination - more than two to
tango. Science. 2000;289:2061-2062.

68. Murphey RK, Godenschwege TA. New roles for ubiquitin in the assem-
bly and function of neuronal circuits. Neuron. 2002;36:5-8.

69. Smith SE, Zhou YD, Zhang G, Jin Z, Stoppel DC, Anderson MP. Increased
gene dosage of Ube3a results in autism traits and decreased glutamate
synaptic transmission in mice. Sci Trans/ Med. 2011;3:103ra97.

70. Mabb AM, Judson MC, Zylka MJ, Philpot BD. Angelman syndrome:
insights into genomic imprinting and neurodevelopmental phenotypes.
Trends Neurosci. 2011;34:293-303.

71. Nascimento RM, Otto PA, de Brouwer AP, Vianna-Morgante AM. UBE2A,
which encodes a ubiquitin-conjugating enzyme, is mutated in a novel X-
linked mental retardation syndrome. Am J Hum Genet. 2006;79:549-555.

72. Fatemi SH. Reelin glycoprotein in autism and schizophrenia. Int Rev
Neurobiol. 2005;71:179-187.

73. Arnaud L, Ballif BA, Cooper JA. Regulation of protein tyrosine kinase
signaling by substrate degradation during brain development. Mol Cell Biol.
2003;23:9293-9302.

74. Patrick GN. Synapse formation and plasticity:recent insights from the
perspective of the ubiquitin proteasome system. Curr Opin Neurobiol.
2006;16:90-94.

75. Campbell DS, Holt CE. Chemotropic responses of retinal growth cones
mediated by rapid local protein synthesis and degradation. Neuron.
2001;32:1013-1026.

76. Keleman K, Rajagopalan S, Cleppien D, et al. Comm sorts robo to con-
trol axon guidance at the Drosophila midline. Cell. 2002;110:415-427.

77. Abrahams BS, Geschwind DH. Connecting genes to brain in the autism
spectrum disorders. Arch Neurol. 2010;67:395-399.

78. Bourgeron T. A synaptic trek to autism. Curr Opin Neurobiol. 2009;19:231-
234,

251



Translational research

79. Grantyn R, Henneberger C, Juttner R, Meier JC, Kirischuk S. Functional
hallmarks of GABAergic synapse maturation and the diverse roles of neu-
rotrophins. Front Cell Neurosci. 2011;5:13.

80. Fassio A, Patry L, Congia S, et al. SYN1 loss-of-function mutations in
autism and partial epilepsy cause impaired synaptic function. Hum Mol
Genet. 2011;20:2297-307.

81. Kao HT, Porton B, Czernik AJ, et al. A third member of the synapsin
gene family. Proc Nat/ Acad Sci U S A. 1998;95:4667-4672.

82. Feng J, Chi P, Blanpied TA, et al. Regulation of neurotransmitter release
by synapsin Ill. J Neurosci. 2002;22:4372-4380.

83. Augustin I, Rosenmund C, Sudhof TC, Brose N. Munc13-1 is essential for
fusion competence of glutamatergic synaptic vesicles. Nature. 1999;400:457-
461.

84. Volders K, Nuytens K, Creemers JW. The autism candidate gene
Neurobeachin encodes a scaffolding protein implicated in membrane traf-
ficking and signaling. Curr Mol Med. 2011;11:204-217.

85. Richter JD, Sonenberg N. Regulation of cap-dependent translation by
elF4E inhibitory proteins. Nature. 2005;433:477-480.

86. 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;8:1727-1734.

87. Choi YJ, Di Nardo A, Kramvis |, et al. Tuberous sclerosis complex pro-
teins control axon formation. Genes Dev. 2008;22:2485-2495.

88. Bateup HS, Takasaki KT, Saulnier JL, Denefrio CL, Sabatini BL. Loss of
Tsc1 in vivo impairs hippocampal mGIuR-LTD and increases excitatory synap-
tic function. J Neurosci. 2011;31:8862-889.

89. Fu C, Cawthon B, Clinkscales W, Bruce A, Winzenburger P, Ess KC.
GABAergic interneuron development and function is modulated by the tsc1
gene. Cereb Cortex. 2012;22:2111-2119.

90. Kelleher RJ, Geigenmuller U, Hovhannisyan H, et al. High-throughput
sequencing of mGIuR signaling pathway genes reveals enrichment of rare
variants in autism. PLoS One. 2012;7:e35003.

91. Rodriguez-Escudero |, Oliver MD, Andres-Pons A, Molina M, Cid VJ,
Pulido R. A comprehensive functional analysis of PTEN mutations:implica-
tions in tumor- and autism-related syndromes. Hum Mol Genet.
2011;20:4132-4142.

92. Amiri A, Cho W, Zhou J, et al. Pten deletion in adult hippocampal
neural stem/progenitor cells causes cellular abnormalities and alters neu-
rogenesis. J Neurosci. 2012;32:5880-5890.

93. Kwon CH, Luikart BW, Powell CM, et al. Pten regulates neuronal
arborization and social interaction in mice. Neuron. 2006;50:377-388.

94. Kumar RA, KaraMohamed S, Sudi J, et al. Recurrent 16p11.2 microdele-
tions in autism. Hum Mol Genet. 2008;17:628-638.

95. Weiss LA, Shen Y, Korn JM, et al. Association between microdeletion
and microduplication at 16p11.2 and autism. N £ngl/ J/ Med. 2008;358:667-
675.

96. Zou H, Yu Y, Sheikh AM, et al. Association of upregulated
Ras/Raf/ERK1/2 signaling with autism. Genes Brain Behav. 2011;10:615-624.

97. Yang K, Cao F, Sheikh AM, et al. Up-regulation of Ras/Raf/ERK1/2 sig-
naling impairs cultured neuronal cell migration, neurogenesis, synapse for-
mation, and dendritic spine development. Brain Struct Funct. In press.

98. Martinez de Lagran M, Benavides-Piccione R, Ballesteros-Yanez |, et
al. Dyrk1A influences neuronal morphogenesis through regulation of
cytoskeletal dynamics in mammalian cortical neurons. Cereb Cortex. In
press.

99. Berkel S, Marshall CR, Weiss B, et al. Mutations in the SHANK2 synap-
tic scaffolding gene in autism spectrum disorder and mental retardation.
Nat Genet. 2010;42:489-491.

100.Durand CM, Betancur C, Boeckers TM, et al. Mutations in the gene
encoding the synaptic scaffolding protein SHANK3 are associated with
autism spectrum disorders. Nat Genet. 2007;39:25-27.

101.Sato D, Lionel AC, Leblond CS, et al. SHANK1 deletions in males with
autism spectrum disorder. Am J Hum Genet. 2012;90:879-887.

102.Sykes NH, Toma C, Wilson N, et al. Copy number variation and associa-
tion analysis of SHANK3 as a candidate gene for autism in the IMGSAC col-
lection. Eur J Hum Genet. 2009;17:1347-1353.

103.Bonaglia MC, Giorda R, Mani E, et al. Identification of a recurrent
breakpoint within the SHANK3 gene in the 22q13.3 deletion syndrome. J
Med Genet. 2006;43:822-828.

104.Grabrucker AM, Knight MJ, Proepper C, et al. Concerted action of zinc
and ProSAP/Shank in synaptogenesis and synapse maturation. EMBO J.
2011;30:569-581.

105.Choi YB, Li HL, Kassabov SR, et al. Neurexin-neuroligin transsynaptic
interaction mediates learning-related synaptic remodeling and long-term
facilitation in aplysia. Neuron. 2011;70:468-481.

106.Marshall CR, Noor A, Vincent JB, et al. Structural variation of chromo-
somes in autism spectrum disorder. Am J Hum Genet. 2008;82:477-488.
107.Alarcon M, Abrahams BS, Stone JL, et al. Linkage, association, and
gene-expression analyses identify CNTNAP2 as an autism-susceptibility gene.
Am J Hum Genet. 2008;82:150-159.

108.Jamain S, Quach H, Betancur C, et al. Mutations of the X-linked genes
encoding neuroligins NLGN3 and NLGN4 are associated with autism. Nat
Genet. 2003;34:27-29.

109.Sudhof TC, Rothman JE. Membrane fusion:grappling with SNARE and
SM proteins. Science. 2009;323:474-477.

110.Varoqueaux F, Aramuni G, Rawson RL, et al. Neuroligins determine
synapse maturation and function. Neuron. 2006;51:741-754.
111.Lawson-Yuen A, Saldivar JS, Sommer S, Picker J. Familial deletion within
NLGN4 associated with autism and Tourette syndrome. Eur J Hum Genet.
2008;16:614-618.

112. Arking DE, Cutler DJ, Brune CW, et al. A common genetic variant in the
neurexin superfamily member CNTNAP2 increases familial risk of autism.
Am J Hum Genet. 2008;82:160-164.

113.Kattenstroth G, Tantalaki E, Sudhof TC, Gottmann K, Missler M.
Postsynaptic N-methyl-D-aspartate receptor function requires alpha-neurex-
ins. Proc Natl Acad Sci U S A. 2004;101:2607-2612.

114.Jiang Y, Langley B, Lubin FD, et al. Epigenetics in the nervous system. J
Neurosci. 2008;28:11753-11759.

115.Shulha HP, Cheung |, Whittle C, et al. Epigenetic signatures of
autism:trimethylated H3K4 landscapes in prefrontal neurons. Arch Gen
Psychiatry. 2012;69:314-324.

116.Anderson DK, Lord C, Risi S, et al. Patterns of growth in verbal abilities
among children with autism spectrum disorder. J Consult Clin Psychol.
2007,75:594-604.

117.Bystron |, Blakemore C, Rakic P. Development of the human cerebral
cortex: Boulder Committee revisited. Nat Rev Neurosci. 2008;9:110-122.
118.Stiles J, Jernigan TL. The basics of brain development. Neuropsychol Rev.
2010;20:327-348.

119.Volpe JJ. Neurology of the Newborn. 5th ed. Philadelphia, PA: Saunders;
2008.

252





