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Abstract

One in every 88 children is diagnosed with Autism Spectrum Disorders (ASDs), a set of
neurodevelopmental conditions characterized by social impairments, communication
deficits, and repetitive behavior. ASDs have a substantial genetic component, but the
specific cause of most cases remains unknown. Understanding gene-environment
interactions underlying ASD is essential for improving early diagnosis and identifying
critical targets for intervention and prevention.

Towards this goal, we surveyed adenosine-to-inosine (A-to-l) RNA editing in
autistic brains. A-to-l editing is an epigenetic mechanism that fine-tunes synaptic
function in response to environmental stimuli, shown to modulate complex behavior in
animals. We used ultradeep sequencing to quantify A-to-l recoding of candidate
synaptic genes in postmortem cerebella from individuals with ASD and neurotypical
controls. We found unexpectedly wide distributions of human A-to-l editing levels,
whose extremes were consistently populated by individuals with ASD. We correlated A-
to-1 editing with isoform usage, identified clusters of correlated sites, and examined
differential editing patterns. Importantly, we found that individuals with ASD commonly
use a dysfunctional form of the editing enzyme ADARB1.

We next profiled small RNAs thought to regulate A-to-l editing, which originate
from one of the most commonly altered loci in ASD, 15q11. Deep targeted sequencing
of SNORD115 and SNORD116 transcripts enabled their high-resolution detection in
human brains, and revealed a strong gender bias underlying their expression. The
consistent 2-fold upregulation of 15q11 small RNAs in male vs. female cerebella could
be important in delineating the role of this locus in ASD, a male dominant disorder.

Overall, these studies provide an accurate population-level view of small RNA
and A-to-l editing in human cerebella, and suggest that A-to-1 editing of synaptic genes
may be informative for assessing the epigenetic risk for autism.
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Chapter 1:

Introduction

Autism spectrum disorders (ASDs) are common neurodevelopmental disorders of
complex genetic etiology, characterized by deficits in reciprocal social interaction and
repetitive behaviors'. Significant recent progress has been made in deciphering the
molecular basis of ASD but the cause of the majority of cases remains unknown?.
Understanding gene-environment interactions that lead to ASD is needed to improve
early diagnosis and identify critical targets for intervention and prevention. This thesis
explores the potential role of adenosine-to-inosine (A-to-1) RNA editing in autistic brains

and its regulation by small RNA.

A-to-1 editing is a neurodevelopmentally-regulated transcriptional modification shown

to modulate complex behavior in animals*®. Mice and flies with altered editing levels

3, 4 6, 9 10

recapitulate several aspects of the human ASD . Recent animal studies

demonstrate the causal relationship between editing levels and specific maladaptive

3-8, 10 11, 12

behaviors , and between specific environmental exposures and editing levels

Thus, investigating the involvement of A-to-I editing in ASD would shed light on the role



of an epigenetic mechanism that fine-tunes neuro-physiological properties in response

to environmental stimuli.

Small noncoding RNA have important functions both upstream and downstream of A-to-
| editing. The brain-specific small nucleolar RNAs (snoRNA) mbii-52 were shown to
inhibit editing of the serotonin receptor HTR2C in vivo™® and in vitro™, via base-pairing
to and around the editing sites. microRNAs (miRNA), key regulators of gene
expression™, are thought to be prime A-to-l editing targets thanks to their double

stranded nature'®, a prerequisite for A-to-I editing’.

The genomic technology revolution offers unprecedented opportunities to explore
human RNA editing in a cost-effective, large-scale manner. With the availability of well-
phenotyped, high quality postmortem brain tissue samples, we were able to begin
characterizing the impact, scope, and distribution of A-to-1 RNA editing in ASD. In the
work presented here, | first examined A-to-l editing which directly alters synaptic
function in postmortem cerebella from individuals with ASD and neurotypical controls
(Chapter 2), and then investigated its potential regulation by snoRNA transcribed from
the genomic region most commonly altered in ASD (Chapter 3). In the near future | will
examine the editing and expression levels of miRNA, master regulators of brain

development and favorable editing targets (Chapter 4).

In this chapter, | introduce the ASD phenotype and its underlying genomic architecture,
discuss the emerging role of synaptic abnormalities in ASD, describe how A-to-| editing
may regulate synaptic function and synaptogenesis in response to environmental
stimuli, and review our current understanding of how such editing may be regulated by

small RNA. Finally, | summarize the goals and organization of this dissertation.



Autism is clinically and genetically heterogeneous, with an emerging
common theme of synaptic abnormalities

Autism is not a distinct, categorical disorder, rather a spectrum of social deficits,
communication impairments, and repetitive behavior’. It is currently estimated that 1 in
every 88 children in the United States has autism spectrum disorder (ASD), with boys
nearly five times more likely to be affected than girls'®. Although twin and family studies
provide substantial evidence that ASD is one of the most heritable complex disorders™>”
21 the specific variants causing or increasing the risk for ASD remain largely elusive.
Recent advances in autism genetics, brought about with the genomics technology

revolution, have highlighted its extreme locus heterogeneity, revealing a role for de

22-25 26-29 30, 31

novo mutations™ >, copy-number variants” ", common variants , and rare single

32,33

nucleotide variants . This has accelerated a growing realization that ASD is comprised

of a multitude of etiologies with incompletely overlapping symptomatology and clinical

-37 '
L3437 py rthermore,

course, which likely converge at the mechanistic or pathway levels
recent large scale exome sequencing studies suggest that not only do different
individuals with ASD carry different likely-deleterious variants, but a single individual

may have multiple different variants in likely candidate genes??®

. Therefore, there
might exist a spectrum of genetic variants underlying the spectrum of clinical
manifestations, making ASD extremely heterogeneous on both the molecular and

clinical levels.

The ASD phenotype

Autism, first described by Leo Kanner in 1943%, is a complex behavioral disorder defined
by developmental deficits in three domains: social interaction, communication, and
repetitive stereotypical behavior. ASD includes autism, Asperger syndrome, Rett

syndrome and pervasive developmental disorder not otherwise specified (PDD-NOS)*.



Behind this definition lies a broad spectrum of disease manifestation, ranging from
debilitating impairments to mild personality disorders®. Social deficits may include
impairment in the use of nonverbal behaviors such as eye gaze, facial expression, body
gestures, failure to develop peer relationships, and lack of social reciprocity”.
Communication impairments range from complete absence of spoken language to a
delay in its acquisition. Those that do develop adequate speech exhibit a significant
impairment in the ability to initiate or sustain a conversation, as well as stereotyped use
of language. Affected individuals also exhibit restricted and stereotyped patterns of
behavior, interests, and activities, including abnormal preoccupation with certain

activities and adherence to routines or rituals®.

ASD occurs in all racial, ethnic and social groups®®. The dramatic rise in ASD prevalence
over the past few years may be attributed to changes in the diagnostic criteria®,
younger age of diagnosis*?, and increased awareness of the education systems and
medical community®>. Most in the autism research community have adopted the Autism
Diagnostic Observation Schedule (ADOS) and Autism Diagnostic Interview—Revised (ADI-
R) to behaviorally phenotype children evaluated for ASD*. The ADOS is a standardized
protocol for the observation of social and communicative behavior of children. The ADI-
R is a semi-structured, investigator-administered interview for caregivers of affected
children and aduits. By definition, these instruments are sensitive to the assessor’s
perception of the child’s specific behavior on the day of the interview/observation.
Moreover, it is only feasible to examine delay in verbal communication around the age
of two, wasting precious time of potential intervention within the sensitive
developmental time window. Biomarker identification is therefore a top priority, as it

would enable both early and objective diagnoses.

Medications have not been proven to correct the core deficits of ASDs and are not the

primary treatment. Early educational intervention is the basis for treating and managing



ASD*. Applied behavior analysis, the most common type of intervention, is a learning
paradigm characterized by discrete presentation of stimuli with behavioral responses
followed by immediate feedback, with intense reinforcement through repeated trials of
instruction®®. Effective behavioral intervention programs throughout the country
emphasize the importance of entering the program as early as possible®’. Therefore, the
development of molecular diagnostic approaches has an immediate potential to

improve outcomes by enabling early behavioral intervention.

Most children with ASD remain within the spectrum as adults and chronic management
is required. There are currently two drugs approved by the Food and Drug
Administration (FDA) for treating maladaptive behaviors in ASD. Risperidone, an atypical
antipsychotic, was the first medication approved for the symptomatic treatment of
aggressive behavior, deliberate self-injury, and temper tantrums in children and
adolescents with ASDs*:. Another atypical antipsychotic, aripiprazole, was approved in
2009 for the treatment of irritability in children and adolescents with autism*’. Both
risperidone® and aripiprazole® target the serotonin receptor HTR2C, a functional®® %3

|28, 54

and positiona candidate for ASD, whose A-to-l editing will be examined in Chapter 2

and its regulation by small RNA in Chapter 3.

Two decades of autism genetics

Although the underlying cause of ASD remains largely unknown, it is clear that an
interaction between genetic predisposition and environmental factors at a sensitive
period in neuronal development plays a key role. Infectious, metabolic, and
environmental etiologies have been suggested, but evidence from twin and family
studies has implicated genetic factors as playing a major role in determining the risk of
ASD>>*’. Twin studies show a concordance of 60%-92% for monozygotic twins and O—

30% for dizygotic pairs, depending on phenotypic definitions’> *%. The rate of ASD in

10



siblings is 9.5-11.5%>°, much higher than the general population prevalence. Together,
these findings have led to heritability estimates of up to 90%, making ASD one the most

heritable complex disorders®.

Despite its high heritability, efforts to identify the genetic causes of ASD have enjoyed
only limited success. Numerous susceptibility loci have been identified, yet few have
been replicated, supporting the notion that the genetic complexity of ASD outmatches
the proportion of the autistic population sampled to date. Here | will review centrai
trends in the past two decades of autism genetic research, including family-based
linkage studies, genome-wide association studies, copy number variation studies, and

the recent convergence on synaptic abnormalities in ASD.

Family-based linkage studies were the predominant approach in autism genetics during
the late 1990s and early 2000s. More than 300 linkage studies have been performed,
implicating nearly the entire human genome in ASD. Not surprisingly, very few of them
have been replicated (Figure 1). Linkage studies are powerful tools to identify the cause
of disease in a studied family. However, neurodevelopment is a complex mechanism,
and an autism-causing mutation in one family may be absent from another, despite the
shared phenotype. Genome-wide-significant linkage peaks (LOD> 3.63, MLS>3.93, or
Zi>4.1 according to the Lander-Kruglyak standards®') were mapped to 1p, 2q, 3q, 7q,

64 8871 and as such is the

12q, 15q, 17q, and 219°*®’. The best-replicated region is 79
main location of studied candidate genes, including RELN, FOXP2, EN2, CADPS2, and
MET’*7®. 17q is also among the few replicated regions®, and is home to the much-

studied SLC6A4 gene’® (Figure 1).

11
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Figure 1 Genomic regions related to the etiology of ASD, as of November 2012. Blue
marks represent recurrent copy number variation, green marks depict replicated linkage
findings, red marks are genes causing syndromes in which ASD is a common symptom,
and black marks are genes implicated in ASD with high confidence, using multiple lines
of evidence, including segregation patterns, expression profiles, and functional studies.
Forward strand genes are marked on the left of each chromosome with a plus sign,
reverse genes are noted on the right by a minus sign. Data was obtained from

AutismKB’’.

Then came genome-wide association studies (GWAS). GWAS have dominated human

genetics between 2005-2011, and were first applied to ASD in 2008”8, Their main

importance is in the rejection of the common disease common variant hypothesis, and

the realization that complex diseases are indeed complex, and are likely caused by the
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interaction of multiple genes with environmental factors. The most successful autism
GWAS associated both deletions and duplications in 16p11.2 with autism’®
(Figure 1). 16p11 is spanned by segmental duplications and therefore harbors common
structural variation in humans. Although many large deletion and duplication syndromes
include autism as a comorbidity’®, individuals with either 16p11 deletion syndrome or
16p11 duplication syndrome tend to be behaviorally typical (MIM IDs #613604,
#614671). Genotyping more than 5000 individuals with ASD>® 3% 3% 8! has associated
only one more common variant with the disorder®’, with an odds ratio of 1.19,

supporting the genomic heterogeneity of ASD.

One of the most influential studies in modern autism genetic research was Michael
Wigler and Jonathan Sebat’s 2007 report of large copy number variants (CNVs)
associated with “sporadic”® but not “familial” autism®. Their study initiated two
important developmentsv that have since dominated the field: (i) the notion of two
independently transmitted forms of ASD, and (ii) an increased focus on the contribution

of CNVs to the ASD phenotype.

Sporadic vs. familial ASD. Despite a rich history of twin and family studies supporting a
substantial heritable component underlying ASD, the hypothesis that there could exist
an independent, mostly environmentally-driven form of autism has lead to the

establishment of the Simons Simplex Collection (SSC), a heavily funded consortium that

26, 27, 29, 85 22, 24, 25, 86

recruited®®, phenotyped®®, genotyped , and is currently sequencing

~10,000 individuals from families with only one affected child around the United States.

1*”, a fraction of ASD could be caused by de novo mutations

According to the new mode
in the parental germline with significantly reduced penetrance in female offspring

compared to males. This model is supported by a paternal age effect in autism®, and fits

* Sporadic/simplex autism is defined as having only one affected proband in the family, whereas
familial/multiplex autism refers to having multiple affected offspring.

13



the discrepancy in concordance rates between monozygotic and dizogotic twins®.
Furthermore, it is a conveniently testable model using modern genomic technologies.
Consequently, several large-scale genome-wide studies have recently

26, 27, 29, 85 (

characterized the patterns of de novo CNVs see below) and single nucleotide

variants?> %> 86

(SNVs) in “sporadic autism” SSC families. Collectively, these studies
support only a modest role for de-novo mutations in “sporadic” ASD. Even if each likely
deleterious de novo mutation were to cause ASD, the overall contribution of de novo
mutations in protein-coding regions of the genome is currently limited to ~20% of SSC

Cases22—27, 29, 85

. In fact, the rate of de novo mutations in large cohorts of simplex families
was shown to be similar to that of multiplex families*® and to the expected background
distribution®. It seems that de novo mutations might be just one of several types of
genomic variation that increase the risk for one of the most heritable complex traits.
Aggressive sequencing efforts currently under way should provide sufficient power to

fully confirm or reject the Wigler-Sebat conjecture in the next couple of years.

CNVsin ASD. The combination of the Wigler-Sebat report® with the ability to measure
CNVs using SNP chips® has dusted off past cytogenetic findings in ASD and pushed CNV
studies to center stage. Historically, since the development of karyotyping techniques in
the 1960s it was clear that large chromosomal abnormalities typically result in
developmental delay and intellectual disabilities®. With gradual improvements in the
detection resolution, first via fluorescent in situ hybridization (FISH)®* and then with
array-based comparative genomic hybridization (aCGH)®?, it became evident that even
smaller deletions and duplications are significantly associated with ASD’®. Recent large
scale CNV studies in SSC families have revealed a significantly higher incidence of rare de

novo but not inherited CNVs in probands as compared to their unaffected sibs?® 27 2% 8>,

In case-control studies, rare genic CNVs but not all CNVs were associated with ASD>®* &,
These and other findings have contributed to the realization that each CNV per se is

neither sufficient nor necessary to cause ASD, and that ASD is a lot more complex than

14



previously thought®. Because ASD is a common disorder with a shared phenotype,
individually rare etiologies must converge at some level. One common theme among

26, 36

the numerous molecular findings in ASD, including CNVs , is that many different

mutations may result in shared synaptic alterations.

Synaptic alterations in ASD

The divergent concordance rates strongly suggest that ASD is not a single-gene
Mendelian disease, and several multi-locus models have been proposed® °* **. As
shown in Figure 1, numerous loci have been implicated in ASD, each altered in a small
proportion of families, and causing disease in combination with other genomic and
environmental factors. The current paradigm is that these most likely converge at the
pathway or mechanism level across individuals, giving rise to the high prevalence of
ASD. An open question is what is the functional relationship between bona fide autism

genes?

One approach initiated by Thomas Bourgeron’s group is that many autism genes are
involved in synapse formation and synaptic homeostasis” ** *’. Their 2003 report of
causative mutations in the X-linked neuroligins NLGN3 and NLGN4 suggested that an
overall defect in synaptogenesis may predispose to ASD* (Figure 2). The previous year
they reported suggestive linkage and association of GRIK2°®, a glutamate receptor
expressed during brain development and modified by A-to-l editing®’. In 2007 they
identified causative mutations in SHANK3, a protein that regulates the structural
organization of dendritic spines by binding to neuroligins® (Figure 2). SHANK3
mutations were found in <1% of individuals with ASD, but this functional convergence
was sufficient to influence the Autism Genome Project (AGP) to search hard for
association and linkage to SHANK3 and other neuroligin binding partners®. Following a

100

report of causative mutations in CNTNAP2, a neurexin gene ™, the AGP reported biased

15



transmission of neurexin 1 (NRXN1) SNPs in a genome wide scan of 1400 families®.
Together, these findings started an avalanche of supportive interpretation of genome-

. - 4 01, 102
wide scansZZ 26,36, 54,80, 1

and the development of mouse models of synaptic protein
loss of function which demonstrated “autistic like features”, including SHANK1%3
SHANK2', SHANK3'®, NLGN1'®, NLGN3'” and NLGN4!%. Figure 2 visualizes the
functional relationships between these synaptic genes, highlighting related interacting
proteins that have since been implicated in the disorder. It is still unknown to what
extent mutations in these genes predispose to ASD and in which context. Hence,
identifying mechanisms of gene-environment interactions and their contribution to the

109 A-to-l

observed synaptic alterations could be highly informative for risk assessment
RNA editing is potentially one such mechanism, linking environmental stimuli with

synaptic transmission.

16
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Figure 2 Synaptic genes confidently implicated in ASD using multiple lines of evidence.
Cell adhesion molecules such as cadherins (CDH), protocadherins (PCDH), neuroligins
(NLGN1-4) and neurexins (NRXN1-3, CNTNAP2) are involved in synaptic recognition and
assembly, and were implicated in ASD via genome-wide linkage and association studies,
direct resequencing, and functional studies in mouse models. Within the postsynaptic
density, scaffold proteins such as SHANK1-3 and DLGAP2 assemble the postsynaptic
signaling complex and connect between membrane proteins and the actin cytoskeleton.
Glutamate receptors, including NMDA, AMPA, and kainate receptors, play a central role
in producing excitatory currents and maintaining synaptic plasticity. See figure for the
specific genomic approaches taken to implicate these in ASD. Abbreviations: LoF, loss of
function.
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A-to-l RNA Editing fine-tunes synaptic function in response to
environmental stimuli

Surprisingly little is known about A-to-l RNA editing in humans, despite its essential
roles. In animals, site-specific adenosine-to-inosine RNA base conversions, carried out
by adenosine deaminase acting on RNA (ADAR) enzymes, modulate complex behavior
and exhibit precise regional specificity in the brain® ® ™ A-to-I RNA editing is an

efficient means to increase RNA complexity, thereby fine-tuning both gene function and

111-113

dosage . The cellular machinery recognizes inosine as guanosine, so A-to-l editing

113-118

of codons and splicing signals directly modifies protein-coding gene function , while

119-122 123

editing of microRNAs and their binding sites™* alters gene expression. This should

be particularly important in the human brain, the single most complex organ in cellular

diversity, connectivity, morphogenesis, and responses to environmental stimuli*?.

Synaptic function is a major target of A-to-l editing'®®>, which can fine-tune

126 canonical

neurophysiological properties in response to environmental stimuli
signaling pathways acting on the editing enzymes link A-to-l RNA editing to
environmental cues: ADARB1 function requires inositol hexakisphosphate?’, and the
expression of ADAR is interferon-inducible'?®. Several recoding events that directly alter
synaptic strength or duration in response to environmental signals have been

characterized in rodents**4!®

. For example, the serotonin receptor HTR2C undergoes
editing in five sites, which dramatically alters its G-protein coupling activity, and hence
the relationship between serotonin levels and postsynaptic signal transduction® '8, This
editing is regulated by exposure to acute stress and chronic treatment with
antidepressants'®. Another example is the neurodevelopmentally-regulated editing of
transcripts encoding the AMPA receptors GRIA2, GRIA3 and GRIA4™*°, where arginine to
glycine (R/G) recoding of the ligand binding domains leads to faster desensitization

recovery™™. Moreover, glutamine to arginine (Q/R) editing of the transmembrane

18



domains in mRNAs encoding the kainate receptors GRIK1 and GRIK2 reduces the

receptors’ calcium permeability’*®, with varying degrees of editing throughout mouse

129

neurodevelopment . Since 0 to 100% of mRNA molecules can be edited at any given

3% Q/R and R/G editing of ionotropic glutamate receptor transcripts provides an

point
efficient means for fine-tuning the glutamatergic synapse in response to the changing

environment (Figure 3).

GRIK1 GRIK2 GRIA2 GRIA3 GRIA4
@ Neutral Glutamine to +++ arginine @  arginine to glycine leads to
reduces Ca2* permeability faster desensitisation recovery

Figure 3 lonotropic glutamate receptors regulated by A-to-l RNA recoding. Three AMPA
receptors and two kainate glutamate receptors are subject to A-to-l RNA editing. Q/R
editing of the transmembrane domains of GRIK1, GRIK2, and GRIA2 dramatically alters
their calcium permeability, while R/G recoding of the intracellular domain of GRIA2,
GRIA3, and GRIA4 tunes their kinetics. A-to-l editing of dendritic RNA granules can
therefore provide an incredibly efficient means for rapid fine-tuning of synaptic strength
and duration in response to environmental cues, contributing to synaptic plasticity.

19



Although few A-to-I RNA editing studies have been conducted in humans, it has been

postulated to be one of the molecular mechanisms connecting environmental inputs

126, 131

and behavioral outputs . The increased editing in humans'? as compared to other

animals'®

, including nonhuman primates®’, has been proposed to generate molecular
complexity that might constitute the basis of higher-order cognition'?’. Hence,
characterizing A-to-l editing in typically and atypically developed individuals, such as
those with ASD, may shed light oh environment-dependent epigenetic mechanisms

central to human neurodevelopment.

Several lines of evidence support an examination of the link between A-to-l editing and

ASD. First, model organisms with altered A-to-l editing exhibit maladaptive behaviors

> 1013 sometimes with seizures'® or Prader-Willi-like symptoms?®,

characteristic of ASD
both of which are typically detected in 25% of children with ASD'** **’_ Second, altered
editing of mMRNAs encoding the serotonin receptor HTR2C has been detected in a mouse

138

model of autism* and in disorders that aggregate in families with ASD™°, including

schizophrenia'® and major depression'*°

. Third, a fly model of Fragile X syndrome, the
most common single gene cause of ASD'!, was recently shown to exhibit significant
editing alterations, via a direct interaction between the Fragile X gene dFMR1 and the
editing enzyme dADAR?®. Finally, independent genomic studies have implicated variants

in synaptic genes, the most edited type of genes'>, as a recurring theme in ASD* 2% 3437,

20



The imprinted brain-specific 15q11 snoRNAs may guide A-to-] mRNA
editing

The most common genetic lesion in ASD is copy number variation of the imprinted
15911-13 locus®. Two small nucleolar RNA (snoRNA) clusters are transcribed from its
paternal allele, SNORD115 (HBII-52) and SNORD116 (HBII-85), both highly expressed in

142

the brain™° (Figure 4). While the precise function of these snoRNAs remains to be

elucidated, the mouse homolog of SNORD115 was shown to regulate A-to-I RNA editing

1314 4 functional® and positional'* candidate for ASD.

of the serotonin receptor Htr2c
Mice lacking Snord115 show serotonin-dependent behavioral changes and Htr2c editing
alterations™®, while mice heterozygous for a paternal duplication of 15q11-13 display
social abnormalities and altered Htr2c editing®. As to SNORD116, its absence was shown
to be the cause of the key characteristics of the Prader-Willi phenotype'*®, which
includes ASD in 23% of cases*®. Members of the SNORD116 cluster are predicted to

regulate the alternative splicing of several neuronal genes*’.
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Figure 4 Small RNA clusters expressed from the paternal allele of 15q11. The SNORD115
cluster contains 48 paralogous genes thought to regulate A-to-I editing of the serotonin
receptor HTR2C. Immediately upstream is the SNORD116 cluster, which contains 30
genes thought to regulate the alternative splicing of several neuronal genes. Deletion of
SNORD116 is sufficient to cause the core symptoms of Prader-Willi syndrome, a
neurodevelopmental condition in which a quarter of the patients also fall within the
autism spectrum.

Small RNA and A-to-l editing in Mendelian traits comorbid with ASD

Mendelian (i.e. single gene) causes of ASD are rare and collectively account for up to

10% of ASD?, but may be highly informative of the underlying molecular mechanisms.

Fragile X Syndrome (FXS) is the most common known monogenic form of autism, with
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about a third of FXS patients exhibiting comorbid ASD™™, and roughly 5% of individuals
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with ASD having FXS'*. Absence of the Fragile X Mental Retardation Protein (FMRP)
causes FXS, a severe form of intellectual disability’. FMRP is an RNA binding protein
(RBP) that regulates dendritic protein synthesis, with essential roles at the synapse, as
evidenced by its severe loss of function phenotype in humans, and the altered neuronal
development and circuit formation shown in knockout mice and flies™®. FMRP

associates with many RNA granules’’, several members of the RNAi machinery'*> **,
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including the RNA induced silencing complex (RISC)™", synaptic miRNA™", and locally-

translating polyribosomes in dendrites'** **°

. Furthermore, it was recently shown that
the fly FMRP, dFMRP, modulates A-to-l editing levels via direct interaction with dADAR’,
The exact relationship between loss of FMRP function and the FXS and ASD phenotypes
remains to be elucidated. The involvement of FMRP in the RNAi and RNA editing
pathways suggests that examining small RNA and editing in ASD could advance our

understanding of its underlying molecular basis.

Prader Willi Syndrome (PWS) is a neurodevelopmental disorder due to the loss of
paternally expressed genes from the imprinted 15q11-13 region, with 23% of patients
exhibiting comorbid ASD'®. The PWS locus contains the SNORD115 and SNORD116
snoRNAs. It is currently thought that the key features of PWS are caused by the absence
of the SNORD116 cluster, with other genes in the region making more subtle phenotypic
contributions’*>. A mouse model of PWS shows altered A-to-I editing of HTR2C, linked to

mbii-52 loss™® (the mouse homolog of SNORD116).
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Dissertation goals and organization

My dissertation seeks to examine A-to-I RNA editing in autistic brains and its potential
regulation by small RNA. Chapter 2 describes several years of work in which | set up a
system to accurately survey A-to-I RNA editing levels in postmortem brain tissue from
individuals with ASD. Using ultradeep c¢DNA pyrosequencing coupled to gDNA
genotyping we carried out the first quantitation of A-to-l RNA editing levels in ASD and
found that when compared to matched neurotypical individuals, some individuals with
ASD show consistently exaggerated levels of synaptic A-to-1 RNA editing. As part of this
study, we examined the editing patterns of the serotonin receptor HTR2C, a central
pharmacological target in ASD, whose potential regulation by small RNA is the subject of
Chapter 3. This chapter describes a targeted small RNA sequencing approach used to
quantify the relationships between the expression of imprinted brain-specific small
nucleolar RNA genes from an autism-implicated locus and and A-to-1 editing of HTR2C.
Chapter 4 describes the implications of these studies and others that | plan to complete
in the near future, with an overarching goal of understanding RNA-mediated gene-
environment interactions underlying ASD, and more generally complex human behavior

in health and disease.

The appendices include related research that set the foundations for the experimental
and computational techniques | have utilzed in my main projects. Appendix A contains a
publication in which | had examined the alternative splicing of an ASD candidate gene,
CADPS2, in brain and blood of individuals with ASD. I later used a similar approach to
profile alternative splicing of the editing enzyme ADARB1 in Chapter 2. Appendix B
contains a publication in which | had reviewed the rich autism literature which helped
me understand the historical and social context of my work, as well as write Chapter 1.
Appendix C contains a manuscript in which | had designed and carried out large scale
genotyping to validate whole genome sequencing of individuals with ASD. This work

utilized an experimental approach designed in Chapter 2, and taught me the great
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advantages of approaching the problem at the RNA level. Appendix D contains a
publication in which | developed a meta-analysis approach to infer microRNA function. |
will use this approach in a follow up study described in Chapter 4. Finally, Appendix E
contains supplementary material for Chapter 2, and Appendix F contains supplemtary

material for Chapter 3.
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Adenosine-to-inosine (A-to-1) RNA editing is a neurodevelopmentally-regulated
epigenetic modification shown to modulate complex behavior in animals. Little is known
about human A-to-l editing, but it is thought to constitute one of many molecular
mechanisms connecting environmental stimuli and behavioral outputs. Thus,
comprehensive exploration of A-to-I RNA editing in human brains may shed light on
gene-environment interactions underlying complex behavior in health and disease.
Synaptic function is a main target of A-to-l editing, which can selectively recode key
amino acids in synaptic genes, directly altering synaptic strength and duration in
response to environmental signals. Here we performed a high-resolution survey of
synaptic A-to-I RNA editing in a human population, and examined how it varies in
autism, a neurodevelopmental disorder in which synaptic abnormalities are a common
finding. Using ultra-deep (>1000x) sequencing, we quantified the levels of A-to-l editing
of 10 synaptic genes in postmortem cerebella from 14 neurotypical and 11 autistic
individuals. A high dynamic range of editing levels was detected across individuals and
editing sites, from 99.6% to below detection limits. In most sites, the extreme ends of
the population editing distributions were individuals with autism. Editing was correlated
with isoform usage, clusters of correlated sites were identified, and differential editing
patterns examined. Finally, a dysfunctional form of the editing enzyme ADARB1 was
found more commonly in postmortem cerebella from individuals with autism. These
results provide a population-level, high-resolution view of A-to-1 RNA editing in human
cerebella, and suggest that A-to-l editing of synaptic genes may be informative for

assessing the epigenetic risk for autism.

Introduction

Site-specific adenosine-to-inosine (A-to-l) RNA base conversions, carried out by

adenosine deaminase acting on RNA (ADAR) enzymes, exhibit precise regional specificity
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in the brain and modulate complex behavior in model organisms*>. A-to-I RNA editing is
an efficient means to increase RNA complexity, thereby fine-tuning both gene function

4-6 . . . . . ipe
and dosage™". The cellular machinery recognizes inosine as guanosine, so A-to-l editing

of codons and splicing signals directly modifies protein-coding gene function®™

12-14

, while
editing of microRNAs and their binding sites® alters gene expression. This is
particularly important in the human brain, the single most complex organ in cellular
diversity, connectivity, morphogenesis, and responses to environmental stimuli*®.

Synaptic function is a major target of A-to-l editing'’, which can fine-tune

18, 19 Canonical

neurophysiological properties in response to environmental stimuli
signaling pathways acting on the editing enzymes link A-to-l RNA editing to
environmental cues: ADARB1 function requires inositol hexakisphosphate®®, and the
expression of ADAR is interferon-inducible®’. Several recoding events that directly alter
synaptic strength or duration in response to environmental signals have been
characterized in rodents’™. For example, mRNAs of the serotonin receptor HTR2C
undergo editing in five sites, which dramatically alters its G-protein coupling activity,
and hence the relationship between serotonin levels and postsynaptic signal

transduction® **

. This editing is regulated by exposure to acute stress and chronic
treatment with antidepressants’’. Another example is the neurodevelopmentally-
regulated editing of transcripts encoding the AMPA receptors GRIA2, GRIA3 and
GRIA4%, where arginine to glycine (R/G) recoding of the ligand binding domains leads to
faster desensitization recovery’. Moreover, glutamine to arginine (Q/R) editing of the
transmembrane domains in the kainate receptors GRIK1 and GRIK2 reduces their
calcium permeability®, with varying degrees of editing throughout mouse
neurodevelopment®®. Since 0 to 100% of mRNA molecules can be edited at any given
point’®, Q/R and R/G editing of ionotropic glutamate receptors provides an efficient
means for fine-tuning the glutamatergic synapse in response to the changing
environment.

Little is known about A-to-1 RNA editing in humans, but it has been postulated to be one
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of the molecular mechanisms connecting environmental inputs and behavioral

% 2 The increased editing in humans®® as compared to other animals®’,

outputs
including nonhuman primates”, has been proposed to generate molecular complexity
that might constitute the basis of higher-order cognition'®. Therefore, characterizing A-
to-l editing in typically and atypically developed individuals may shed light on
environment-dependent epigenetic mechanisms central to human neurodevelopment.

Autism Spectrum Disorders (ASD; [MIM 209850]) are highly heritable common
neurodevelopmental disorders of complex genetic etiology, characterized by deficits in
reciprocal social interaction and repetitive behaviors®. Several studies characterize

029-32

synaptic abnormalities in AS . However, the mechanisms for gene-environment

interactions and their contribution to the observed synaptic alterations remain

unknown. The number of candidate genes is rapidly increasing> >

and a main challenge
is to identify the context in which they confer risk to ASD. Recent twin studies suggest
that the contribution of environmental factors to ASD is larger than previously thought,
with lower monozygotic concordance estimates (77 to 88%), and a surprisingly high
dizygotic concordance of 31% (as compared to a sibling recurrence rate of 19%)* ’.
Hence, the identification of mechanisms governing gene-environment interactions
relevant to ASD could be informative for risk assessment®®. A-to-l RNA editing is
potentially one such mechanism, linking environmental stimuli with synaptic
transmission.

Several lines of evidence support an examination of the link between A-to-l editing and
ASD. First, model organisms with altered A-to-l editing exhibit maladaptive behaviors

> sometimes with seizures” *° or Prader-Willi-like symptoms®,

characteristic of ASD
both of which are typically detected in 25% of children with ASD** **. Second, altered
editing of the serotonin receptor HTR2C has been detected in a mouse model of
autism™ and in disorders that aggregate in families with ASD**, including schizophrenia®®
and major depression®’. Third, a fly model of Fragile X syndrome, the most common

single gene cause of ASD*, was recently shown to exhibit significant editing alterations,
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via a direct interaction between the Fragile X gene dFMR1 and the editing enzyme
dADAR™. Finally, independent genomic studies have implicated variants in synaptic
genes, the most edited type of genes'’, as a recurring theme in ASD*32,

Here we focus on neurodevelopmentally-regulated A-to-I editing that directly alters
synaptic function. We precisely quantify and compare the levels of editing across
individuals, and characterize the distinct editing landscapes of ten synaptic genes acting
in the human cerebellum, contrasting postmortem brains from typically developed
individuals with brains isolated from individuals with ASD. We then (i) specifically
examine editing patterns in the glutamatergic and serotonergic systems, (ii) correlate
editing with isoform usage, and (iii) identify clusters of correlated sites. Importantly, we

find that the relative usage of a dysfunctional form of the editing enzyme ADARB1 is

significantly higher in ASD.

Materials and Methods

Subjects

Thirty fresh-frozen cerebellar samples of deidentified individuals with nonsyndromic
autism and carefully-matched neurotypical individuals were obtained from the National
Institute of Child Health and Human Development Brain and Tissue Bank (NICHD BTB)
and the Harvard Brain Tissue Resource Center (HBTRC), through the Autism Tissue
Program (ATP). To minimize confounding factors, matching was based on age, gender,
race, and post-mortem-interval (PMI). Supplementary Table 1 details the 25 samples

that passed quality control measures.

Selection of Target Genes

With the accumulation of multidisciplinary studies highlighting synaptic alterations in

ASD? 31 32 34 5034 \ya chose to focus on neurodevelopmentally-regulated A-to-I
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recoding that alters synaptic function. All synaptic genes shown to undergo
developmentally dependent A-to-l recoding by Wahistedt et al.?®> were included in this

study (Supplementary Table 2).

Molecular Methods

RNA isolation and quality assurance

Tissue samples were disrupted and RNA isolated in triplicate (mirVana™ miRNA isolation
Kit, Life Technologies, Grand Island, NY, USA), followed by DNase | treatment (DNA-
free™, Life Technologies). Samples that seemed intact on 1% agarose gels were
quantified on the ND-1000 Spectrophotometer (NanoDrop, Wilmington, DE, USA) and
their integrity analyzed using the Agilent 2100 Bioanalyzer Eukaryote Total RNA Nano
Series Il (Agilent Technologies, Santa Clara, CA, USA). Only samples with RNA Integrity
Number (RIN) >7 were included in the study, minimizing post mortem degradation

artifacts®. The mean RIN of the samples used was 8.0 (Supplementary Table 1).

454 cDNA library preparation

A stringent PCR-based library preparation protocol was designed to ensure unbiased
templates for multiplexed 454 sequencing, as shown in Figure 1. Target selection was
based on two rounds of PCR, intended to minimize barcode-based amplification biases:
the first was gene specific and the second incorporated a sample-specific barcode to
each amplicon.

cDNA synthesis. cDNA was synthesized from 250ng of each triplicate total RNA prep,
using oligo dT priming. Invitrogen’s Superscript HI First-Strand Synthesis System for RT-
PCR was utilized, following the manufacturer’s recommendations (Life Technologies,

Grand Island, NY, USA).
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Figure 1 Overview of the experimental approach.
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Universal tag optimization. To avoid barcode-based amplification biases, we
employed a two-round PCR approach, where the first PCR is gene specific and includes a
universal tag at the 5’ end of each primer, and the second PCR is sample specific, primes
off the universal tag, and adds a barcode immediately following the 454 sequencing
primer. To minimize the read length wasted on a universal tag, we designed an optimal
10bp tag, which enables efficient priming off such a short sequence. For optimal tag
selection, all possible 10-mers were generated and their GC content calculated. Those
258,047 10-mers with 50% GC were subject to fastPCR quality analysis

(http://primerdigital.com/fastpcr.html), yielding a quality score in the range of 5 to 104.

Then 10-mers with a quality score >=90 that do not form dimers with the 454 primers
were selected by attaching each 10-mer to all possible 5’-454 primer-barcode-3’
forward and reverse combinations and testing for homo- and hetero-dimerization using
fastPCR. The best 10-mers were tcgatcagca (added at the 5’ of all forward primers) and
tacgatgcgt (reverse). All primers were synthesized and purified by polyacrylamide gel

electrophoresis (PAGE) by Integrated DNA Technologies (IDT, Coralville, IA, USA).

Gene-specific amplification. Triplicate PCRs were performed as detailed in
Supplementary Table 3 using Invitrogen’s Accuprime PFX system, following the
manufacturer’s protocol, to ensure high fidelity, specificity and yield (Life Technologies).
Primers were designed to amplify all Refseq isoforms, targeting the regions flanking the
known editing sites listed in Supplementary Table 2. FastPCR was used for primer
design, and all reactions amplified across splice junctions, except for the intronless
KCNAL. To minimize PCR artifacts, a minimal number of cycles was used. Starting with
20 cycles, PCR products were analyzed on the QlAxcel Gel Electrophoresis System
(QIAGEN, Valencia, CA, USA) and were subject to two additional amplification cycles

until the expected band appeared.

PAGE purification of PCR products. Standard 8% native polyacrylamide gels were

prepared in-house and triplicate gene-specific PCR products were separated by
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electrophoresis next to a 10bp ladder (Life Technologies) at 140V. The gels were stained
with SYBR® Gold Nucleic Acid Gel Stain (Life Technologies) and the correct product sizes
(Supplementary Table 3) excised on Life Technologies’ Safe Imager™ blue light
transilluminator. To prevent cross-contamination, separate gels, staining boxes, and
scalpels were used for each sample. The excised bands were transferred to 0.5mL tubes
that were punctured at the bottom, placed inside a 1.5mL tube, and spun at 16,300 g for
10 minutes. The resulting shredded gel pieces were eluted in 300uL of 10mM Tric-Hcl
and 1mM EDTA overnight at 37°C. The next day the gel slurry was spun for 5 minutes at
16,300 g and the supernatant transferred to a new 1.5mL tube. 300ulL of 10mM Tric-Hcl
and 1ImM EDTA was added to the leftover shredded gel pieces and incubated for 2
hours at 37°C. The gel pieces were removed using Spin-X® Centrifuge Tube Filters
(Corning, Amsterdam, The Netherlands). The eluted cDNA was isopropanol-precipitated
with 0.7 volume of isopropanol and 1/300 volume GlycoBlue (Life Technologies) as a
carrier. The cDNA pellet was then washed with 70% ethanol four times, and
resuspended in 20ulL nuclease free water. The concentration and purity of the products
was determined using the ND-1000 spectrophotometer (NanoDrop, Wilmington, DE,
USA).

Confirmatory Sanger sequencing. 20% of the gene-specific amplification products
were sequenced bidirectionally on the Applied Biosystems 3730 DNA Analyzer (Life

Technologies), to confirm that they had the correct sequence.

Sample-specific amplification. 100ng of the purified gene-specific triplicate PCR
products were amplified to add a sample specific barcode fused to the 454 sequencing
primer. The standard 10bp 454 MID barcodes were used and every individual with ASD
and its matched neurotypical sample shared a barcode (and later sequenced on
opposite sides of the PicoTiterPlate). 454 Primer A was fused to the barcode in the
forward primer and 454 Primer B in the reverse. Matched samples were handled

together and amplified on the same plate. Life Technologies’ Accuprime PFX system was
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used, following the manufacturer’s protocol, in eight cycles of PCR. 20pmol of primers

were used in each reaction.

PAGE purification and confirmatory Sanger sequencing of sample-specific PCR

products were performed as described above for the gene-specific PCR.

Quantitation. The purified sample-specific PCR products were quantitated using
Quant-iT™ PicoGreen® dsDNA Reagent (Life Technologies), to enable equimolar pooling
for sequencing. Batches were made on the gene level; that is, all barcoded products of
the same gene-specific PCR were analyzed together. Samples were diluted 1:20 and two
volumes of each dilution were quantitated: SuL and 8ul, using the Victor3 Multiplate
Reader (PerkinElmer, Waltham, MA, USA), in black round-bottom plates (Corning),
following the manufacturer protocol. Lambda DNA samples were included on each
plate, used to create a standard curve from 0 to 50ng, and also served as controls with a
specific quantity of 12.5ng and 3.125ng, in duplicate. For each amplicon, a sample’s
quantitation was considered successful if the coefficient of variation (CV) between the
quantities determined for the 8ulL product and 1.6* 5Sul product was <=10%. The
protocol was repeated with larger volumes until the CV between the two dilutions was

<=10%. The final concentration was the average between the two dilutions.

Equimolar pooling. Samples were first pooled to amplicons based on their Picogreen
readout and then amplicons were pooled based on their product size. Separate pools
were made for ASD and neurotypical samples in a final concentration of 5ng/ul. An
aliquot was taken for Bioanalyzer and NanoDrop quality assessment, which showed that

all amplicon bands existed in each pool and had a relatively similar intensity.
454 sequencing

Bidirectional GS FLX sequencing was performed as described® by the 454 Life Sciences

Sequencing Center (Branford, CT, USA). ASD and neurotypical pools were sequenced on
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opposite sides of a 2-region PicoTiterPlate. 457,104 reads were obtained, containing

85,709,299 high quality bases (Supplementary Figure 1).

DNA isolation

About 2g of the same cerebellar tissue samples were disrupted with a mortar and pestle
on dry ice, and genomic DNA (gDNA) was extracted using the QlAamp DNA Mini Kit
(QIAGEN, Valencia, CA, USA).

Genomic DNA genotyping

Sequenom iPLEX genotyping (Sequenom, Inc, San Diego, CA, USA) was done at Boston
Children’s Hospital's SNP Genotyping Facility. Twenty-five SNPs were genotyped in four
populations. Every sample was genotyped in triplicate, and all triplicates had to agree on
the genotype to be considered successful. All passing SNPs had a genotype success rate

of >96.7%.

Method Validation

To validate our findings, cDNA and gDNA from all samples were independently analyzed

by the parallel capture and sequencing method described by Li et al.'’

Padlock probes
were designed to hybridize to the editing site at position 4 of the Extension Arm, and ten
base-pairs of the captured sequence separated the Ligation and Extension Arms
(Supplementary Table 4). To capture editing sites on cDNA and gDNA, 135ng of padiock
probes were mixed with 1ug of gDNA or 200ng of cDNA, and incubated with Taq
polymerase and ligase as previously described'’. Then the linear DNA part of the
padlock was digested by exonuclease | and lll, and the circles created by the extended
and ligated probes were amplified as described". Following purification, all samples

were pooled and sequenced in two lanes of an lllumina Genome Analyzer, as

described’. The resulting FASTQ files were analyzed with perl scripts that deconvoluted
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the samples based on their barcode sequences, aligned reads to reference sequences
using BLAST with a four-letter word size, and counted the number of fully-mapped reads
that contained each allele and had no more than 3 mismatches or indels with the
reference sequence.

About a quarter of the sites examined by ultradeep 454 sequencing were also assayed
by padlock-capture and lllumina sequencing. On average, 3420 unidirectional lllumina
cDNA reads and 627 unidirectional lllumina gDNA reads were obtained for each sample
at each of the six sites assayed by both methods: CYFIP2 K/E, FLNA Q/R, GRIA2 Q/R+4,
GRIA2 R/G, GRIK1 Q/R, and KCNA1 1/V. More than 98% of the genomic reads mapping to
these editing sites contained adenosines. Therefore, adenosine/guanosine mixtures on
cDNA with >2.5% G were considered to be representative of A-to-I editing. The editing
levels were modeled by a beta-binomial distribution as detailed below, and compared to
those determined by ultradeep 454 cDNA sequencing coupled to gDNA genotyping.

The results of the two editing detection methods were tightly correlated, with an
average Pearson’s r of 0.923 (mean p= 0.002) across six sites. See Supplementary Table

5 for details.

ADARBI1 Isoform Usage Analysis

Relative ADARB1 isoform usage analysis with semiquantitative PCR. Thermo-
Start Tag DNA Polymerase (ABgene, Epsom, UK) was used to amplify cDNA triplicates in
30 cycles, 65°C annealing, and primers which detect all known ADARB1 isoforms:
aaacagtctccgecagtcaa (forward, exon 4) and caggtcaccaaacttacccagg (reverse, exon 6).
The normal isoforms yielded a 1057bp product and the dysfunctional NR_027672
isoform a 122bp product. The relative frequency of the latter was quantitated using
QIAGEN’s QlIAxcel Gel Electrophoresis System. Both bands were isolated using
Invitrogen’s E-Gel SizeSelect System (Life Technologies), and sequenced bidirectionally

on ABI 3730 DNA Analyzers (Life Technologies). The skipping of exon 5, which contains
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the enzyme’s double stranded RNA binding domains, was confirmed in all 122bp bands,
and its inclusion confirmed in all 1057bp products. The statistical significance of the
difference between inactive ADARB1 isoform usage in individuals with ASD and

neurotypical individuals was assessed using the Mann-Whitney U test (p=0.003).

ADARB1 isoform quantitation using real-time RT-qPCR. Real-time gPCR was
performed on triplicate cDNA preparations from all 25 samples using TagMan® Gene
Expression Assays (Applied Biosystems), with primers and probe sequences shown in
Supplementary Table 6. The samples were first analyzed on the BioMark™ 96.96
Dynamic Array (Fluidigm) in nanoliter reaction volumes, and then in larger volumes
(10uL) on the ABI 7900HT System (Applied Biosystems). A panel of eleven commonly
used endogenous control genes was quantitated alongside the ADARB1 isoforms on the
BioMark™ system: ACTB, GAPDH, B2M, 18S, PPIA, HPRT1, GUSB, TBP, RPLPO, TFRC and
PGK1 (TagMan® assays Hs99999903_m1, Hs99999905_m1, Hs99999907 ml,
Hs99999901_s1, Hs99999904_m1, Hs99999909_m1, Hs99999908_m1,
Hs99999910_m1, Hs99999902_m1l1, Hs99999911_m1l, and Hs99999906 ml,
respectively). The two most stable genes across all samples were GAPDH and RPLPO, as

determined by the geNorm algorithm (http://medgen.ugent.be/~jvdesomp/genorm/).

To increase transcript levels to detectable concentrations in nanoliter reaction
chambers of the BioMark™ array without altering their ratios in the transcriptome,
cDNA was pre-amplified with a diluted pool of TagMan® assays for 14 cycles and the
final reactions were diluted 1:5 with TE. Expression levels were normalized to GAPDH
using the delta Ct method’¢, and the Pearson correlation between Fluidigm BioMark™
and ABI 7900HT quantities was 0.67 (p= 4.65e-11). This demonstrates platform-specific
biases and is consistent with previous findings’’. The Mann-Whitney U test was used to
assess the significance of the difference in quantities of the dysfunctional ADARBI
isoform relative to GAPDH in individuals with ASD and neurotypical individuals

(p=0.007).
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Relative ADARB1 isoform usage analysis in an independent set of postmortem
cerebella. In addition to the 25 samples whose synaptic editing levels have been
surveyed, an independent set of postmortem cerebella from five neurotypical
individuals and four individuals with ASD was examined (Supplementary Table 7) using

semi-quantitative RT-PCR, as detailed above.

Relative ADARB1 isoform usage analysis using RNAseq. RNA-seq. Ten of the
surveyed samples were subject to high-throughput RNA sequencing on Applied
Biosystem’s SOLID platform (Life Technologies). Poly(A)+ RNA was captured (Oligotex
mRNA Mini Kit, QIAGEN), heat-fragmented (95°C for 20 minutes), and prepared for
sequencing (Small RNA Expression Kit, Life Technologies) that yielded 114M reads. Life
Technologies” WT Analysis software package was used to align the reads to the
reference genome and expressed sequence tags, identifying 33.4M uniquely mapped
reads. Of those, an average of 877 reads per sample mapped to ADARB1 exons. The
relative frequency of the dysfunctional NR_027672 isoform was measured as 1- the
relative frequency of isoforms that include the double-stranded RNA binding domains
(dsRBDs). The latter was measured as the RPKM (Reads Per Kilobase of exon model per
Million mapped reads) ratio between the skipped, dsRBDs containing exon, and its
immediate 3’ constitutive exon:

Relative frequency of the dysfunctional ADARB1 isoform NR_027672 =

RPKM (ADARBI dsRBDs exon)
" RPKM (ADARBI constitutive exon)

Correlation between editing and splicing of FLNA. When we amplified across the
FLNA Q/R site using one primer in exon 43 and one in exon 44, an unexpected 720bp
band of varying brightness appeared in all samples. Bidirectional Sanger sequencing

revealed that it is a result of intron 43 retention. Its relative abundance was quantitated
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using QIAGEN’s QlAxcel electrophoresis system, and correlated with Q/R editing levels

detected by 454 sequencing.

Gene expression profiling. Affymetrix Exon 1.0 ST arrays (Santa Clara, CA, USA) were
used to measure global gene expression of each RNA sample. Following quantile
normalization, gene expression levels were calculated using the Probe Log Ilterative ER
(PLIER) algorithm and differences in Gene Core expression were determined using the

Mann-Whitney U test.

Computational Methods
454 variant calling and quantification. The 454 GS Amplicon Variant Analyzer
software was used to deconvolute samples, align reads to reference sequences, and call

variants and haplotypes based on bidirectional sequence changes from the reference.

Beta-binomial modeling of editing levels. For each sample in each site, the posterior
editing density, f(editing), was a beta distribution with parameters a=1+number of
reads with G mapped to the site, and f=1+number of reads with A mapped to the site

(Supplementary Figure 2).

Differential editing analyses. Kolmogorov-Smirnov (KS) tests were used to assess the
significance of differences in continuous measurements, such as those of editing levels
between neurotypical individuals and individuals with ASD. To compare discrete
distributions, such as the count of GRIK2 or HTR2C isoforms resulting from
combinatorial RNA editing, Pearson’s chi square test was used. The total number of
reads belonging to each of the possible editing isoforms were summed across each
group and only isoforms supported by > 5 reads in both groups were included in the

analysis (following this test’s assumptions).

Correlation between dysfunctional ADARB1 lIsoform frequency and overall

editing levels. For each sample i, RF; is the relative frequency of the dysfunctional

55



ADARB1 isoform. A sample’s overall editing level, E, is the sum of its standardized
editing levels across all sites, >Z;, where Z; is the standardized editing level of sample i
at site j. Pearson’s correlation was calculated between these two metrics, RF and E,

across all samples, to measure their linear dependence.

Association between editing and splicing of AMPA Receptors. Two-by-two
contingency tables were used to summarize the relationships between isoform selection
and editing (Supplementary Table 8), and Fisher’s exact test was used to determine the

significance of the association between them.

Correlations among editing sites. The Pearson correlation coefficient was calculated
to quantify the linear relationships between editing at different sites, among all
individuals. Biclustering was then used to identify modules of tightly correlated sites,

with the EXPANDER software®’.

Independence of editing at neighboring sites. To summarize the relationships
between editing at GRIA2 Q/R and Q/R+4 among all individuals, a two-by-two
contingency table is shown in Supplementary Table 8. Fisher’s exact test was used for

power and significance calculations.

Multiple testing correction. All p-values were Benjamini-Hochberg corrected for
multiple testing®® to ensure that the false discovery rate of this entire study is below

0.05.

Results

Precise Multiplex Quantitation of A-to-I RNA Editing in Human Cerebella

For a high-resolution view of A-to-I RNA editing in a human brain population, ultra-deep

(>1000x) 454 cDNA sequencing and genomic DNA (gDNA) genotyping were used to
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detect A/G mixtures on cDNA mapping to homozygous genomic A/A (Figure 1). This
study focused on all ten synaptic genes shown in mouse to undergo
neurodevelopmentally-regulated A-to-I recoding® that results in well-characterized

neurophysiological alterations’ -

(Supplementary Table 2). Editing was measured in
postmortem cerebellum, one of several brain regions implicated in ASD®’* by both
imaging® and autopsy®® studies. Cerebellar tissue samples were obtained from
neurotypical individuals and individuals with non-syndromic ASD, matched by gender,
age, race, and postmortem interval (Supplementary Table 1). Pooled, barcoded,
bidirectional 454 cDNA sequencing yielded on average 1344 reads of 212bp per
individual per amplicon (Supplementary Figure 1). gDNA was genotyped at 18 well-
characterized editing sites with known functional consequences and 7 positions aligned
to a mixture of guanosines and adenosines on cDNA. A-to-1 edited sites were identified
by the presence of a bidirectional cDNA A/G mixture at homozygous A/A gDNA
positions. Editing levels were modeled by a beta-binomial distribution, resulting in a
posterior editing density for each individual at each site. This model considers both the
fraction of edited reads and the total number of reads covering a site, to produce a
distribution describing the level of editing and our confidence in that measurement
(Supplementary Figure 2).

This approach provided a high confidence dataset of synaptic A-to-I RNA editing from
individuals with ASD and matched neurotypical individuals, with an average 95%
confidence interval length of 0.038. For independent validation, the same cDNA and
gDNA were analyzed by parallel capture and >3000x lllumina sequencing’ in six sites
among all individuals. A tight correlation between the two editing detection methods is
shown in Supplementary Figure 3 and Supplementary Table 5, with an average

correlation coefficient of 0.923.

High Dynamic Range of Editing across Sites and Individuals

The editing levels of 25 sites were robustly measured and found to range from 2.5% to
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99.6% (Figure 2A and Figure 3).

A Mean editing fractions (+SD) B Individual deviation from mean
0.1.2345.6.7.8.91 54-3-2-10 12345

j GRIA2 Q/R

—— GRIK2 Q/R
bt GRIK2 Y/C

—— CYFIP2 K/E
GRIA2 R/G

GRIA4 R/G
GABRA3 I/M
GRIK1 Q/R
FLNA Q/R
GRIK2 I/V
GRIA3 R/G
HTR2C A
GRIA2 Q/R+4
HTR2C D
KCNA1 I/V
HTR2C C
GRIA4 R/G-1
HTR2C B
GRIA3 R/G-1
GRIK2 Q/R-17
GRIA2 R/G-1
HTR2CE
CYFIP2 K/E+1
GRIK1 Q/R-17
GRIK2 Q/R-4

1

g

Figure 2 Individuals with ASD at the extremes of the population editing distributions in 20
of 25 sites. (A) High dynamic range of mean editing across sites, from 99.6% to below
detection limit. Standard deviation bars, shown in purple, indicate the large variability in
neurodevelopmentally-regulated editing among carefully matched individuals. (B) The
individual standardized deviations from the mean editing level across all sites show that
the extreme of the population editing distributions tend to be individuals with ASD (orange
triangles), and they are the major contributor to the large variability shown in (A).
Horizontal lines denote the standardized 95% confidence interval of an individual’'s
posterior editing distribution. Synaptic editing levels at least two standard deviations away
from the mean are highly informative of ASD, with a positive predictive value of 78%.
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Figure 3 Probabilities of editing among all individuals and all sites. This panel
summarizes the results of our study, showing the posterior editing densities among all
individuals at each site. Sites are sorted according to the mean population editing level.
Individuals with ASD are shown in orange and neurotypical individuals in blue. A high
dynamic range of editing and large variability between carefully-matched individuals can
be observed. Individuals with ASD consistently lie at the extremes of the population
editing distributions. In 20 of 25 sites, outliers are individuals with ASD. Samples located
two or more standard deviations away from the mean are labeled according to the
serial numbers noted in Supplementary Table 1.

Unexpectedly broad distributions of editing levels were found across neurotypical
individuals and carefully-matched individuals with ASD in those sites previously shown
to be neurodevelopmentally regulated in mice®® (average coefficient of variation 54.8%).
Only one site, GRIA2 Q/R, showed similar levels of editing among all individuals
(CV=0.5%), consistent with reports that editing of this site is essential and unchanged

23, 65

throughout development . No relationships between editing levels and age, gender,

race, postmortem interval, or RNA integrity were detected (Supplementary Figure 4).

By inspection of the individual posterior editing densities across all sites (Figure 3), we
noticed that the extremes of most editing distributions are individuals with ASD. To
quantify this observation, the point estimates of the editing levels of each individual at
each site were transformed to Z scores and those =2 or <-2 were considered extreme,
representing editing levels that are at least two standard deviations away from the
mean. In 20 of 25 sites, individuals with ASD were at the extreme of the spectrum of

editing seen for that site (Figure 2B). Having extreme synaptic editing levels is highly

Z

informative of ASD, with a positive predictive value p(ASD | >2) of 0.78. Outliers

editing
at different sites are different individuals with ASD (Figures 3 and 4), and editing of
more than three standard deviations away from the mean was specific to individuals

with ASD (Figure 4).
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Figure 4 Differences in the landscapes of synaptic editing in individuals with ASD
(orange) and neurotypical individuals (blue). The contours of the standardized deviation
from the mean editing level (Z-scores, y-axis) are shown across sites (x-axis) and
individuals (coming out of the page), with matched samples overlaid on one another.
Individuals with ASD are consistently located at the extremes of the examined cohort’s
editing distributions, and outliers at different sites are different individuals with ASD. On
the left is the summary distribution of all Z-scores, showing that extreme editing is
specific to individuals with ASD. The positive predictive value of being at the extreme
p(ASD||Z|>2)is 0.78.

The overall editing variance in ASD was more than two-fold that of neurotypical
individuals (ASD variance=0.58, median neurotypical variance of equally sized
subsamples=0.24, Brown-Forsythe p=5.6e-3). The major contributors to this increased

variance are 30% of the individuals with ASD (Figure 5).
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Figure 5 Individual contributions to the variance. With the sample variance defined as
SZ=(N-1)*Ei(Xi-|.L)2, this heatmap portrays ()(-,,--u,,-)2 for each individual i at site j.
Specifically, X; is the point estimate of the degree of A-to-I editing of individual i at site
j; u; is the mean editing level of the entire population at site j; and to enable a
convenient visual comparison of all sites, each measurement was normalized by the site
variance. Thus, it is the equivalent of the square of the Z score for each individual at
each site. Neurotypical individuals are shown in blue, individuals with ASD in orange,
and sites are ordered according to the mean population editing level.
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Patterns of Editing in the Glutamatergic and Serotonergic Systems

Next, editing patterns were specifically examined in the glutamatergic and serotonergic

systems, which have been shown to be implicated in ASD? %

. GRIK2, whose genomic
locus has been repeatedly linked and associated with ASD®®, is edited in three sites,
leading to the formation of eight protein isoforms that differ in their calcium
permeability*’. Differential GRIK2 editing between individuals with ASD and neurotypical

individuals is depicted in Figure 6, both on a single site and isoform-wide levels.
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Figure 6 Differences in editing-mediated GRIK2 isoforms between neurotypical
individuals (blue) and individuals with ASD (orange). GRIK2 is edited at three sites: I/V,
Y/C (both part of TM1) and Q/R (TM2), altering the receptor’s calcium permeability.
Editing at these sites was found to be tightly correlated (Figure 11B). (A) Large variability
in GRIK2 editing at each site among all individuals. The extremes of the observed editing
spectra are individuals with ASD. Consult Supplementary Figure 5 for more details. (B)
Combinatorial editing of the three sites results in eight isoforms, with distinct molecular
properties. Significant group differences in GRIK2 isoform distributions between
individuals with ASD and neurotypical individuals were identified (p<le-4, chi-square
test). (C) The strongest differences are in IYQ and VCQ isoforms, which are ~1.5-fold
over-represented in ASD. Shown are differences in the cumulative density functions
(CDFs) of the VCR, ICR, IYQ, and VCQ isoforms.
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Kolmogorov-Smirnov (KS) tests were used to assess the significance of differences in
continuous measurements, such as those of editing levels between neurotypical
individuals and individuals with ASD. To compare discrete distributions, such as the
count of GRIK2 or HTR2C isoforms resulting from combinatorial RNA editing, Pearson’s
chi square test was used. The relative frequencies of GRIK2 isoforms were significantly
different between individuals with ASD and neurotypical individuals (p<le-4, chi-square
test). Differences were also detected in the editing of GRIA4 R/G (p<3.6e-2, KS test,
Figure 7). Other comparisons of glutamate receptors did not reach statistical
significance, as this study is not powered to detect small effect sizes (Supplementary

Figure 5).

Differences in GRIA4 R/G editing between neurotypical and ASD individuals
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Figure 7 Differences in GRIA4 R/G editing between individuals with ASD (orange) and
neurotypical individuals (blue). Shown are kernel-smoothed cumulative distribution
functions (ksCDFs) of GRIA4 R/G editing. On a group level, editing at this site is increased
in ASD (p=3.58e-2, KS test).
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Editing was also examined in the serotonin receptor HTR2C, which is targeted by the
only FDA-approved drugs to treat autistic symptoms, risperidone and aripiprazole. This
receptor undergoes RNA editing at five sites, which dramatically alters its G-protein
coupling activity. HTR2C editing may create up to 24 different protein isoforms,
characterized by distinct molecular and behavioral phenotypes® °. Comparing the
relative isoform frequencies of individuals with ASD and neurotypical individuals
revealed significant differences (p<le-4, chi square test), the strongest in IDV, MNV and
ISI isoforms - all under-represented in ASD (Figure 8). However, the variance within ASD
is much larger than that between neurotypical and ASD individuals, suggesting that this

finding should be considered with caution and revisited with a larger sample size.

Differences in serotonin
receptor isoforms
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Figure 8 Differences in the relative abundance of HTR2C isoforms between individuals
with ASD and neurotypical individuals (p<le-4, chi-square test). 21 of the possible 24
isoforms created by combinatorial editing of five HTR2C sites were detected. The
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greatest differences were in the IDV, MNV and ISI isoforms, all under-represented in
ASD by >2-fold.

Differential Relative ADARBI1 Isoform Usage in Individuals with ASD

The sites examined here are predominantly edited by ADARB1 (Supplementary’TabIe 2).
To explore the regulatory basis of the observed editing differences, ADARB1 expression
and relative isoform usage were examined. In rodents, the function of ADARB1 has been
shown to be developmentally regulated via alternative splicing that creates an inactive
protein, while its overall expression remains fairly constant throughout development®*
® In humans, a dysfunctional ADARB1 isoform (ADAR2g, NR_027672), resulting from
alternative skipping of the exon harboring two double stranded RNA binding domains
(dsRBDs), has been found to constitute about 20% of adult cerebellar ADARBI mRNA®.
As such, the presence of this dsRBDs-encoding exon was assayed by semi-quantitative
RT-PCR in all samples. While individuals with ASD and neurotypical individuals showed
similar levels of overall ADARB1 expression (Supplementary Figure 6), the relative usage
of the inactive ADARB1 isoform was significantly more common in individuals with ASD
(Figure 9A, p.=3.0e-3, Mann-Whitney U test). Exon skipping was confirmed by
bidirectional sequencing in all samples. The abundance of the inactive ADARB1 isoform
was also quantitated in all samples using TagMan® Gene Expression Assays (Figure 9B).
The dysfunctional form was over-expressed in individuals with ASD (p=7.3e-3, Mann-
Whitney U test), with a significant correlation between semi-quantitative and
quantitative PCR results (Pearson’s p= 2.0e-5). Additionally, an increased relative usage
of the dysfunctional ADARB1 isoform in ASD was observed in an independent cohort of
nine cerebellar tissue samples (Figure 9C). The mean relative frequency of the exon-
skipped isoform was higher in individuals with ASD in this set as well (61.3% + 6.0% vs.
50.3% % 3.3% in neurotypical individuals), and in all 34 samples there was a significant

increase in the relative usage of the dysfunctional ADARB1 isoform in ASD (p=0.003,
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Mann Whitney U test, Figure 10). Ten of the surveyed samples were also subject to
RNA-seq (Figure 9D), and the relative ADARB1 exon usage determined by RNA-seq

correlated with the semi-quantitative RT-PCR results (Supplementary Figure 7).
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Figure 9 Overview of ADARB1 isoform usage analyses. (A) The relative frequency of the
inactive ADARB1 isoform (NR_027672) was assayed in all 25 samples using semi-
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quantitative PCR. Individuals with ASD were found to use the dysfunctional form more
frequently than neurotypical individuals (p=0.003, Mann-Whitney U test). This isoform
lacks the enzyme’s dsRBDs and has been shown to be untranslated®. ADARB1 is the
predominant editing enzyme of the sites analyzed in this study. The mean relative
frequency of the dysfunctional ADARB1 isoform was 46.3% + 5.6% in ASD and 26% =
4.5% in neurotypical individuals, similar to that previously reported in neurotypical
human cerebellum®. All 25 samples included in the RNA editing survey were also part of
this analysis. (B) The expression of the dysfunctional isoform was quantitated in all
samples using TagMan® Gene Expression Assays, relative to GAPDH. The dysfunctional
form was found to be upregulated in individuals with ASD as compared to neurotypical
individuals (p=0.007, Mann-Whitney U test, relative to GAPDH), with a significant
correlation between quantitative and semi-quantitative PCR results (Pearson’s p= 2.0e-
5). (C) A small independent cohort of postmortem cerebella was collected
(Supplementary Table 7) and assayed as in (A). Individuals with ASD demonstrated a
higher relative usage of the inactive form in this set as well (shown here), and overall
the dysfunctional form was more frequently used by individuals with ASD than controls
(p=0.003 in all 34 samples, Mann-Whitney U test, Figure 10). (D) Ten samples have
undergone polyA+ selected RNA-seq, and the relative frequency of the dysfunctional
isoform was measured using the RPKM (Reads Per Kilobase of exon model per Million
mapped reads) ratio between the skipped, dsRBDs containing exon, and its immediate
3’ constitutive exon. This measurement correlates with the results in (A) and was on
average higher among the examined individuals with ASD (Supplementary Figure 7).

The relative frequency of the dysfunctional isoform is correlated with overall editing
levels (Pearson’s r= 0.48, p=3.2e-2), as measured by the sum of the standardized editing

scores across all sites.
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% dysfunctional isoform

ASD  Neurotypical

Figure 10 Relative ADARB1 isoform usage in 34 postmortem cerebella. The presence
of the ADARB1 exon containing the double stranded RNA binding domain was
assayed in an independent sample of 5 neurotypical individuals and 4 individuals
with ASD using semi-quantitative PCR. Individuals with ASD demonstrated higher
relative usage of the dysfunctional NR_027672 isoform in this set as well, and in all
34 samples the significance of the difference between neurotypical individuals and
individuals with ASD was p=0.003 (Mann-Whitney U test).

Tight Relationships between Recoding and Splicing in Three AMPA
Receptors and Filamin-A

The long 454 reads (Supplementary Figure 1) were used to study regulatory
characteristics of human RNA editing, including the previously hypothesized®
relationships between recoding and alternative splicing selection in three AMPA
receptors (GRIA2, GRIA3, and GRIA4) and filamin-A (FLNA). GRIA2, GRIA3, and GRIA4
each contain two mutually exclusive exons that modulate desensitization kinetics,
termed flip and flop’. Editing at the 3’ end of the exon immediately preceding the

flin/flop module was strongly associated with the flop isoform in GRIA4 (OR=101.9 [95%
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Cl 87.8-118.2]), GRIA3 (OR=30.6 [26.8-34.8]), and to a lesser extent GRIA2 (OR= 2.6 [2.4-
2.8]) (All p-values <1e-300, Fisher’s exact test, Figure 11A and Supplementary Table 8).
Consistent with the detection of differential editing at GRIA4 R/G between individuals
with ASD and neurotypical individuals, differential GRIA4 isoform usage was also

identified (p<3.6e-2, KS test, Supplementary Figure 8).
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Figure 11 Relationships between editing and splicing, and among sites. (A) Editing at the
3’ end of the exon immediately preceding the flip/flop module is strongly associated
with the flop isoform in GRIA4 (OR=101.9 [95% CI 87.8-118.2]), GRIA3 (OR= 30.6 [26.8-
34.8]), and to a lesser extent GRIA2 (OR= 2.6 [2.4-2.8]) (All p-values <1e-300, Fisher’s
exact test). (B) The linear correlation of editing levels across sites was measured among
all individuals and biclustered to reveal modules of tightly correlated sites, suggesting
coregulation by the same factors. The tightest module contains 6 sites in 4 genes,
demonstrating highly correlated editing across these sites among all individuals. Consult
Supplementary Figure 5 for broader perspective. (C) Three neighboring sites at a 4 bp
distance from one another undergo independent editing (p=1, power>0.97, Fisher’s
exact test), with GRIA2 Q/R -4 fully unedited, GRIA2 Q/R fully edited, and GRIA2 Q/R+4
variably edited across individuals, between 4-17%.

Another relationship between recoding and splicing was examined in FLNA, where
editing at the 3’ end of exon 43 was found to be significantly correlated with intron 43
retention (Pearson’s p<6e-3, Figure 12). This intron retention introduces a frameshift
and is not included in any human Refseq FLNA isoform. Alignment of the retained intron
sequence to expressed sequence tags and short transcriptome reads revealed its
expression in several tissues from multiple organisms. Thus it likely represents a
conserved splicing event that possibly regulates FLNA dosage. All retained introns were
found to contain an unknown A-to-l editing site at their center, verified by gDNA
genotyping. Whether this editing is a cause or effect of the intron retention remains to

be elucidated.
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Figure 12 Correlation between editing and splicing of Filamin-A (FLNA) (a) FLNA is edited
at the 3’ end of exon 43, resulting in a glutamine to arginine change. When we amplified
across the Q/R site an unexpected 720bp band of varying brightness appeared in all
samples, in addition to the expected 181bp product. This is visualized by the gel at the
top, which includes 3 representative samples (b) Sequencing of the additional 720bp
band in all samples revealed that it is a result of intron 43 retention. Shown is the UCSC
genome browser illustration of exon 43, intron 43, and exon 44 of human FLNA with
their locations on the X chromosome. On the top are all the Refseq FLNA isoforms, all
lacking intron 43. On the bottom is the alignment of bidirectional Sanger sequence of
the PCR products from the gel shown in (a). The red marks designate differences from
the reference human genome. For all individuals, the relative abundance of the retained
intron isoform was quantitated using the QlAxcel electrophoresis system and correlated
with Q/R editing levels detected on 454 sequencing. A tight correlation between Q/R
editing and intron 43 retention was observed (p=0.0057, Pearson correlation). All
retained introns were found to contain a novel A-to-l editing site, verified by gDNA
genotyping. Fifteen of the 25 individuals showed an additional A to G change at the 3’
end of the retained intron, but gDNA genotyping showed that this is a genomic SNP
(rs2070822). There was no significant difference in the minor allele frequency of this
SNP between individuals with ASD and neurotypical individuals.

cis and trans Relationships across Editing Sites

To learn more about the regulation of human RNA editing, clusters of tightly correlated
editing sites across all individuals were identified. First, Pearson’s correlation was

calculated to quantify the linear dependencies between editing at different sites, among
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all individuals. Biclustering was then used to identify modules of tightly correlated sites
with an average correlation coefficient > 0.7 between all pairs of sites in the cluster,
across all samples (Supplementary Table 9). The cluster with the strongest correlation
contained 6 sites in 4 genes (GRIA2 R/G, CYFIP2 K/E, GRIA3 R/G-1, and GRIK2 I/V, Q/R
and 'Y/C) (Pearson’s r=0.8, p<le-4), suggesting that these sites may be co-regulated
(Figure 11B). Some neighboring sites, including GRIA2 Q/R and Q/R+4, showed
independent editing (Fisher’s Exact p=1, Power>0.97, Figure 11C and Supplementary
Table 8), suggesting that their editing is either spatiotemporally distinct and/or carried

out by different complexes.

Discussion

This study represents an initial examination in ASD of A-to-I RNA editing, a form of gene-
environment interaction that fine-tunes synaptic function in response to environmental

stimuli. Human genes that undergo editing are more often involved in processes that

17,18

are affected in neurodevelopmental disorders™” *°, and A-to-I editing is overall increased

26-28

in the human lineage®™**. While little is known about the impact of RNA editing in

humans, there is compelling evidence supporting a key role for A-to-l editing in

1-3, 41, 44, 70

modulating complex behavior in animals . Mice and flies with altered editing

levels recapitulate several behavioral homologues to human ASD* ** 44

. Gene-specific
studies in animals demonstrate the causal relationship between editing levels and
specific maladaptive behaviors™ *°, and between specific environmental exposures and
editing levels’’. Therefore, the results presented here shed light on the role of an
epigenetic mechanism that connécts environmental signals and downstream behavioral
outputs, integrating genetic and environmental information.

DNA sequence variation in a number of different loci is strongly associated with ASD,

but no individual locus is altered in more than 2% of cases®®. In contrast, 30% of the
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individuals with ASD examined here showed extreme levels of synaptic RNA editing,
suggesting that A-to-l editing may be both a marker for and mechanism of ASD. It has
been recently shown that typical synaptic protein synthesis occurs within an optimal
range and deviations in either direction can lead to cognitive impairments’>. This study
suggests that a similar inverse-U relationship might exist between synaptic A-to-I editing
levels and the ASD phenotype. In ASD, it now appears that increased variance can be
found in different levels of function, ranging from synaptic A-l editing and protein

I” and immune’ function, to cellular and systems

synthesis’?, through mitochondria
neuroanatomy’. A plausible generalization of these findings is that many biological
processes exhibit increased variance in ASD as a result of many etiologies disrupting ASD
function and homeostasis. We speculate that altered A-to-l editing could act as a
common compensatory mechanism for the wide range of synaptic abnormalities in ASD,
as affected neurons try to maintain synaptic homeostasis. Alternatively, altered editing
could be a direct consequence of ASD-causing mutations. In either case, larger sets of

genes, brain regions, and individuals should be examined to understand the potential

contribution of A-to-l editing to ASD.

Data Availability

Access to the raw sequence reads can be found at the National Database for Autism

Research under accession number NDARCOL0O001951.
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Autism Spectrum Disorders (ASDs) are highly heritable neurodevelopmental disorders of
mostly idiopathic etiology. Despite extreme genetic heterogeneity, one recurrent finding
is copy number alterations of the imprinted 15q11-13 locus. Two small nucleolar RNA
(snoRNA) clusters are transcribed from its paternal allele, SNORD115 and SNORD116,
both highly expressed in the brain. While the precise function of these snoRNAs remains
to be elucidated, SNORD115 transcripts are thought to regulate adenosine-to-inosine
(A-to-1) RNA editing of the serotonin receptor HTR2C, a functional and positional
candidate gene shown to be differentially edited in ASD in Chapter 2.

For an initial examination of 15q11 snoRNAs in ASD and their impact on HTR2C editing,
we used deep targeted 454 sequencing to interrogate SNORD115 and SNORD116
transcripts from postmortem cerebella of 25 individuals with ASD and neurotypical
controls. We first characterized commonalities and differences in 15q11 snoRNA
expression among individuals. Despite non-overlapping expression patterns, cluster-
wide SNORD115 and SNORD116 expression was found to be tightly correlated,
suggestive of coregulation. Sub-cluster quantification detected a gamma-like expression
distribution with a few dominant centrally located genes within each cluster. Direct
inter-individual comparisons revealed a strong gender bias with a consistent two-fold
upregulation in male vs. female cerebella. This finding may contribute to the observed
8-fold risk for ASD in males vs. females lacking 15q11 snoRNA expression. In addition,
previously uncharacterized C/D box RNAs were detected, many of which are predicted
to function as natural cis antisense transcripts to brain expressed genes. Finally, testing
the proposed relationships between SNORD115 expression and HTR2C editing revealed
no strong linear dependencies, suggesting that A-to-l editing regulation is a lot more
complex than previously thought. Together, these findings further implicate 15q11 in
ASD and suggest that snoRNA-mediated regulation may be involved in the complex

epigenetic basis of ASD in ways other than through A-to-1 editing.
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Introduction

Since its discovery 50 years ago', platelet hyperserotonemia has been the most
consistent biomarker in ASD*>. Although peripheral serotonin does not cross the blood-
brain barrier, the same gene network regulates serotonin homeostasis in the blood and
the brain®. Several members of this network have been reproducibly implicated in ASD,
including SLC6A47%, ASMT™" 2, HTR4™ * HTR1B" *°, HTR2AY"" 8, HTR2C'> °, HTR3A%,
HTR3C* »°, HTR3E> », and HTR5A*, supporting a convergent etiology of serotonin
dysregulation in ASD. According to the developmental hyperserotonemia model of ASD,
high levels of serotonin acting as a developmental signal during early brain development
inhibit the outgrowth of serotonergic neurons in a much studied negative feedback
loop®>?’. Several murine models generated to test this model recapitulate many of the

> 2% Eurther support for this model

social and behavioral characteristics of the disorder
is provided by recent epidemiological data that associated ASD with in utero exposure to
drugs that raise blood serotonin levels, such as serotonin reuptake inhibitors®.

Moreover, several studies suggest that maternal infection, a well-established rare

30,31 32,33

etiology of ASD™ **, often leads to prenatal serotonin dysregulation . Finally, imaging
studies have revealed a lower activity of serotonergic systems in the brains of
individuals with ASD** **, with worsening symptoms upon serotonin depletion®®. Taken
together, multiple lines of genomic, biochemical, epidemiological, and functional

evidence suggest that serotonergic dysregulation may underlie ASD in many cases.

The serotonin receptor HTR2C, a G-protein coupled receptor, undergoes A-to-l RNA
editing in five sites, which dramatically alters its G-protein binding activity’” and
uncouples the relationships between serotonin levels and downstream postsynaptic
signaling®. In Chapter 2, we compared cerebellar HTR2C editing levels in individuals
with ASD and matched neurotypical individuals. Although our findings warrant further
replication in a larger cohort, we detected significant differences in editing-mediated

protein isoforms in individuals with ASD, suggesting that altered A-to-I editing of HTR2C
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transcripts may contribute to the serotonergic alterations in ASD. Here we wish to
examine the regulation of this editing by small RNA genes transcribed from 15q11, one

of the most commonly mutated loci in ASD*.

It has been suggested that the small nucleolar RNA cluster SNORD115 may regulate
HTR2C editing, via sequence complementarity to and around its editing sites*® **. This

neuron-specific’* **

C/D box RNA cluster originates from one of the genomic regions
most commonly altered in ASD, 15q11%*. While its precise function remains to be
elucidated, mice lacking Snord115 show serotonin-dependent behavioral changes and
Htr2c editing alterations™. Mice heterozygous for a paternal duplication of 15q11-13

display social abnormalities and changes in htr2c editing*’.

To characterize SNORD115 expression patterns in a human brain population and
examine their relations to HTR2C A-to-I editing, we used deep targeted sequencing to
accurately quantify and directly compare sub-cluster expression of SNORD115 families
in postmortem cerebella from individuals with ASD and matched neurotypical
individuals. We also profiled the neighboring SNORD116 cluster, which is thought to be
the critical region for the core symptoms of Prader-Willi syndrome, a
neurodevelopmental disorder often comorbid to ASD*. We report differences and
commonalities in 15g11 snoRNA expression across individuals, including a strong gender
bias, which could help explain the 8-fold higher risk for ASD in males lacking 15q11
snoRNA expression, as opposed to females carrying the same mutation®. Using existing
data on HTR2C editing from the same cohort*®, we tested the proposed relationships
between SNORD115 expression and HTR2C editing but found no strong linear
relationships, suggesting that A-to-1 editing regulation is a lot more complex than

previously thought.
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Materials and Methods

Subjects

Fresh-frozen cerebellar samples of individuals with nonsyndromic autism and
neurotypical individuals were obtained from the National Institute of Child Health and
Human Development Brain and Tissue Bank and the Harvard Brain Tissue Resource
Center, through the Autism Tissue Program (Supplementary Table 1). Genotyping data
from the National Database of Autism Research collections NDARCOL0001855 and
NDARCOL0O001870 were used to confirm that the studied samples lack large 15q copy

number alterations.

Molecular Methods

RNA isolation and quality assurance

RNA was isolated and assessed as previously described®®. Only samples with RNA

Integrity Number (RIN) >7 were included in the study (Supplementary Table 1).

SNORD-targeted library preparation

Generation of a normalization spike in. A synthetic SNORD was designed to have
similar GC content to the human SNORD115 and 116 genes (42%), be amplified using
the primers described below, be of equivalent size to the longer SNORD116 genes (94
nt), and not match the human genome. The spike in sequence, 5'-
TGGGTCGATGATGAGAAGGTTGAGCTTAGTCCTCTTCAGCTAGTTGTGATGACTTATTAATATCA
TTTGCAATACCTTTAACGCTGAGGCCCA-3', was in-vitro transcribed using Ambion’s
MEGAshortscript™ T7 Kit (Life Technologies, Grand Island, NY, USA), DNase treated (Life
Technologies) and purified by 8% urea-polyacrylamide gel electrophoresis (PAGE),
following the manufacturer’s protocol. The template oligo (Integrated DNA

Techonologies, Coralville, lowa, USA) was 5'-
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TAATACGACTCACTATAGGGTGGGTCGATGATGAGAAGGTTGAGCTTAGTCCTCTTCAGCTAGT
TGTGATGACTTATTAATATCATTTGCAATACCTTTAACGCTGAGGCCCA-3'.

c¢DNA synthesis. Random hexamers primed cDNA was synthesized from 250ng of each
triplicate total RNA prep spiked with 2 fmol of the synthetic SNORD. Invitrogen's
Superscript Il First-Strand Synthesis System for RT-PCR was utilized, following the

manufacturer’s recommendations (Life Technologies).

SNORD115 and SNORD116 selection. The Refseq sequences of all human SNORD115
genes (n=48) and SNORD116 genes (n=30) were extracted from NCBI

(ftp://ftp.ncbi.nlm.nih.gov/refseq/H sapiens/) and aligned using Clustalw2*’. Conserved

stem sequences were identified at the 5" and 3’ ends of all sequences (Supplementary
Figure 1), and used to design degenerate primers that amplify all 78 genes. PCR with 5'-
TGGRTCRATGATGAS -3’ and 5’-TGGRCCTCAGY-3’ yielded two major products of ~82bp
and ~95bp, corresponding to SNORD115 and SNORD116 genes, respectively

(Supplementary Figure 2).

Gene-specific amplification. Each triplicate cDNA was amplified using the degenerate
SNORD primers tagged by a 5 10bp sequence that served as the basis for a second
sample-specific PCR. Forward primer 5 -TCGATCAGCATGGRTCRATGATGAS-3" and
reverse 5-TACGATGCGTTGGRCCTCAGY-3" were synthesized by IDT and used in 35
cycles of PCR at 46°C annealing with Invitrogen’s Accuprime PFX system, following the

manufacturer’s protocol (Life Technologies).
PAGE purification of PCR products was performed as previously described®®.

Sample-specific amplification. 100ng of the purified gene-specific triplicate PCR
products were amplified to add a sample specific MID barcode fused to the 454
sequencing primer*®. Matched samples were handled together in eight cycles of PCR at
50°C annealing using Life Technologies’ Accuprime PFX system, following the

manufacturer’s recommendations. 20pmol of primers were used in each reaction.
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Quantitation and equimolar pooling. PAGE-purified sample-specific PCR products
were quantitated using Quant-iT™ PicoGreen® dsDNA Reagent (Life Technologies), to
enable equimolar pooling for multiplexed sequencing. Samples were diluted 1:20 and
two volumes of each dilution were quantitated using the Victor3 Multiplate Reader
(PerkinElmer, Waltham, MA, USA), in black round-bottom plates (Corning), following the
manufacturer protocol. Lambda DNA samples were used to create a standard curve. A
sample’s quantitation was considered successful if the coefficient of variation (CV)
between the two dilutions was <10%. Equimolar amounts of neurotypical and ASD

samples were then joined into two 5ng/ul pools.

454 sequencing

Bidirectional GS FLX sequencing was performed by the 454 Life Sciences Sequencing
Center (Branford, CT, USA). ASD and neurotypical pools were sequenced on opposite
sides of a 2-region PicoTiterPlate, yielding 82,964 SNORD reads (Supplementary Figure
3).

Computational Methods

Read and quality score clipping

As the 454 reads are longer than the targeted SNORDs, 454 primers, sample specific
barcodes, universal tags, and degenerate SNORD-specific primers were searched within
the reads using perl regexps, and trimmed such that only the primer-to-primer insert of
each read was kept for further analyses. Each 454 qual string was also trimmed at the

positions corresponding to its read’s primer-to-primer insert.
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Read alignment

Clipped reads were aligned to the human genome using Bowtie 2*%, based on their
quality scores. The human genome assembly hg19 was downloaded from UCSC Genome
Browser*® and indexed along with the synthetic SNORD spike in sequence. Bowtie 2 was
used in end-to-end mode, using very-sensitive parameter settings, and reporting all
secondary alignments. 65,946 reads were successfully mapped to 15q11, 14,865 to the
synthetic SNORD, 220 to other regions in the human genome, and 1,930 reads were
unmapped. Unmapped reads were very short, with an average post-clipping length of
20.4bp. Samtools was used for BAM and SAM file handling. Custom perl scripts were

used for all downstream analyses.

Simulations-based SNORD family definition, expression quantitation, and
performance evaluation

The SNORD115 and SNORD116 gene clusters are characterized by a high degree of
redundancy, making their accurate sub-cluster quantification a challenge. Several types
of indistinguishable paralogs exist, including perfectly duplicated genes (e.g. SNORD115-
17, SNORD115-18, and SNORD115-19), and highly homologous genes whose single
nucleotide difference was covered by a primer and clipped from the reads (e.g.
SNORD115-1, SNORD115-13, and SNORD115-16). These were identified by self-BLAST™
and grouped into SNORD families. Expression quantitation was then performed at the

SNORD family level, 85% of which contained a single gene.

To design the optimal quantitation strategy and test its performance, synthetic 454
reads corresponding to the 78 Refseq SNORD115 and SNORD116 genes were generated
according to empirically derived error rates. A homopolymer error, the most common
type of pyrosequencing error, was modeled by a normal distribution with a mean of the
homopolymer length and variance of (0.17)** homopolymer length®’. The second most

common error, a nucleotide insertion, was applied to uniformly sampled reads with a
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base pair probability of 0.29%>%. Deletion probability was 0.27%°% and mismatches were

applied with 0.12% to each base’.

Several expression quntitation strategies were tested on a training set of 100,000
synthetic reads, aiming to optimize the mapping and quantification accuracy, which was
assessed in comparison to the true identity and frequency of the reads. Examined
considerations included utilizing the single best alignment vs. multiple top alignments
with <1 edit distance, using a simple sum of reads vs. a weighted sum, and weighing by

alignment score as a measure of mapping quality vs. weighing by read entropy as a

measure of information content, defined as
AS. AS.
H(read) = - ——— ¥*log(——).
ie readggnments E AS J E AS J

J € alignments Jj € alignments

Different combinations of these considerations were examined and the most accurate
expression quantitation approach was found to be
. - _1
Expression(SNORD family,) = E|max(AS,)|
r with max(AS, ) € SNORD family;
That is, per SNORD family i, count all reads r whose single best alignment maps to at
least one locus of SNORD family i, normalized by the total number of SNORD families

best mapped tor.

A few paralogs could not be distinguished with sufficient certainty and were repeatedly
cross-mapped during training. They were subsequently joined to SNORD families as
detailed in Supplementary Table 2. The final detection resolution was at the level of 29
SNORD115 families and 26 SNORD116 families. At this resolution, the noted expression
quantitiation approach was tested on two additional independent simulated datasets
and found to be robustly accurate. Its mapping accuracy was 99.37+0.02% and R’

goodness of fit to the true expression 0.999+3.33e-05. (Supplementary Figure 4).
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Secondary structure prediction

Vienna RNA version 2.0°® was used to compute minimal fold energies and plot the

predicted secondary structures.

Linearity analyses

Confidence intervals around correlation coefficients were calculated using Fisher’s rho

to Z transformation. Linear regressions were assessed using F tests.

Differential expression analyses

Bayesian comparisons were used to infer expression differences between groups,
including between individuals with ASD and neurotypical individuals, and males vs.
females. In each comparison, the mean expression level of each group was
bootstrapped and the difference between the resampled group means was calculated
10,000 times. Differential expression was considered significant if the 95% credibility

interval (Cl) of the group differences excluded 0.

Unsupervised learning

K-means clustering and principal component analysis were used to examine the internal

structure of the data.

Multiple testing correction
P-values were corrected for multiple testing to ensure that the Benjamini-Hochberg

false discovery rate®* of this entire study is below 0.05.
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Results

Accurate quantitation of SNORD115 and SNORD116 transcripts in human

cerebellum

For a high-resolution view of the imprinted 15q11 snoRNAs in a human brain
population, targeted ultradeep 454 sequencing was used to quantify SNORD115 and
SNORD116 transcripts in postmortem cerebella from 25 neurotypical individuals and
individuals with ASD (Figure 1). SNORD115 and SNORD116 cluster members were
selected based on their conserved stem sequences (Supplementary Figure 1) and
sequenced to an average of 3500x (Supplementary Figure 3). In all, 29 SNORD115
families and 26 SNORD116 families were detected with 99.9% accuracy (Supplementary
Figure 4). SNORD families group highly paralogous genes that cannot be distinguished
with sufficient certainty, 85% of which contain a single gene (Supplementary Table 2).
Such family—levei resolution facilitated confident sub-cluster analysis, while sequencing

along a normalization spike-in enabled direct inter-individual comparisons.
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Figure 1 Overview of the experimental approach
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We first compared the overall levels of SNORD115 and SNORD116 transcripts, and found
that they are tightly correlated across individuals (Figure 2, rho=0.982, 95% CI=[0.977,
0.985], p=7.3e-16). Although these clusters have non-overlapping expression patterns”>,

they may be coregulated in the cerebellum.
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Figure 2 Tight correlation between overall SNORD115 and SNORD116 expression in
human cerebellum. Reads mapping to any SNORD115 (X axis) or SNORD116 family (Y
axis) were summed per sample and normalized by the number of reads mapping to the
spike-in. Resampling-based 95% confidence intervals are shown for each measurement.
A strong linear relationship exists between overall gene expression of the two major
15q11 snoRNA clusters across individuals (rho=0.982, 95% CI=[0.977,0.985], p=7.3e-16).
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Next, intra-cluster expression distributions were inspected. In both clusters, about half
of the reads belonged to 3-4 predominant single genes. SNORD115-23, SNORD115-32
and SNORD115-33 comprised 45+1.48% of the overall SNORD115 transcripts across
individuals, while SNORD116-15, SNORD116-20, SNORD116-23, and SNORD116-24
constituted 45+2.2% of the SNORD116 cluster expression. Within each cluster, these
dominant genes are centrally located (Figure 3). No obvious sequence characteristics
would make them preferred PCR templates over other genes (Supplementary Figure 1).
The overall 15911 snoRNA expression patterns could be described by a gamma

distribution (Supplementary Figure 5).
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Figure 3. Cerebellar SNORD115 and SNORD116 expression in neurotypical individuals
(blue) and individuals with ASD (orange), according to their genomic organization. Sub-
cluster expression was calculated at the SNORD family level (Supplementary Table 2)
relative to a normalization spike-in, and plotted according to the median genomic
location of all family members, noted at the bottom. The SNORD116 cluster is the
smaller upstream one (chr15:25296623-25353499) and the SNORD115 cluster is the
downstream larger one (chr15:25415870-25515005). Predominant genes in each cluster
tend to be centrally located. Transcripts originating from the 3’ ends tend to be
underrepresented.
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Sex specific expression of 1511 snoRNA

SNORD115 and SNORD116 expression levels were next compared between individuals
with ASD and matched neurotypical individuals, demonstrating largely similar
expression patterns (Supplementary Figure 6). However, an unsupervised analysis
detected a strong internal structure of four clusters, which were mostly separated by
sex and affected status (Supplementary Figure 7). A subsequent comparison of male vs.
female expression identified a consistent 2-fold upregulation of every SNORD115 and
SNORD116 family in males (Figure 4 and Supplementary Figure 8). Group means were
resampled 10,000 times and gender differences in SNORD family expression were
considered significant if the 95% credibility interval (Cl) of the difference excluded 0. The
most differentially expressed SNORD families were SNORD-115-2 (95% Cl of the
difference 0.08-4.79), SNORD115-17;18,19 (95% Cl 6.2-171.46), SNORD115-30 (1.85-
25.87), SNORD115-31 (0.15-1.24), SNORD115-34 (1.74-39.19), SNORD116-3;9 (0.85-
45.57), SNORD116-8 (0.06-35.16), SNORD116-22 (0.39-11.63), SNORD116-25 (1.01-
5.59), and SNORD116-29 (0.22-1.58). This previously uncharacterized sex-specific
expression pattern could be important in delineating the role of 15q11 in ASD, the most
commonly implicated locus in a male dominant disorder. With the current sample size,
male-specific comparisons are underpowered (Supplementary Figure 9), and further

work should examine 1511 SNORD expression in larger cohorts of male brains.
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Relationships between SNORD115 expression and HTR2C editing in autism

In Chapter 2 we quantified A-to-1 editing and editing-mediated HTR2C isoform
distributions in a human brain population, comparing neurotypical individuals to
individuals with ASD. Here we examine the proposed relationships between SNORD115
expression and HTR2C A-to-l editing in this population. As depicted in Figure 5, most
SNORD115 families contain a complementary sequence to the edited region of HTR2C. It
has therefore been suggested that their expression might affect HTR2C editing.
However, the precise relationships between SNORD115 expression and HTR2C editing
remain unclear, and several contradictory findings from small-scale studies have been

reported.
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Figure 5 Alignment of SNORD115 families to HTR2C. Most SNORD115 families share
sequence complementarity to the edited region of HTR2C, with the exception of
SNORD115-7, SNORD115-17;18;19, and SNORD115-46. Specifically, they are predicted
to base-pair to the unedited states of E, C, and D, shown in orange, corresponding to
HTR2C protein isoforms VNI, MNI, and INI. Additionally, 19 SNORD115 families align to
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both exon Va (green) and Vb (purple), and therefore have a potential to affect
alternative splicing by binding to both exons. Arrows signify 5’ to 3’ orientation, red
squares denote mismatches.

Vitali et al. (2005) were the first to examine the relationship between Htr2c editing and
Snord115 expression®®. They reported that overexpression of a generic mouse Snord115
leads to reduced editing at the C and D sites in neuronal culture. However, in 2009
Nakatani et al. showed that constitutive transgenic overexpression of Snord115 leads to
increased editing in vivo®. Shortly thereafter, Snord115 knockout in another strain
resulted in a suspiciously summed “overall increased editing across all five sites”**.

In humans, Kishore and Stamm first showed that four individuals with PWS harboring a
deletion of the SNORD115 cluster show increased editing at sites A-C but not D, as
compared to two control individuals®>. However Glatt-Deeley et al. later showed that
there are no consistent HTR2C editing differences between two other individuals with
PWS and four other controls. Here we aimed to clarify the relationships between
SNORD115 expression and HTR2C editing by surveying the largest human brain

population to date.

First, for a direct comparison to previous studies, the overall SNORD115 cluster
expression level was examined in relation to single site editing levels across all
individuals (Figure 6). Nonlinear relationships were identified, supporting the complex
regulation of HTR2C editing by additional factors. Of note, overall HTR2C expression
levels were rather similar across individuals, eliminating potential stoichiometric biases

(Supplementary Figure 10).
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Fraction of HTR2C transcripts with edited site
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Figure 6 Nonlinear relationships between overall SNORD115 expression levels and
HTR2C editing in postmortem cerebella from 25 individuals with ASD (orange) and
neurotypical controls (blue). Shown is the point estimate for each measurement and
95% confidence interval around it.

Next, the potential regulatory role of those SNORD115 families aligned to the edited
HTR2C region was examined by multivariate linear regression. One significant
relationship emerged, between the expression of SNORD115-27 and SNORD115-8 and
the usage of HTR2C ISV isoform, which corresponds to editing exclusively the C and D
sites (p= 2.67e-04, F-test). However, the functional 'impact of this relationship is likely
rather minor because of the low relative frequencies of the linked variables within the

cellular milieu of SNORD115 genes and HTR2C isoforms.
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Detection of previously uncharacterized C/D box RNAs

The primers used to select SNORD115 and SNORD116 transcripts also amplified other
previously uncharacterized C/D box RNAs that share similar stem sequences. As
exemplified in Figure 7, to be considered a putative SNORD, a newly detected transcript
had to (1) be supported by more than 10 bidirectional reads from multiple samples; (2)
have all mapped reads contain perfectly aligned C and D boxes (RUGAUGA and CUGA,
respectively); and (3) have a stable secondary structure with a predicted minimal fold
energy (MFE) £-10 Kcal/mol. Of 21 confidently detected, previously uncharacterized C/D
box RNAs, 13 (62%) originate from the opposite strand of a conserved brain expressed
3’ untranslated regions (UTRs), including that of myelin basic protein (MBP, Figure 7A),
and glial high affinity glutamate transporter member 2 (SLC1A2). These may commonly

function as cis-antisense transcripts, fine-tuning the expression of brain mRNAs®® >’
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Figure 7 A previously uncharacterized conserved C/D box RNA is cis-antisense to myelin
basic protein (MBP). (A) Fourteen reads from six neurotypical individuals and two
individuals with ASD are complementary to the brain-expressed MBP 3’ UTR in cis.
Shown is the UCSC Genome Browser” view of the MBP locus on 18q23, a highly
conserved region indicated by whole genome alignments of 46 vertebrates. While the
SNORD reads are aligned to the forward strand, arrows on MBP represent its reverse
orientation, and its last noncoding region, its 3’ UTR, is complementary to the small RNA
reads. At the bottom, alignment of probe sequences used by the Human Gene

109



Expression Atlas of the Genomics Institute of the Novartis Research Foundation (GNF)
shows that MBP is highly expressed in the human nervous system®. (B) Multiple
sequence alignment of the reads to the genome shows that all harbor the C and a D box
motifs (RUGAUGA and CUGA, respectively). (C) Minimal fold energy (MFE) prediction
identifies a highly stable putative structure resembling that of the known SNORDs, with
free energy of 18.79 Kcal/mol.

Discussion

In this study we examined the proposed regulation of HTR2C editing by SNORD115, and
the overall contribution of 15911 snoRNAs to ASD. We found a strong gender bias
underlying SNORD115 and SNORD116 expression in human cerebella, showing a
consistent 2-fold upregulation in males vs. females. ASD occurs in males nearly five
times as much as in females, and 15q11 is one of its most commonly implicated loci.
Males with Prader Willi syndrome, in which the SNORD115 and SNORD116 clusters are
not expressed, have a 40% chance of comorbid ASD, while females with the same
genomic abnormality have a 5% chance of comorbid ASD*. This 8:1 male-to-female risk
ratio is nearly double that of the general population. Therefore, the finding of gender-
specific SNORD expression could be important in delineating the role of 1511 in ASD
and must be replicated in an independent cohort.

Despite the sequence complementarity between SNORD115 genes and HTR2C, our
study does not support a strong dependency between the two. Before further claims
are made, it would be good to test the potential interaction of ADARB1, HTR2C and
SNORD115, for example by CLIP-seq. In light of these results and other small RNA
findings, we speculate that the main role of SNORD115 is in maintaining the imprinted

state by regulating chromatin modification.
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Chapter 4:

Implications and Future

Directions

Using deep targeted sequencing of postmortem cerebella from individuals with ASD as
compared to neurotypical controls, we have began characterizing the dynamics, range,
variability and regulation of a key epigenetic mechanism linking environmental stimuli
and synaptic transmission, A-to-I RNA editing. This work has important implications for
understanding gene-environment interactions underlying ASD, ultimately leading to

earlier diagnosis and the identification critical targets for therapeutic intervention.

Implications

Extreme synaptic editing in autism

DNA sequence variation in a number of different loci is strongly associated with ASD,
but no individual locus is altered in more than 2% of cases®. In contrast, 30% of the
individuals with ASD examined in Chapter 2 showed extreme levels of synaptic RNA
editing, suggesting that A-to-1 editing may be both a marker for and mechanism of ASD.

Our study suggested that an inverse-U relationship might exist between synaptic A-to-|
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editing levels and the ASD phenotype. We speculated that altered A-to-l editing could
act as a common compensatory mechanism for the wide range of synaptic

abnormalities in ASD, as affected neurons try to maintain synaptic homeostasis.

Gender biased 15q11 snoRNA expression and complex relationships with
HTR2C editing

The finding of a strong gender bias underlying SNORD115 and SNORD116 expression in
human cerebella is important in delineating the role of 15q11 in ASD and must be
replicated in an independent cohort. ASD occurs in males nearly five times as much as in
females, and 15q11 is one of its most commonly implicated loci. Males with Prader Willi
syndrome, in which the SNORD115 and SNORD116 clusters are not expressed, have a
40% chance of comorbid ASD, while females with the same genomic abnormality have a
5% chance of comorbid ASD. The detected two-fold upregulation of 1511 snoRNA may
play a role in this 8:1 male-to-female risk ratio, which is nearly double that of the
general population. Moreover, despite the sequence complementarity between
SNORD115 genes and HTR2C, our study did not support a strong dependency between
the two. Because this has been the largest survey of co-SNORD115 expression and
HTR2C editing to date, its results call for a closer evaluation of the putative

relationships.

Future Directions
Compare genome-wide synaptic A-to-l editing in multiple brain regions
from large cohorts of individuals with ASD and matched controls.

Our findings in Chapter 2 were confined to cerebellar candidate genes from 25
individuals. To further understand the role of synaptic A-to-1 editing in ASD, larger sets

of genes, brain regions, and individuals must be examined. The increasing availability of
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well-phenotyped brain tissue allows us to undertake a comprehensive investigation of
RNA editing in ASD. We plan to use parallel capture and ultradeep sequencing of cDNA
and gDNA to quantify editing in postmortem prefrontal cortex, superior temporal gyrus,

and cerebellar tissue samples of individuals with ASD and carefully-matched controls.

Examine synaptic A-to-I editing in mouse models of ASD and Mendelian
traits comorbid to ASD, and inspect the effect of pharmacological
intervention on editing

To understand the causes, impact, and potential correction of the editing alterations
detected in Chapter 2, we wish to identify animal models that might recapitulate the
editing changes observed in human subjects. We plan to compare editing levels in the
brains of mouse models of Mendelian traits comorbid to ASD and their wild-type
counterparts, including tuberous sclerosis complex (TSC), fragile X syndrome (FXS), and
Duchenne muscular dystrophy (DMD). Additionally, we will examine how editing
changes in response to pharmacological intervention. Drugs previously shown to correct
the behavioral phenotype by specifically targeting the perturbed pathways will be used,

namely rapamycin in TSC, and mGIuR5 antagonists in FXS.

Test differentially-edited sites in peripheral blood from large cohorts of

cases, unaffected sibs, and unrelated controls

Although A-to-I editing is a brain-centric phenomenon, it might leave marks on nervous
system genes also expressed in peripheral blood. Our group has been studying RNA
expression in peripheral blood of individuals with ASD, revealing that blood expression
profiles can accurately predict the clinical diagnosis, and highlighting commonly altered
molecular pathways in ASD. We plan to test the feasibility of detecting synaptic editing

these existing samples, focusing on sites found to be differentially-edited in Chapter 2.
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Letters

Comment on “Autistic-like phenotypes in
Cadps2-knockout mice and aberrant CADPS2
splicing in autistic patients”

Sadakata et al. (1) reported that of CADPS2 function might contribute We aimed to replicate the CADPS2 find-
a CADPS2 isoform lacking exon 3 is to autism susceptibility, but likely not ings in an independent set of peripheral
aberrantly spliced in the peripheral blood through aberrant splicing. blood samples from 41 children with ASD
of autistic patients. However, we found Sadakata et al. (1) reported that 4 of 16 and 39 control children, following the
this splice isoform in the blood of normal  patients with autism expressed an exon 3-  Sadakara et al. protocols (Figure 1A). Fur-
subjects at a similar frequency to that of  skipped variant of CADPS2 mRNA in the thermore, we performed sequencing (Fig-
individuals with autism spectrum disor-  blood, while the CADPS2 mRNA of all 24  ure 1B) and nested priming (Figure 1C) to
der (ASD) (95% CI of the difference, -0.06 normal subjects included exon 3. They validate the presence or absence of exon 3.
to 0.1). Moreover, this splice variant exists  thus concluded that CADPS2 is aberrantly  Our results showed that, of 39 control
as a minor isoform in cerebellar RNA of spliced in autism, and they performed samples, | was apparently homozygous
both normal individuals and individuals further experiments showing that the for the exon 3-skipped allele in periph-
with ASD. Thus, exon 3 skipping likely subcellular localization of exogenously eral blood, 5 were heterozygous, and 33
represents a minor isoform rather than  expressed exon 3-skipped CADPS2 is dis-  were wild type. Of the 41 ASD samples, 5
aberrant splicing and is probably notan  turbed in primary cultured neocorticaland ~ were heterozygous for the exon 3-skipped
underlying mechanism of autism. Defects  cerebellar neurons. isoform, while the rest were wild type.
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Figure 1

Exon 3 skipping in CADPS2 mRNA from 41 children with ASD and 39 control children. (A) RT-PCR of CADPS2 mRNA in blood from subsets of
patients with ASD (A1-A14) and control patients (C1—C10) following the Sadakata et al. protocols (1). The 661-bp band represents the full-length
exon 1-5 fragment of CADPS2 mRNA, while the 328-bp band is a result of exon 3 skipping. Four control samples (C1, C2, C6, and C8) and
4 ASD samples (A3, A7, A8, and A9) were heterozygous for the exon 3-skipped isoform. The flanking marker is a 50-bp ladder. The remaining
samples showed only the 661-bp band (data not shown). (B) Alignment of sequences obtained from the 328-bp bands of samples C1, C2, C6,
and A9 to human chromosome 7 showed that all sequences lacked exon 3. Sequencing the 661-bp band of A10 (which was representative of
other samples not showing the 328-bp band) demonstrated that this fragment does include exon 3, as expected. (C) RT-PCR of blood CADPS2
mRNA using a nested amplification. A single major band (563 bp), indicating the presence of exons 2-5, is shown in all autistic samples. Control
sample C14 was apparently homozygous for a 230-bp band that resulted from skipping of exon 3. (D) RT-PCR of cerebellar CADPS2 mRNA from
individuals with ASD and control individuals showed that all cerebella contained the exon 3—skipped splice variant as a minor isoform (230-bp
fragment). M, low-DNA-mass ladder (Invitrogen).
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Analysis of these results showed no sig-
nificant difference in the frequency of
the exon 3-skipped allele in ASD versus
control samples (P = 0.6, two-proportion
z test). Although the samples tested here
mighrt differ from those tested by Sada-
kara et al. in their ethnicity, gender, or
age distributions (Supplemental Figure 1
and Supplemental Tables 1 and 2; supple-
mental materials available online with this
article; doi:10.1172/JCI138620DS1), the
finding of exon 3 skipping in healthy con-
trols at a high frequency suggests thar this
isoform does not represent aberrant splic-
ing and likely is not a mechanism underly-
Ing autism.

Since Sadakata et al. extrapolate func-
tion of the exon 3-skipped isoform within
the cerebellum, we additionally tested the
presence of exon 3 in mRNA extracted
from the cerebella of 9 control children
and 5 children with ASD. All ASD and
control samples were found to contain the
exon 3-skipped splice variant as a minor
1soform (Figure 1D).

Thus, our experiments suggest that exon 3
skipping represents a normal, minor
isoform of CADPS2 in the cerebellum. As
we observed no difference in prevalence of
this allele between ASD and control sam-
ples, we conclude rhat exon 3 skipping is

likely not a mechanism underlying autism
susceptibility or pathogenesis.
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Response to the letter by Eran et al.

We read with great interest the com-
ment by Eran et al. (1) regarding our
recently published CADPS2 article in the
JCI(2). We appreciate their comment that
“exon 3 skipping likely represents a minor
isoform rather than aberrant splicing” in
the blood and postmortem cerebella of
both healthy and autistic individuals.
However, we are concerned about the sen-
sitivity of detection of exon 3 skipping in
their experiments and have a few replies
to their lecter.

First, the signal intensity of the exon 3-
skipped CADPS2 band was considerably
weaker than that of the normal band in
some ASD and control blood samples (Fig-
ure 1A in ref. 1), in contrast to our results
using samples from autism, but not perva-
sive development disorder — not otherwise
specified (PDD-NOS), samples. Moreover,
only a trace amount of skipped band was
detected in all postmortem cerebella they
analyzed (Figure 1D in ref. 1).
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Second, they utilized RT-PCR with a
nested amplification (at 70 cycles) to detect
a control sample C14 with a skipped,
but no normal, band (which was called
“homozygous” in their comment; Figure 1C
in ref. 1) and claimed that only one sample
(control sample C14) was homozygous in
their study. Litcle quantitative gain is gener-
ally noticed when increasing the number of
cycles to such an extraordinary number. We
are left wondering if only the skipped band
would also be detected in case C14 using an
ordinary RT-PCR method (similar to our
method with 48 cycles), such as that used to
generate the data shown in Figure 1A (1).

Third, their argument regarding one sam-
ple “homozygous for the exon 3-skipped
allele” and “heterozygous” samples may not
be appropriate, since the terms are usually
used for genomic DNA, not mRNA. Also,
it is yet unknown whether exon 3 skipping
is of a cis- or trans-acting genetic origin or
some other origin such as epigenetic.

huepy//www.jciorg  Volume 119
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Fourth, considering the results of Eran
et al., we assume that a balance between
exon 3-skipped and normal CADPS2 is
important for the local secretion property
(somato-dendriric, axonal, and synaptic
secretion) of CADPS2. Our JCI article indi-
cated that exon 3-skipped CADPS2 is not
transported into the axons of culeured neu-
rons and suggested that disturbance of this
balance may cause a defect in local secre-
tion. Impaired synaptic secretion should be
more serious in neurons that dominantly
express exon 3-skipped CADPS2 than in
those that weakly express it. Thus, exces-
sive exon 3 skipping, together with a com-
bination of other genetic mutations, might
contribute to susceptibility to autism.

Finally, we have recently succeeded in
generating a mouse line expressing exon 3-
skipped Cadps2 and have confirmed that
exon 3 is critical for the subcellular local-
ization of Cadps2 in neurons (our unpub-
lished observations). Further studies will
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shed light on the association of exon 3
skipping with disturbed brain develop-
ment and behavioral craits.
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Abstract and Keywords

Autism spectrum disorder (ASD) is a neurodevelopmental condition that results in behavioral,
social and communication impairments. ASD has a substantial genetic component, with 60-90%
trait concordance among monozygotic twins. Efforts to elucidate the causes of ASD have
uncovered hundreds of susceptibility loci and candidate genes. However, due to its polygenic
nature and clinical heterogeneity, only a few of these markers represent clear targets for
further analyses. In the present study, we used the linkage structure associated with published
genetic markers of ASD to simultaneously improve candidate gene detection while providing a
means of prioritizing markers of common genetic variation in ASD. We first mined the literature
for linkage and association studies of SNPs, CNVs and multi-allelic markers in Autism Genetic
Resource Exchange (AGRE) families. From markers that reached genome-wide significance we
calculated male-specific genetic distances, in light of the observed strong male bias in ASD. Four
of 67 autism-implicated regions, 3p26.1, 3p26.3, 3g25-27 and 5p15, were enriched with
differentially expressed genes in blood and brain from individuals with ASD. Of 30 genes
differentially expressed across multiple expression datasets, 21 were within 10 cMs of an
autism-implicated locus. Amongst them, CNTN4, CADPS2, SUMF1, SLC9A9, NTRK3 have been
previously implicated in autism, while others have been implicated in neurological disorders
comorbid with ASD. This work leverages the rich multimodal genomic information collected on
AGRE families to present an efficient integrative strategy for prioritizing autism candidates and
improving our understanding of the relationships among the vast collection of past genetic

studies.

Keywords: autism genetics, autism spectrum disorders, AGRE, bibliome mining.
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Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental condition that results in behavioral,
social and communication impairments. It is currently estimated that 1 in every 88 children in
the United States is affected with ASD, with boys five times more likely to be affected than
girls'. ASD has a substantial genetic component”, with 88-95% monozygotic twin concordance,
and an estimated heritability of 60-90%". Studies conclude that there are multiple genetic
factors that play a role in the etiology of autism. Recent findings have provided evidence in
support of roles for de novo mutations®®, common genetic variants', rare variants'!, and copy-

number variation'**

. Nevertheless, the genetic basis of the majority of ASD remains largely
unclear.

Contributing to the complexity, ASD linkage studies have uncovered over seventy susceptibility
loci across the genome and a large number of gene candidates™ *®, but most of these findings
have not been successfully replicated. The only exceptions to this trend have been linkage
peaks on 17q11-17g21"% and 7¢**%. Yet, linkage and association studies have dominated the
approaches to disentangle the genetic etiology of autism for more than two decades, leaving
behind a rich legacy of research findings in the biomedical literature. Reports of significant
linkage peaks represent an important clue to the genetic cause of autism that should not be
ignored, even in the absence of sufficient replication. However, the mechanistic relevance of
the marker should still be determined. For example, a marker may designate collections of
genes involved in biological processes or individual genes with mutations of high importance to

the susceptibility to autism. Furthermore, these markers and their importance to the etiology of

autism once they have achieved the minimum significance threshold of LOD of 3.0 or an
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association p-value of <0.05 (corrected for multiple testing), are usually treated as equal.
Therefore, despite the fact that markers provide maps, the granularity of those maps is
insufficient to direct prioritized experimental follow-up, as every marker, and every gene
proximal to that marker, is equally likely to be as important. Given that markers haye been
identified on nearly every chromosome, the utility of linkage studies for providing specific gene
leads and directing further experimental research is limited.

In the present study, we have focused on maximizing the value of previously published linkage
and association findings using families from the Autism Genetic Resource Exchange project for
directing further genetic analysis of autism. Specifically, our aim was to provide finer resolution
to published linkage and association studies through a novel analytical strategy focused on
marker-to-gene male-specific genetic distance. Our study was loosely predicated on the
assumption that genes in tight linkage with a susceptibility locus are more likely to be linked
with the phenotype of interest, i.e. autism, and was leveraged by the collective understanding
that the disorder has a substantial male bias. As such, our work focused on reconstructing the
male-specific structure of linkage disequilibrium (LD) surrounding significant autism markers, to
assemble the biological concepts of genes in tight, medium, and distant LD with those markers.
We examined the biological signal inherent to each concept and measured its expression in
peripheral blood and postmortem brain tissue from individuals with autism as compared to
controls. This strategy improves the resolution of marker-based findings by pointing to the
specific genes contributing to the linkage and/or association signals, more likely to play a role in
ASD. A large percentage of these genes had not been previously linked to autism but had been
implicated in numerous other neurological diseases, including those with overlapping

symptoms. Given the ability of this strategy to identify important and novel signal among the
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rich collection of research findings from various linkage and association studies in autism, we
anticipate that it will have broader applications in the study of other complex genetic disorders
in which a large collection of samples had been previously typed and not immediately available

for modern sequencing.

Materials and Methods

Autism Marker Selection

We first mined the autism literature to identify genetic studies focusing on AGRE families. We
identified 67 reports of significant linkage and association signals spanning 18 chromosomes
(Table 1). Significance thresholds were a logarithm of the odds (LOD) score greater than 3 or
corrected association p-value <0.01 (depending on the number of markers tested in the study).
The search was restricted to studies performed on AGRE families because the same subjects
were used to calculate the genetic map around autism markers. This strategy allowed us to
capture the true rates of recombination in the studied population and avoid any potential
recombination bias. Because the linkage and association studies were based 6n various
experimental designs, we developed the strategy described below to enable their meta

analysis.

Each marker was first mapped to the NCBI human genome build 36.3. Then, a 20 MB slice
flanking that genomic coordinate was retrieved and the SNPs within that region were used for
calculating a genetic map using the same subjects’ genotypes'®. The nearest SNP to the autism
marker was used as the reference for calculating recombination rates with other SNPs. The

recombination rates were determined with respect to the reference. We assumed that the
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recombination rates between the marker and the nearest SNP was negligible enabling us to

designate that SNP as a proxy for the marker.

Calculation of LD structure of autism markers

In order to establish the male-specific linkage disequilibrium (LD) structure between genes and
autism markers, we created genetic maps from a 20 MB slice of the chromosome flanking each
linkage locus. Specifically, we collected and assembled single nucleotide polymorphisms (SNPs)
10MB upstream and 10MB downstream of each autism marker using the SNP data for AGRE
probandsw. Since autism is almost five times more prevalent in males, we filtered out the
females from the dataset before calculating the genetic map. These filtration procedures
followed the logic that an AGRE data specific and male-only genetic map would be the most
likely to provide an accurate reflection of the samples contributing to the linkage and
association signals reported in the pooled studies.

To create the genetic méps for each autism marker, we estimated fine-scale recombination
rates using the LDHat software package®®. This program estimates recombination rates
between adjacent SNPs by fitting a Bayesian model based on coalescent theory to analyze
patterns of linkage disequilibrium in the data. We conducted this analysis for all 67 markers,
identifying the male-specific genetic distances between the marker and genes surrounding that
marker, measured in cM. For further filtering, we pruned the genetic map to 15 cMs around the
marker. A process flow for the creation of the linkage disequilibrium structure sets is depicted

in Figure 1.
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MRNA expression data processing

Gene Expression Omnibus (GEO) datasets GSE6575%” and GSE28521%2 were used to examine the
expression of genes surrounding significant autism markers in individuals with ASD. The
GSE6575 dataset consists of 17 samples of individuals with ASD without regression, 18
individuals with ASD with regression, 9 patients with mental retardation or developmental
delay, and 12 typically developing children from the general population. In this previous study,
total RNA was extracted from whole blood samples using the PaxGene Blood RNA System and
run on Affymetrix U133plus2.0. For the purposes of our study, we elected to use only the 35
autistic patient samples and 12 control samples from the general population. Preprocessing and
expression analyses were done with the Bioinformatics Toolbox Version 2.6 (For Matlab
R2007a+). GCRMA was used for background adjustment and control probe intensities were
used to estimate non-specific binding®. Housekeeping genes, gene expression data with empty
gene symbols, genes with very low absolute expression values, and genes with low variance
were removed from the preprocessed dataset. When compared to the 12 control samples, the
t-test p-value distribution for individuals with ASD with regression was flat and non-informative.
We therefore focused only the 17 samples from autistic individuals without regression for
differential expression analyses.

The GSE28521 dataset consisted of post-mortem brain tissue samples from 19 autism cases and
17 controls from the Autism Tissue Project, using the llluminaHumanRef-8 v3.0 expression
beadchip panel. Three regions of the brain previously implicated in autism were profiled in each
individual: superior temporal gyrus (STG, also known as Brodmann’s area (BA) 41/42),
prefrontal cortex (BA9) and cerebellar vermis. Raw data were formatted with log;

transformation and normalized by quantile normalization. We considered probes with
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detection p-value < 0.05 for at least half of the samples for further analysis, as described here®.
Raw p-values were generated using limma/bioconductor package in R software, and Benjamini

& Hochberg multiple testing correction was applied to obtain adjusted p-values.

Gene expression profiles around common autism markers

To examine the importance of genes at varying cM distances, and to examine the level of signal
relevant to autism surrounding each autism marker individually, we treated each marker region
as an independent hypothesis. We then examined the differential regulation of genes within
linkage disequilibrium structure (LDS) sets using the mRNA expression profiles described above.
Our tests for significant differential expression deviated from standard analyses of microarray
data for the primary reason that the recombination history concepts each reflected
independent, prior biological knowledge. As such, we treated each concept as a separate
collection of hypotheses, with the number of hypotheses being tested simultaneously
equivalent to the number of genes in the set. To appropriately account for this multiple testing,
we adjusted the nominal p values using the g-value calculation®®, a measurement framed in -
terms of the false discovery rate®". All 67 recombination history concepts were investigated in
this way to determine the frequencies of significant, adjusted p-values (g < 0.05) surrounding

each autism marker.

Disease cross-referencing
We mined eight existing gene-disease annotation resources for genes associated with
neurological disorders considered to be closely related to autism®. Diseases included tuberous

sclerosis, epilepsy, seizure disorder and many others with established behavioral similarities to
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ASD. The databases examined included the Genetic Association Database®, Database of

Genomic Variants (http://projects.tcag.ca/variation/), dbSNP

(http://www.ncbi.nlm.nih.qov/projects/SNP/), HUGE Navigator Navigator™, Human Gene Mutation

Database (http://www.hgmd.cf.ac.uk/ac/index.php), Online Mendelian Inheritance in Man

(http://www.ncbi.nlm.nih.qov/omim/), GeneCards (http://www.genecards.org/), and SNPedia

(http://snpedia.com/index.php/SNPedia). Results from these resources were integrated to create a
list of genes and associated gene characteristics, which was used for comparisons with the

autism LDS genes.

Results

More than 200 genetic studies were conducted on AGRE families between 2001-2012. These
were mined to identify 67 genome-wide significant linkage and association signals for ASD
(Table 1). Common markers for autism span 18 chromosomes, all with a logarithm of the odds
(LOD) score greater than 3 or a corrected association p-value<0.01. These studies were based
on various experimental designs, mostly using multiplex families with affected sib-pairs. We
calibrated the positions of significant markers using NCBI human genome build 36.3*, and then
aggregated all single nucleotide polymorphisms (SNPs) within a 10 MB window on either side of
the marker to calculate the male-specific structure of linkage disequilibrium (LD) around each
marker. Examining the recombination rates in the same subjects allows us to build a population
specific genetic map, eliminating any genetic bias that might arise from considering ethnicity-

matched controls.
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Our calculations of recombination rates and LD between SNPs and common autism markers
identified a total of 1,426 genes within 25cM of the markers. Of those, 697 protein-coding
genes were within 5cMs, 450 between 5 and 10 cMs, and 212 between 10 and 15 cMs from the
nearest autism locus (Figure 2). Both recombination rates and gene densities varied extensively
among autism markers (28.1+7.3 cMs in the 20 Mb region around markers, spanning 35.4+10.4
genes). There was a strong correlation (rho=0.7) between the size of the genetic map and the
proportion of genes at distances >10cMs. The highest density of genes was around RFWD2 and
PAPPA2 on chromosome 1, in a CNV-associated region encoding 60 genes within 24 cMs. 48%
and 90% of the genes fell within 5 ctMS and 10 cMs, respectively, indicating that linkage
disequilibrium was well preserved with increasing distance from the autism locus. In contrast,
the region around a common CNV near UNQ3037 on chromosome 3 contained 73% genes at a
distance greater than >10 cMs.

Previous results indicate that the information content varies by marker and genetic distance,
but do not directly demonstrate whether this information is of relevance to our understanding
of the genetic etiology of autism. To test directly whether specific markers and/or regions
surrounding those markers are more likely to contain promising new gene leads, we examined
the regulatory patterns of each set independently in two expression datasets obtained from the
Gene Expression Omnibus: a blood-based mRNA expression data from individuals with autism
and controls (GSE6575)% and a transcriptomic analysis of post-mortem brain RNA (GSE28521).
Iin the blood-based expression dataset although the large majority showed no change in
expression, 27 marker regions (40%) contained at least one gene with significant, multiple-test
corrected differential expression (Table 2). More than 50% of the genes around markers on

3p26 (del CNTN4, del UNQ3037), 3q (D353045-D351763), 2q (rs17420138), and 5p
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(rs10513025) were differentially expressed ir; whole blood from individuals with ASD. In all, 79
genes were significantly enriched at q<0.05 across all the marker sets out of which 31 (39%) and
60 (76%) genes lie within 5¢cMs and 10 cMs of the nearest autism marker respectively, further
supporting the notion that the genes proximal to the markers represent more viable autism
gene leads than genes further away.

In post-mortem brain tissue data there was an abundance of signal in 64 of the 67 marker
regions, which contained at least one gene at g-value<0.05. Regions around 41 markers
contained gene sets with significant differential expression, defined as more than 50% of gene
differentially expressed in at least one brain region between individuals with ASD and matched
controls at a g-value threshold of 0.05. Of 383 genes showing evidence of differential
expression at q<0.05, 205 (53%) and 323 {84%) lie within 5cMs and 10 cMs of the nearest
autism marker, respectively.

Four markers were found to reside within a neighborhood of differentially expressed genes in
both brain and blood of individuals with ASD. At least 50% of protein-coding genes around
rs10513025, D3S3045-D351763, del CNTN4, and del UNQ3037 are differentially expressed in
both tissues (Table 2). Three of these regions (20Mb around del CNTN4, del UNQ3037 and
rs10513025) show heavy recombination and contain 73%, 68% and 47% of genes at >10cMs.
Despite significant recombination within the region, genes significantly enriched for differential
expression in both datasets are those closer to the autism marker. Of 30 genes found to be
significantly differentially expressed in both blood and brain of individuals with ASD, 11 and 20
lie within 5cMs and 10cMs of the nearest autism marker, respectively.

Integrating a decade of genome-wide linkage and association studies, the male bias of ASD, and

differential expression in both brain and blood of individuals with ASD has identified a set of
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thirty prime candidates for future targeted experimentation, such as efficient targeted
resequencing in very large cohorts®®. Of these, CADPS2, CNTN4, NTRK3, SLC9A9, and SUMF1
have been previously implicated in ASD. Other differentially expressed genes within 20 male-
specific cM of common autism markers have been implicated in disorders with shared

symptoms and morbidity patterns, but not ASD per se (Table 3).

Discussion

Despite the high heritability of autism, efforts to identify its genetic causes have enjoyed only
limited success. Numerous susceptibility loci have been identified, yet few have been
replicated, supporting the notion that the genetic complexity of this disorder outmatches the
proportion of the autistic population that has been sampled to date. Until the sampling
adequately covers the diversity of genetic systems underlying ASD, we must develop analytical
approaches tb make optimal use of existing re;sults. To this end, we focused here on the
development of a simple strategy aimed at targeting previously published autism markers, as
well as genes genetically proximal to those markers, most likely to be causally related to autism
spectrum disorder. By coupling the structure of linkage disequilibrium with knowledge of
biological process and patterns of gene expression data from individuals wjth ASD, we were
able to identify a set of markers and genes proximal to those markers likely to be most
informative to the genetic basis of autism. Specific loci on a few chromosomes including three
signals on chromosome 3 and one on chromosome 5 yielded the greatest signal, with a sizable
percentage of adjacent genes showing highly significant differential expression in autistic blood

and brain data. In support of their relevance to the genetics of autism, many of the
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differentially expressed genes closely linked to the markers have already been identified as
promising autism gene candidates, such as CNTN4, CADPS2, SUMF1, NTRK3 and SLC9A9. In
addition, an even greater percentage of these genes have been linked to neurological diseases
with high co-morbidity and behavioral similarities to autism spectrum disorder.

Overall, our strategy provides a means for meta-analysis of previous linkage and association
studies to prioritize both markers and adjacent genes for further experimental analysis. While
our results corroborate the general rule of thumb that genes close to loci identified via linkage
and association studies are likely to be informative to the disease under study, they stress that
this rule only applies to specific markers. Given the success of application to the autism
research field, we expect that our analytical strategy could be of general use in the study of

other similarly complex genetic diseases, such as Alzheimer’s disease and type 1 diabetes.
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Table 1: Autism markers identified in AGRE families between 2001-2012. Linkage and association

studies performed in AGRE families were compiled and genome-wide significant markers identified. The

logarithm-of-the-odds (LOD) scores and/or association p-values are listed for each marker. Human

genome Build 36.3 was used to calibrate marker position. Male specific genetic distances were

calculated using dense SNP genotypes from the same individuals.

Median Male-Specific p-value / LOD
Chromosome Marker Marker Genetic Map (association/linkage) Ref
Position (bp) Units (cMs)

dup RFWD2- ' 3

1 PAPPA2 174522115 233 p=1.0e-02
rs12740310- 38

rs3737296—

1 rs12410279 218873645 26.7 p=5.0e-04
1 D151656 228971975 40.9 NPL = 3.21 39
1 rs6683048 235855409 37.6 p=2.3e-09 40
2 dup AK123120 13142782 41.5 p=3.57e-06 3
2 del NRXN1 50557085 20.9 p=3.30e-04 “
2 del NRXN1 51134122 21.7 p=4.7e-04 3
2 rs17420138 158585159 19.6 p=5.63e--08 °
2 rs1807984 168787136 22.9 p=7.0e-03 42
HLOD=2.99 s

2 D25335 172274852 22.8 NPL=3.32
2 rs4519482 172671605 24.2 p=7.0e-05 ‘”‘
204445327 +

204,444,539-

2 204,446,116 LD block 26.6 p=1.8e-06
3 del CNTN4 1915556 27.0 p=4.7e-04 37
3 del UNQ3037 4218017 30.4 p=2.0e-03 3
2=3.10 17

3 D353045-D351763 | 138597603 23.2 p<1.0e-03
3 dup NLGN1 174763176 21.5 p=1.0e-02 3
4 rs17599165 46634972 18.1 p=1.5e-03 0
4 rs1912960 46648638 18.8 p=7.3e-03 4
4 rs17599416 46668195 19.1 p=4.0e-03 e
rs6826933- HLOD =3.79 4

4 rs17088473 61133187 17.8 LOD = 2.96
4 dup GUSBPS 144850990 22.8 p=1e-02 3

162




48

5 rs10513025 9676622 38.4 p=1.7e-06
rs1896731- 38
5 rs10038113 25936438 29.3 p=3.4e-06
5 rs4307059 26003460 31.6 p=3.0E4e-08 10
rs11959298- 9
5 rs6596189 134395753 23.2 p=4.0e-04
6 rs13193457 15453984 35.0 P=3.0e-05 >0
6 del PARK2 162585788 31.6 p=4.7e-03 ¥
7 rs736707 102917639 21.8 p=1.40e-5 >t
7 rs1858830 116099675 17.0 p=5.0e-06 >
7 rs38841 116107162 16.0 p=6.0e-04 >
LOD=3.4 >4
7 rs7794745 146120539 36.7 p<2.14e-05
7 rs2710102 147205323 35.0 p=2.0e-03 >
7 D75483 151829212 33.4 NPL=3.7,p=7.9e-05 | *°
rs1861972- 7
7 rs1861973 154946830 28.1 p=3.5e-06
ZIr=3.21 >8
9 rs1340513 6967633 35.7 p = 7.0e-04
ZIr =3.59 >
9 rs722628 7136888 35.7 p = 6.0e-03
ZIr =3.30 >8
9 rs536861 127353265 31.6 p=5.0e-04
10 del GRID1 87945347 30.8 p=3.1e-04 ¥
11 rs2421826 35187181 24.5 Zlr=3.57 >
ZIr=3.77 >8
11 rs1358054 36163248 25.6 p = 8.0e-03
11 rs6590109 124264258 37.7 p=9.0e-03 >
12 rs1445442 63577561 25.0 HLOD=4.51 60
14 del MDGA2 46796374 22.1 p=1.3e-04 “
15 del OR4AM2,0R4N 19844860 26.1 p=9.48e-12 “
15 del LOC650137 19915407 24.8 p=9.48e-12 “
15 dup UBE2A 23184355 38.4 p=9.27e-06 o
15 dup 15q11-13 23704547 37.5 p=1.0e-05 ¥
maternal dup ot
15 15q11-13 23750000 36.1 p approaching 0
15 GABRB3 155CA-2 24559869 38.2 MTDT p=2.0e-03 o
15 rs25409 24569934 39.2 p=8.0e-03 63
15 dup 15q13 BP4-BP5 | 29508500 42.5 p approaching 0 o
rs11855650- HLOD = 3.09 4
15 rs10520676 77364734 23.0 LOD =3.62
16 FEODBACA18ZGO3v | 19408579 32.6 p=1.6e-04 6>

153




65

16 FEODBACA7ZD06v 24133057 26.8 p=1.4e-05
61,
16 del/dup 16p11.2 30300000 45.5 p=1.1e-04 66
D1751294- HLODREC=5.8 67

17 D1751800 26183756 22.2 p=1.59e-07
MLS=3.2 68

17 D1751294 26860299 20.9 Male Only MLS=4.3

17 D1751299 36247989 25.7 MLS=3.6 18
17 D1752180 44028199 24.7 MLS=4.1 18
rs757415 and &

17 rs12603112 46020488 22.8 p=1.9e-05
17 del BZRAP1 53747037 29.0 p=8.0e-04 o
19 del MADCAM1 451915 17.8 p=6.0e-04 “
19 rs344781 48866628 23.9 p=6.0e-03 70
20 rs723477 237362 22.8 NPL LOD=3.81 8
rs16999397- HLOD =3.36 47

20 rs200888 958294 24.5 LOD = 3.38
20 rs4141463 14695471 34.8 p=3.7e-08 t
NPL=3.4 6

21 D2151437 20568713 28.4 p=3.5e-04
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Table 2: Differential expression of genes around common autism markers.
For each marker region, the table lists the percentage of genes found to be differentially

expressed in blood and brain of individuals with ASD at a significance level of q<0.05.

Blood (GSE6575) Brain (GSE28521)
Marker Number of | % genes significantly | Number of | % genes significantly
surrounding differentially surrounding differentially
genes with expressed in genes with expressed in
expression individuals with ASD | expression | individuals with ASD
data ' data
del CNTN4 16 100.0% 12 100.0%
rs10513025 12 75.0% 12 100.0%
D353045-D351763 22 50.0% 26 100.0%
[CNV: UNQ3037] 19 89.5% 21 66.7%
rs11855650-rs10520676 21 28.6% 18 100.0%
del NRXN1
(Glessner 2009)
35 5.7% 27 100.0%
del NRXN1
(Bucan 2009) 32 6.3% 24 100.0%
rs6683048 43 4.7% 30 100.0%
dup AK123120 13 0.0% 17 100.0%
rs4307059 16 0.0% 7 100.0%
rs1896731- 15 0.0% 7 100.0%
rs10038113
rs7794745 37 0.0% 23 100.0%
rs2710102 38 0.0% 25 100.0%
rs736707 30 0.0% 23 100.0%
rs344781 28 0.0% 16 100.0%
D75483 29 0.0% 21 95.2%
rs1861972-rs1861973 27 0.0% 19 94.7%
del GRID1 28 14.3% 17 94.1%
del BZRAP1 19 0.0% 14 92.9%
rs17599165 24 0.0% 13 84.6%
rs1912960 24 0.0% 13 84.6%
rs17599416 24 0.0% 13 84.6%
rs757415-rs12603112 25 4.0% 22 81.8%
dup NLGN1 22 0.0% 16 81.3%
D1752180 27 0.0% 21 76.2%
Chr2:204444539- 25 36.0% 10 70.0%
204446116 LD block
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rs1807984 25 0.0% 20 70.0%
D1S1656 42 0.0% 36 66.7%
del MDGA2 17 0.0% 11 63.6%
FEODBACA18ZG03v 30 0.0% 22 63.6%
rs12740310- 28 0.0% 21 61.9%
rs3737296-
rs12410279
D2S335 28 0.0% 18 61.1%
rs4519482 28 0.0% 18 61.1%
FEODBACA7ZD06v 24 0.0% 18 61.1%
rs38841 22 9.1% 23 60.9%
rs1858830 22 9.1% 23 60.9%
dup GUSBP5S 17 0.0% 12 58.3%
rs723477 9 11.1% 16 56.3%
del PARK2 35 11.4% 20 50.0%
dup RFWD2- PAPPA2 32 0.0% 24 50.0%
rs6826933- 12 0.0% 10 50.0%
rs17088473
rs16999397-rs200888 13 0.0% 18 50.0%
dup UBE2A 14 7.1% 13 46.2%
maternal dup 15q11- 15 6.7% 13 46.2%
13
GABRB3 155CA-2 15 6.7% 13 46.2%
rs25409 15 6.7% 13 46.2%
dup 15g11-13 15 6.7% 13 46.2%
rs4141463 10 20.0% 18 44.4%
D21S1437 10 0.0% 7 42.9%
del/dup 16p11.2 15 0.0% 12 41.7%
dup 15913 BP4-BP5 23 8.7% 19 31.6%
rs11959298 - 23 0.0% 16 31.3%
rs6596189
rs1358054 29 31.0% 26 30.8%
rs1340513 24 0.0% 13 30.8%
rs722628 24 0.0% 13 30.8%
D17S1299 20 0.0% 20 30.0%
rs536861 33 0.0% 25 28.0%
del OR4M2-OR4N 10 10.0% 11 27.3%
del LOC650137 10 10.0% 11 27.3%
rs2421826 26 46.2% 23 26.1%
D17S1294-D1751800 21 0.0% 17 17.6%
D1751294 21 0.0% 17 17.6%
rs6590109 24 0.0% 18 11.1%
rs13193457 27 0.0% 21 9.5%
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rs17420138 17 100.0% 17 0.0%
rs1445442 24 0.0% 0 0.0%
del MADCAM1 8 0.0% 5 0.0%
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Table 3: Top candidate genes based on integrating a decade of genome-wide linkage and

association studies, the autism male bias, and differential expression in brain and blood of

individuals with ASD. Listed are genes located within 20 male-specific ctM of genome-wide

significant autism markers, which are also differentially expressed in both brain and blood of

individuals with ASD. Of these, 19 genes (63%) were previously implicated in neurological

disorders with high degrees of overlap in symptomatology and morbidity to ASD.

Differential Differential Male specific Association with-
expression in expressionin genetic distance disorders co-
Gene blood brain from marker (cM) morbid to ASD”
t-test p FDR t-test p FDR
TRIM44 9.5e-02 | 4.8e-02 | 5.1e-03 | 1.4e-02 0.84
ITPR1 7.7e-01 | 9.3e-04 | 1.9e-03 | 1.5e-03 1.09 4,7,15, 16,
IREB2 2.3e-02 | 4.0e-02 | 1.2e-02 | 2.8e-03 1.39 4,10
CNTN4 1.4e-01 | 2.4e-02 | 3.2e-01 | 5.1e-03 1.88 4,6,8,16,18, 19
NMNAT3 | 2.0e-01 | 4.5e-02 | 4.6e-01 | 8.3e-03 2.39 10
RAB6B 2.0e-01 | 4.5e-02 | 1.0e-03 | 1.9e-04 3.02
CADPS2 | 4.1e-04 | 3.7e-03 | 1.0e-05 | 4.9e-05 3.34 56
SPTBN1 1.5e-03 | 9.1e-03 | 1.6e-01 | 3.1e-06 3.56 1,16
TMEM108 | 2.1e-01 | 4.5e-02 | 1.0e-01 | 2.8e-03 4.09
ACPL2 8.3e-02 | 2.8e-02 | 8.2e-02 | 2.4e-03 4.43
ADCY2 1.4e-01 | 3.2e-02 | 3.9e-02 | 3.9e-03 4.77 16
NSUN2 1.1e-02 | 1.1e-02 | 7.7e-01 | 3.8e-02 6.62 16
PANK1 1.4e-02 | 3.8e-02 | 7.7e-03 | 2.8e-03 7.14
SUMF1 1.4e-01 | 2.4e-02 | 4.9e-01 | 6.7e-03 7.31 9,10, 13, 21, 22
TANC1 1.2e-01 | 1.7e-03 | 6.0e-02 | 3.8e-02 7.31 4,6,17,19, 20
SLC23A2 | 1.6e-02 | 2.7e-02 | 2.4e-02 | 1.8e-02 8.35
EPB41L5 | 2.5e-03 | 1.3e-02 | 3.5e-02 | 1.8e-02 8.65
ALKBH3 | 1.6e-01 | 3.7e-02 | 3.0e-05 | 2.4e-04 9.00
SLC9A9 | 7.5e-02 | 2.8e-02 | 4.3e-04 | 1.8e-04 9.04 5,6,8,15,18, 20
2,3,5,6,7,611, 15,
NTRK3 3.0e-02 | 4.0e-02 | 7.9e-02 | 9.1e-03 9.67 16,17, 23
PLSCR4 5.4e-02 | 2.8e-02 | 8.4e-03 | 5.0e-04 12.30 7,16
MYO10 1.4e-01 | 3.2e-02 | 1.4e-01 | 9.2e-03 12.64 10
KCNMA1 | 1.3e-02 | 3.8e-02 | 2.4e-01 | 2.2e-02 13.86 2,8,10,15,16,18
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SMYD3 4.8e-04 | 9.5e-03 | 2.6e-02 | 1.8e-03 14.32
ATP2B2 | 5.3e-02 | 2.4e-02 | 1.1e-03 | 9.4e-04 14.77 14, 16, 20
ALDH18A1 | 9.1e-03 | 3.8e-02 | 6.0e-01 | 4.1e-02 15.93 8,10,12,18,19, 20
LMCD1 1.3e-01 | 2.4e-02 | 5.4e-01 | 6.7e-03 16.72
ATG7 2.7e-01 | 4.5e-04 | 3.4e-04 | 7.1e-04 16.78 10
SYN2 2.6e-01 | 2.6e-02 | 4.6e-03 | 2.9e-03 18.41 7,8,15,16
MKRN2 2.3e-01 | 2.6e-02 | 2.0e-02 | 9.5e-03 18.70

* List of disorders

1 Neurofibromatosis, 2 Tuberous sclerosis, 3 Anxiety disorders, 4 Ataxia, 5 Attention deficit

disorder, 6 Autistic disorder, 7 Bipolar disorder, 8 Seizures, 9 Cerebral palsy, 10 Dementia, 11

Depressive disorder, 12 Down syndrome, 13 Dystonia, 14 Encephalomyelitis, 15 Epilepsy, 16

Schizophrenia, 17 Hydrocephalus, 18 Mental Retardation, 19 Microcephaly, 20 Multiple

sclerosis, 21 Neuroacanthocytosis, 22 Neuroaxonal dystrophies, 23 Obsessive-compulsive

disorder
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Figure 1 Integrative genomics workflow for prioritizing candidate genes for further
experimentation. (1) The rich collection of genetic studies performed on AGRE families between
2001-2012 was mined to identify genome-wide significant linkage and association signals. (I1)
Markers were remapped to the current genome build and flanking regions extracted. (Ill) SNP
genotypes of AGRE male probands were compiled to enable male-specific genetic distance
calculations in the same subjects. (1V) Regional recombination rates between markers and SNPs
were calculated, and (V) protein coding genes within 20 male-specific cM from the markers
identified. (VI) The expression profiles of these genes were examined in brain and blood of
individuals with ASD relative to neurotypical individuals. Genes found to be differentially
expressed in both tissues and located within the male-specific vicinity of a significant autism
marker are considered prime candidates for further studies. Of 30 genes that satisfy these
criteria, 19 were previously implicated in disorders that share symptoms and morbidity patterns

with ASD.
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Figure 2 Number of genes within 20cM of significant autism markers. Genetic distances were

calculated using male-only AGRE proband SNPs'®. Genes were grouped into three distance bins

indicating the extent of recombination with the autism marker. The figure displays the number

of genes in tight linkage with the marker and therefore the extent of recombination around

each locus.
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Abstract

Autism Spectrum Disorders (ASD) is a common developmental brain disorder with high
heritability; however, the cause of ASD in a majority of cases remains unknown. To identify
genomic variants implicated in ASD, whole genomes from six unrelated patients were sequenced
using a sequencing-by-ligation method, and genome-wide copy number variations (CNV) in
probands and their parents were profiled using genotyping microarrays. Rare or novel deleterious
variants at conserved loci were found more frequently in the ASD genomes than in 9 ethnicity-
matched HapMap genomes after controlling for the total number of variants (analysis of
covariance p-value 0.0030). These variants were present in 412 genes in each ASD genome on
average; and a total of 1,245 genes were found containing rare or novel deleterious variants at
conserved loci in at least one of the 6 ASD genomes, but none of the 9 HapMap genomes. Among
these, 32 genes including 4VPRIA, CADPS2, DISC1, ITGB3, and MET were known ASD
candidate genes from the literature. Notably, the ABC transporters pathway was enriched with
rare or novel deleterious variants in 3 of 6 ASD genomes, suggesting the presence of common
biological pathways that may be implicated in a subgroup of patients. Several small copy number
variations that were not identified using genotyping microarrays were found using the read-depth
analysis of WGS data. Together these findings highlight the potential of whole genome
sequencing to uncover the complex genetic architecture of variants, genes and pathways

associated with ASD.

Keywords: autism spectrum disorders; whole genome sequencing; synaptic genes; immune

response

164



Introduction

Autism spectrum disorders (ASD) constitute a broad category of highly heritable brain disorders
characterized by developmental delays in communication, social interaction, and abnormal
behavior. The prevalence of ASD has been continuously increasing to the present estimates of 1
in 110." Despite this high heritability, the cause of ASD in the majority of patients remains
unknown. Over 200 candidate genes have been previously reported from linkage analysis and
genome-wide association studies (GWAS); however, each of these genes alone is associated with
only a small proportion. of cases possibly due to the genetic heterogeneity of the disease.”

Recent developments in next-generation sequencing technology have brought about a new era
in personal genome sequencing.™* A few proof-of-concept studies using whole-genome
sequencing (WGS) or whole-exome sequencing (WES) have already proven the technology
useful in identifying rare disease-causing mutations. These approaches have been successful in
identifying novel variants in known disease genes’ and in discovering novel disease genes. *'° To
this end, O’Roak and colleagues sequenced 20 trios with a sporadic ASD to discover deleterious
de novo mutations in probands."’ They identified 21 de novo mutations in protein coding regions,
and found 4 patients with severe clinical manifestations who also presented protein-altering
mutations that might be causatively associated with their diseases. Interestingly, the authors
suggested a multi-hit model in one particular sporadic case involving a de novo mutation of
FOXPI and a rare inherited missense variant in CNTNAP2. The implications of these results are
two-fold. First, they proved that the sequencing of individuals with similar clinical features such
as severe autistic symptoms would be informative in identifying disease-associated variants.
Second, they show that the examination of genetic background for the presence of rare disease-

linked variants is crucial to understanding the heterogeneous genetic architecture of ASD.

Here we present a comprehensive analysis of whole genomes from six unrelated patients with

ASD using a sequencing-by-ligation technology. We utilized previously studied blood gene
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expression profiles as a surrogate for endophenotype. Three patients each were selected based on
their enrichment for immune and synaptic pathways respectively. Each of the 6 ASD genomes
was found to contain a total of 3.7 ~ 4.0 million genomic variants including 9,002 ~ 10,454
nonsynonymous variants in protein coding regions. Among these nonsynonymous variants, a total
of 437 ~ 503 variants were possible loss of function (LOF) changes including frame-shift,
nonsense, misstart, nonstop and splice-site disruption. We filtered these for the variants that were
rare (defined as < 1% allele frequency (AF) in an ethnicity-matched population) or novel, as well
as nonsynonymous, and located at evolutionarily conserved loci, as such variants are more likely
to have a functional impact than common variants and play important roles in diseases.* "> Our
filtering approach was purposefully stringent in its selection of possible disease-linked genes to
reduce false positives. Despite the genetic heterogeneity of ASD, different variants among the 6
ASD patients converged to genes previously implicated in the disease; moreover, we found a
difference in genetic burden due to rare variants between two groups characterized by gene

expression endophenotype.

Materials and Methods
Patients and whole genome sequences

The patients with ASD were recruited from the Developmental Medicine Center and the Division
of Genetics at the Children’s Hospital Boston with the Institutional Review Board approval.
These patients underwent diagnostic assessment using the Autism Diagnostic Observation
Schedule and Autism Diagnostic Interview Revised, as well as comprehensive clinical testing
including cognitive testing, language measures, medical history, height, weight, and head
circumference measurements, and behavioral questionnaires. Six male patients with autistic
disorder have European ancestry (as defined by the HapMap consortium designation EUR), and

their clinical and demographic characteristics are listed in Supplementary Table S1. These
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patients were recruited for WGS analysis according to their blood gene expression profiles in a
separate study (manuscript in preparation). In that study of 97 patients with ASD and 73 age and
gender matched controls, we used pathway enrichment analysis to identify the subset of cases that
were specifically enriched for the two most significant gene sets in ASD compared to controls
overall, i.e., synaptic or immune response pathways (Supplementary Methods). For the current
WGS study, we chose three patients—A-0030-P1, A-0042-P1, and A-0076-P1—from those
enriched for immune response pathways, and the remaining three—A-0050-P1, A-0069-P1, and
A-0091-P1—from those enriched for synaptic pathways such as long term potentiation and gap
junction. These patients were highlighted in Supplementary Figure S1 in which 90 ASD and 55
controls were projected to synaptic and immune response pathways. Hereafter, we refer to the
two subgroups as the immune group and the synaptic group. We used Complete Genomics
sequencing and assembly technology.” " For patient A-0050-P1, a genomic DNA (gDNA)
sample was extracted from saliva, while all other gDNA samples were extracted from whole
blood. There was no difference between the yield and concentration of gDNA from saliva and
from blood. The integrity and size of gDNA was checked by pulse-field gel electrophoresis using

an agarose gel.

Annotation and filtering of genomic variants to prioritize the ASD-associated genes

We developed a WGS analysis pipeline to annotate, filter, and analyze all genomic variants as
previously described.' The data sources and detailed processing steps for annotation are listed in
Supplementary Methods. Briefly, the pipeline focuses on two major annotation modules: 1)
AF estimated from general European populations of three resources (dbSNP build 132
(dbSNP132),'® the 1000 Genomes Project (1000GP),'® and 200 exomes (200Exomes)'’), and 2)
functional impact estimation based on gene model and sequence conservation using the Genomic

Evolutionary Rate Profiling (GERP) score for each base position.'8 The combination of these two
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analysis modules enables variant filtering and ranking genes and gene sets in the subsequent
steps. We performed the following variant filtering process on the 6 ASD genomes and 9 EUR
HapMap genomes. First, variants from the 15 genomes (6 ASD + 9 HapMap) were filtered based
on the same criteria of 1) Rare or Novel, 2) Nonsynonymous, and 3) highly Conserved (GERP
score > 2). Hereafter, RNNC will denote the variants meeting these criteria. Secona, the number
of variants that met the above criteria in each 0f 29,091 RefSeq transcripts was counted for each
of the 15 genomes. Third, the genes that tend to have one or more variants across individuals or to
have frequent rare or novel variants (i.e., ‘hypervariable’) were excluded to minimize false
positive findings as described in Kohane et al."* A total of 118 hypervariable genes met the above
criteria, and were excluded for further analysis (Supplementary Table S2). Finally, the genes

that had one or more RNNC variants in any of 9 EUR HapMap genomes were excluded.

Gene set analysis for the genes with RNNC variants

For the genes with RNNC variants in each genome or all those genes together, we searched for
enriched pathways using a hypergeometric test. Similar to the hypervariable genes described
above, several pathways were frequently highly ranked across all case and non-case genomes.
Thus, the gene sets also significantly enriched in non-case genomes were excluded for further
evaluation (see Supplementary Methods). The gene sets examined in the analysis included (1) a
set of 27 known ASD candidate genes listed in Figure 1, Table2, and Table 3 of Abrahams and
Geschwind (referred to here as the ‘Geschwind’ gene set),” (2) a set of 2,868 synaptic genes from
the SynDB [2006_Sep.human],' and (3) biological pathways from the Kyoto Encyclopedia of

Genes and Genomes (KEGG) from DAVID functional annotation system.>

Copy number variation analysis
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The gDNA samples from 6 probands and 11 parents were hybridized to the Affymetrix Genome-
Wide Human SNP 6.0 arrays in accordance with the manufacturer's protocol. For patient A-0042-
P1, only the paternal profile was obtained. After identifying possible CNV loci as described in
Supplementary Methods, we searched NCBI dbVar and the other structural genomic variants
databases *' to exclude CNV regions that 100% overlapped with common CNV regions.
Additionally, the CNYV calls from 45 non-cases provided by the Complete Genomics were used to
exclude the loci that overlapped more than 50% with hypervariable CNV regions across 45 non-

case genomes sequenced using the same platform.

Genotyping of discovered variants in a larger population

Fourteen variants present in at least one ASD genome but absent in 9 EUR HapMap genomes
were genotyped for 102 patients with ASD including 6 cases from this study and 67 control
samples using the Sequenom MassARRAY platform and the iPLEX genotyping protocol

(Sequenom, Inc., San Diego, CA, USA)(see Supplementary Methods).

Results

Overview of genomic variants found in the six ASD genomes

A total of 8,157,540 unique variants that differ from the human reference genome sequence
(GRCh36.1, hg18) were found in the 6 ASD genome sequences. Among them, 6,540,491 were
SNPs and the other variants included short insertion, deletion and substitution of less than 200
bps. The total number of SNPs per individual ranged from 3,216,075 to 3,409,570 with
heterozygous to homozygous ratios of 1.55 to 1.60; among them, averages of 2,025,269
heterozygous (range 1,960,015 - 2,075,080) and 1,292,706 homozygous (range 1,246,596 -

1,334,490) variants were found per individual. The average transition to transversion ratio for
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SNPs was 2.13. The numbers of different variant types are enumerated in Supplementary Table

S3.

An average of 6,242 homozygous and 12,898 heterozygous variants were found in protein-
coding sequences including splice sites (defined by the RefSeq, August 2009 release for hg18)
across 6 ASD genomes. As illustrated in Figure 1, of the common variants - AF > 5% in
ethnicity-matched populations - similar proportions of them were synonymous (51%) and
nonsynonymous (49%). However, significantly higher proportions of the rare and novel variants
were nonsynonymous (69 and 68 % respectively, Chi-square test with Yates' correction p =

0.0063 and 0.0001 respectively).

A variant filtering procedure identified new ASD candidate genes

All variants were filtered based on AF, resulting in ~0.6 million rare or novel variants (AF < 1%).
Among the rare or novel variants, ~0.2 million were located within protein-coding genes
including exons, introns, UTRs and splice sites. Of these, ~1,286 variants were nonsynonymous
including ~462 variants—corresponding to ~412 genes—at highly conserved loci. As a union, a

total of 1,788 genes had more than one RNNC variant in at least one ASD genome.

Among RNNC variants, we found ~ 462 (range 388-545) per genome in the 6 ASD cases and
~ 400 (range 345-451) per genome in the 9 controls were identified. Total number of variants,
rare or novel, and rare or novel nonsynonymous variants were not significantly different between
the two groups (Wilcoxon rank sum test p-value 0.568, analysis of covariance (ANCOVA) p-
values 0.134 and 0.246 respectively, Figure 2A-C). After controlling for the total number of
variants identified, the 6 ASD genomes had significantly more RNNC variants than 9 EUR
HapMap genomes (ANCOVA p-value 0.0030, Figure 2D). This result must be regarded as

tentative due to possible unidentified confounders. For instance, the ASD samples were derived
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from fresh blood, whereas the HapMap samples came from lymphoblastoid cell lines although

immortalization has been documented to result in more not fewer variants >>.

To reduce false positives, we excluded 534 genes in which one or more RNNC variants were
found among 9 EUR HapMap genomes. We identified ~227 genes with RNNC variants (range
192 - 292) per genome that were mostly private to each case. The 1,254 genes were further
prioritized based on the number of ASD genomes with RNNC variants (Supplementary Table
S4). As listed in Table 1, 32 known ASD candidate genes including /7GB3, AVPRIA, CADPS2,
DISC1, and MET had RNNC variants. Among 11 genes that had RNNC variants in 3 of the 6
ASD genomes, FATI was implicated in bipolar affective disorder, * and PLEKHH] is expressed
in synapse according to the SynDB. FSTLS3, **and RPS6KB2,” and WDR85* were previously
implicated in neuropsychiatric disorders. The ATP-binding cassette, sub-family A, member 4
(ABCA4) had RNNC variants in the 3 patients of immune group. The same nonsynonymous
variant — p.Leu1970Phe — was found in two patients, and 3 different RNNC variants were found
in the patient A-0030-P1. The 3 bps deletion of the Cyclin-D-binding Myb-like transcription
factor 1 (DMTF1) (7921, p.Asp66del) was found in three probands although its functional role in
neural tissue has not been reported yet. Interestingly, this 3 bps deletion is on a known protein
domain that interacts with Cyclin D2, which has been implicated in cortical development, > adult

neurogenesis,”® and GABA cell dysfunction in schizophrenia and bipolar disorders.?

Enriched pathways for the genes with RNNC variants

We tested whether the genes with RNNC variants were enriched for biological pathways or
known ASD candidate genes. A gene set of known candidate genes from Geschwind (N=27) was
significantly enriched in the ASD genomes, suggesting that the frequencies of RNNC variants
among known ASD candidate genes were higher compared to random chance (hypergeometric p-

value 0.014). Among the biological pathways, the extracellular matrix (ECM) receptor

171



interaction pathway and ATP-binding cassettes (ABC) transporters were significantly enriched
for the 1,254 genes (hypergeometric p-values 9.41x10° and 1.23x10™* with false discovery rates
0.01 and 0.15% respectively). When each genome was analyzed separately, the ABC transporter
pathway was enriched in 3 cases of the immune group but none in the synaptic group (Table 2).
The 11 genes of this pathwvay, ABCAS8, ABCGS, TAPI, ABCC3, ABCC10, ABCCI, ABCC?2,
ABCA4, ABCB6, ABCA13, and ABCAS5 had RNNC variants in the immune group. ABCA7 -
another member of ABC transporter family - had a RNNC variant in A-0050-P1 of the synaptic
group. In the synaptic group, we identified RNNC variants in the genes of Long-term depression
pathway such as /TPR3, PLA2G4B, PLCBI, and PRKCB, and the glutamatergic synaptic genes
such as the neuronal and epithelial glutamate transporter, SLC/A/ and retinal glutamate
transporter, SLC/47. However, no single pathway was enriched across all 3 cases of synaptic

group. Significant pathways are listed in Supplementary Table S6.

de novo and inherited copy number variations

We identified small CNVs (10-100kbps) with averages of 17 losses (range 8-39) and 6 gains
(range 4-8) per individual. Among these 140 CNV regions, 32 CNVs (6 gains and 26 losses) were
not found in DGV or dbVar databases (Table 3). Twenty-six genes were found in the CNV
regions, and four genes: DLC! (8p22), SGCZ (8p22), CCDCY (19q13.32), and PLXNB3 (Xq28),
were affected in two or more individuals. A majority of CNV regions smaller than 100 kbps were
not discovered with genotyping microarrays. For larger CNVs of > 100kbps, a total of 9 CNVs (4
gains and 5 losses) were identified by read-depth analysis using WGS. These loci were also found
with genotyping arrays, and 6 CNVs were inherited CNVs (Table 3). Interestingly, the gain at
the 8p22 region that encompasses DLCI and SGCZ was a de novo change in A-0050-P1, but the
same locus gain was maternally inherited in A-0091-P1. Furthermore, the CNVs of 8p22 have

been reported in two independent studies of ASD. ***!
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Genotyping of 14 RNNC variants in large cohorts

We selected a set of 14 RNNC variants that were present in at least one ASD genome but not
found in any of 9 EUR HapMap genomes. These variants were found in the protein coding
regions of genes including ALPK2, CROCC, FLG, FMNI, MLL3, and a potential hypervariable
gene, HYDIN, as well as a CTT deletion that introduces a frameshift in 7.SC2 (rs34638836). ** To
further examine the association of the 14 RNNC variants with ASD, those variants were
genotyped in 184 additional individuals, including 102 individuals with ASD, 15 unaffected
family members of 6 patients with ASD recruited for original study, and 67 unrelated
neurotypical controls. The frameshift deletion in 7SC2, rs34638836, had a greater frequency in
cases (4 in 204 chromosomes genotyped but none in 134 chromosomes from controls, OR=3.22,
95% Confidence Interval 0.36-28.49). Furthermore, we found that CTT deletion of 7SC2 was
transmitted from the unaffected mother to the case (A-0091-P1). The remaining variants did not
show any significant differences in frequencies between ASD and neurotypical controls
(Supplementary Table S7). The RNNC variants in HYDIN were private except for the variant
¢.6050C>T, supporting the idea that this gene tends to have private RNNC variants across many

individuals.

Discussion

The phenotypic heterogeneity behind complex diseases such as ASD presents a great challenge to
identify common genetic burdens in a patient population.*® This study demonstrated the use of a
filtering and analysis approach to reduce this genetic complexity from millions of sequence
variants per genome to a set of candidate genes and enriched pathways shared among the patients
with ASD. By filtering for RNNC (rare/novel, non- synonymous and conserved) variants, we

identified highly affected genes and excluded potential false positives (i.e., hypervariable genes)
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based on the differential RNNC variant frequency between case and non-case genomes. The
enrichment of previously known ASD candidate genes validated this method, while the common

pathways pointed to new mechanistic insights to be gleaned from WGS analysis.

Several genes directly implicated in synaptic transmission such as SLC643, CHRNG, and
KCNJ5 had RNNC variants. SLC643, a member of dopamine transporter family, is known for the
association with neuropsychiatric disorders such as attention deficit hyperactivity disorders,
bipolar disorders, and Parkinson’s disease. S/c6a3 null mice show impaired spatial leaning and
memory, and delayed habituation to the novel environment compared to the wild type mice. **
The mutations in gamma subunit of acetylcholine receptor encoded by the CHRNG have been
discovered in patients with multiple pterygium syndrome, which is a congenital disease
characterized by webbing of the neck, elbows, and/or knees and joint contractures.”> KCNJ5 is a
voltage-gated potassium channel, and physically interacts with the dopamine receptor D4 (DRD4)

* which has been implicated in ASD and attention-deficit hyperactivity disorder. *"**

Interestingly, four genes of the GABAergic synapse pathway (CCNAIB, GABRP, GABRR?,
and GNB3) were enriched with RNNC variants in the immune group, but not in the synaptic
group. The GABA pathway appears to play an important role in immune responses in the brain. *
The functionally deleterious variants across GABAergic pathway genes may result in heightened
response to immune modulators such as chemokines, which in turn, can cause excitotoxic
damages to neuronal cells. This finding suggests that blood gene expression profiles may serve as
an endophenotype that can help to illuminate the genetic heterogeneity of ASD. Despite the fact
that the GABAergic pathway as a whole is not enriched in the immune group, the presence of

these variants points to immune response as a potential signature for a subgroup of ASD.

Also notable was the enrichment of ABC transporters in the immune group. The ABC
transporters are ubiquitously found in all human tissues, and play important roles in transporting

molecules across membranes, including blood-brain barrier (BBB). *° Mutations in ABC
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transporters have been associated with a wide range of Mendelian diseases such as bare
lymphocyte syndrome (MIM ID# 604571), cystic fibrosis (MIM ID# 219700), Stargardt disease
(MIM ID# 248200), and Tangier disease (MIM ID# 205400). *' In the BBB, the functional role of
ABC transporters in neuroinflammatory diseases such as multiple sclerosis and Alzheimer’s
disease is thought to be associated with transporting inflammatory mediators. ***** These findings,

together with previous reports on post-mortem brain studies ***

and on epidemiological overlap
with other autoimmune disorders®, suggest the implication of immune response pathways in the

pathophysiology of ASD.

Our filtering approach is purposefully stringent in selecting candidate genes to reduce false
positive incidental findings, but as a result several genes implicated in ASD might have been
excluded (false negatives).14 For instance, a RNNC variant in DIAPH3 was found in A-0050-P1
(NP_001035982.1, p.Pro614Thr), and two different RNNC variants (¢.1808C>T and ¢.2974C>T)
were found in one of the 9 EUR HapMap genomes. Thus DI4PH3 was excluded by our gene-
level filtering criteria. Interestingly, Vorstman et al. reported an ASD case with the same variant
(p.Pro614Thr) that was paternally inherited was discovered with maternally inherited deletion of
13g21.2 (i.e., loss of one copy of DIAPH3).*® Another example of possible false negative is
TSC2, which has been previously implicated in ASD. Two ASD genomes (A-0091-P1 and A-
0050-P1) had RNNC variants including the CTT deletion; however, one of the HapMap genomes

(NA12004) had a RNNC variant in 7SC2.

While our findings are intriguing, our study is limited by a small number of samples, and its
lack of genotypes in parents and unaffected siblings. We compared 6 ASD genomes with the
known variants in dbSNP132, 1000GP, 200Exomes, and 9 unrelated HapMap genomes with EUR
ancestry. However, clinical and detailed phenotypic information from these large-scale databases
is not readily available. Without parental genomes, we could not determine whether RNNC

variants identified in this study were de novo or inherited except for 14 variants selected for
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genotyping assay. We attempted, unsuccessfully, to check for inheritance among small CNVs
using genotyping microarrays. Some loci identified with genotyping arrays were not evident with
CNV estimation based on read-depth using WGS. The CNV probes are not evenly distributed
along the genome due to microarray design limitation, thus some loci tend to have sparse probes
compared to the other loci. This uneven distribution of genes along the chromosome and the
probes has been associated with false positive CNV calls depending on the array platform used. °*
There are also genomic regions which high-throughput sequencing technologies cannot sequence,
but except for those regions, WGS presented more accurate and higher resolution CNV calls in
general. Another limitation of current sequencing techniques is false negatives due to uncalled
variants from sequencing an individual once and from highly repetitive or unsequenceable
regions. We sequenced one genome (patient ID: A-0050-P1) twice to estimate the overall variants
call accuracy in the sequenceable portion of genome. When the called variants between two
genomic sequences were compared, 82.72% of calls were identical to each other, and 16.45%
were called only in one run, but not called in the other. Among the all variants that were called in

two genomic sequences, 0.83% of variants were discordant.

At the conclusion of this initial study, we see two obvious avenues for continued work.
First, as more WGS from healthy individuals become available, our approach will become more
fruitful as we will be able to relax the stringency of our candidate gene selection procedure.
Second, we hope that other groups will incorporate our approach of combining endophenotype
based case-selection with WGS, a method that seems to be beneficial in identifying subclasses of
diseases with complex phenotypes. Our study showed that the ABC transporter genes were
enriched with RNNC variants in the 3 cases with transcriptomic immune signature. The use of

endophenotypes to select cases for WGS holds promise for the future study of ASD.
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Tables

Table 1. Top candidate genes with novel/rare and nonsynonymous variants at evolutionary
conserved loci only in the 6 ASD genomes but none of the 9 control genomes. The genes shown
in the table were selected from the 1,254 candidate gene list based on their presence in 3 or more
ASD genomes and previously reported ASD candidate genes. The complete catalog of variants is
listed in Supplementary Table S4 and supporting references for 37 genes are listed in
Supplementary Table S5. The variants in bold represent deleterious SNP as predicted by
CONDEL, and those in red were not found in 56 HapMap genomes from Complete Genomics

(see Supplementary Methods).
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Number

of ASD
Gene symbol _ Transcript ID  genomes A0030 A0042 A0050 A0069 A0076 AD091 SynDB Reference
Number of ASD genomes >=3

p.Glud71Lys,

p.Vall589M\let,
ABCA4 NM_000350.2 3 p.Prol948Leu  p.Leul970Phe p.Leul970Phe
DMTFE1 NM_021145.2 3 p-Asp66del p.Asp6odel p.Aspbodel
FAM?714 NM_153606.2 3 p.Lys555* p.Alali2Glu  p.AsnS36Asp
FAT1 NM_0052453 3 p.Gln2286Asp p Val3 147G p. Thr746Ala Yes
FSTLS NM_020116.2 3 p.Asn285Ser p.-Asn291Tyr  p.Leu391Pro
LOC10013203. XM _00172653 3 p.Ser23fs p-Ser23fs p.Ser23fs
LOCI0013227. XM_00172212 3 pArg76Asn  p.Arg76Asn  p.Arg76Asn
PLEKHH] NM_020715.2 3 p.-Metd38Val p-Metd38Val p.Argl348* Yes
RPS6KB2 NM_003952.2 3 p.Met236Thr p-Alal04Thr  p.Asnl09Ser
VIA3A NM_173615.2 3 pA40ITrp  pArgd0lTrp  pAre797GIn
WDRSS NM_1387782 3 p.Serl6ofs p.Arg65Cys p.Serl66fs

Previously reported ASD candidate genes
AlaSThr,

11GA4 NM_000885.4 2 p.ValS24Ala [l:.\'nlﬂl 1lle Yes SoceNel i a0
ITGB3 NM_000212.2 2 p-Pro711Ser  p.lle252Val Maet al. 2010

Disrupt (splice
MIBI NM_0207742 2 site) 1 p-Arg613Cys Yes Gregg et al. 2008
PLXNA4 NM_020911.1 2 p.Val424dlle p-Ala318Val - Suda et al. 2011
ABCAI3 NM_152701.2 1 p.Thr4550Ala de Krom et al. 200¢
ADRB2 NM_000024.4 1 p.Val297M et Yes Cheslak-Postava et
AVPRIA NM_000706.3 1 p.Phe308Leu Yes Wassink et al. 2004

BGlei23s ol Bucan et al. 2009

BZRAPI NM_004758.1 1 1339%ins3 Yes ’
CADPS2 NM_017954.9 1 p.Lys925Arg Sadakata et al. 200
DCx NM_000555.2 1 p.GluS4Lys Yes Brooks-Kayal 2010
DISCI NM 0186622 | p.ArgsT5Lys Kilpinen et al. 2008
ESR1 NM_000125.2 1 p.Arg269Cys Yes Chakrabarti et al. 2
FOXP2 NM_148898.2 1 p.Prod47Ser Gauthier et al. 200>
GFrAP NM_002055.2 1 p.Pro47Leu Yes Fatemi 2011
HIRIP3 NM_003609.2 1 p.Lys80Arg Kumar et al. 2009
JMIDIC NM_032776.1 1 p-Thr973Arg Castermans 2007
MCHRI NM_005297.3 | p.Arg317Gin de Krom et al. 200¢
MCM7 NM_005916.3 1 p.11e394Thr Maestrini et al. 201
MET NM_000245.2 1 p.Thr992lle Mukamel 2011
MOG NM_002433.3 1 p.Leu22del Yes Guerini et al. 2009
MTNRIA NM 0059583 1 p.Gly166Glu Yes Jonsson 2010
NFIL3 NM_005384.2 1 p.Ser359Tyr de Krom et al. 200¢
NPYIR NM_000909.4 1 p.Lys374Thr Yes Ramanathan 2004
NTRK2 NM_006180.3 1 p-Pro204His Yes Correia et al. 2010
OPRLI NM_000913.3 1 p-Ala7Val Yes de Krom et al. 200¢
PER2 NM_022817.2 1 p.Phe876Leu Nicholas et al. 200°
PIK3CG NM_002649.2 1 p.Alal97Thr Serajee et al. 2003
PRKCBI NM_002738.5 1 p-Tvrl23fs Yes Lintas et al. 2009
RAPGEF4 ~ NM_0070233 | p. Tyr284Cys Yes Woolfrey et al. 200
ROBO4 NM_019055.4 1 p-Ser392Asn Anitha et al. 2008
RPILI NM_178857.5 1 p.Thri12Ser Glancy et al. 2009
SLCIAL NM_004170.4 1 p.Aspl4dVal Yes Gadow et al. 2010
SLC6A3 NM_001044.3 1 p-Ser360Phe Yes Gadow et al. 2008
SNTG2 NM_018968.2 1 p.Ser204Leu Yes Yamakawa et al. 20
TAOK2 NM_0l16151.2 1 p-Argl036Gin Kumar et al. 2009
TYR NM_000372.4 1 p-Thr373Lys Anderson et al. 200
VIPRI NM 004624.2 1 p-Gly98Cys Asano et al. 2001
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Table 2. Enriched pathways for the genes with rare/novel and deleterious variants across the 6

ASD genomes. We chose three patients—A-0030-P1, A-0042-P1, and A-0076-P1—from those

enriched for immune response pathways, and the remaining three—A-0050-P1, A-0069-P1, and

A-0091-P1—from those enriched for synaptic pathways such as long term potentiation and gap

junction (see Methods). The number represents —/og o(p-value of hypergeometric test) for each

gene set, and red shade corresponds to the color bar below from scale 0 to 10.

~ o S o . a
< c O = o —
KEGG pathways Q g = P 2 2
2 ]S S < 2 2
< < < < < <
hsa02010:ABC transporters 1.89 2.60 2.05
hsa00310:Lysine degradation 1.98
hsa00020:Citrate cycle (TCA cycle) 1.35
hsa04662:B cell receptor signaling pathway 1.31

hsa04512:ECM-receptor interaction

hsa05412:Arrhythmogenic right ventricular
cardiomyopathy (ARVC)

hsa04510:Focal adhesion

hsa05410:Hypertrophic cardiomyopathy
(HCM)

hsa05414:Dilated cardiomyopathy

2.89

2.88

263

1.80

-Iogm(O. 05)
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Table 3. Copy number variations in the 6 ASD genomes. Most large ( > 100 kbps ) copy number

variations (CNV) were identified by both genotyping microarray and whole-genome sequencing.

However, smaller CNV (< 100kb) were not readily found with microarray.

CNV Locus Size(kb)  Inheritance Genes Previous WGS Affymetrix
Sample reports SNP 6.0
Size > 100 kbps
A-0042-P1 gain 4q12 245 Maternal Yes Yes
gain 14q21.2 111  de novo Yes Yes
A-0050-P1 loss 6921.31 112 Maternal Yes Yes
gain 8p22 1223  de novo DLCI1, SGCZ Yes Yes
loss 9p23 137 Paternal Yes Yes
loss 17p12 1468 de novo DNAHY, MIR744, Yes Yes
MAP2KA4,
FJ34690, MYOCD,
RICH?,
ARHGAP44,
ELAC2
A-0091-P1 loss 5q23.3 252 Maternal FBN2 Yes
gain 8p22 1079 Maternal DLCI, SGCZ Yes Yes
loss 22g11.22 197 Maternal T0P3B Yes Yes
Size 10 - 100 kbps
A-0030-P1 loss 7pl3 11 Yes
loss 10p12.1 18 Yes
loss 19q13.32 12 CCDCY Yes
loss 20q13.13 15 Yes
gain Xq28 11 PLXNB3 Yes
A-0042-P1 gain  Xq23 23 Yes
gain Xq28 12 PLXNB3 Yes
A-0050-P1 loss 1q43 11 Yes
loss 9q34.11 12 Yes
A-0069-P1 loss 12g24.21 15 Yes
gain Xq28 12 PLXNB3 Yes
A-0076-P1 loss 1921.2 46 MGC29891 Yes
loss 1p31.3 11 Yes
loss 6p21.2 21 Yes
loss 7p22.2 35 Yes
loss 7p13 11 Yes
loss Tpl3 12 PPIA Yes
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A-0091-P1

loss
loss
loss
loss
loss
loss
loss
loss
loss
loss
loss
loss

gain

loss

gain

9q34.13
9q34.11
9pl13.3
10q21.3
10pl12.1
14q12
19p13.2
20q13.13
20q11.22
20q11.22
21g22.3
Xql12
11q12.3-
13.1

19q13.32
Xq28

11
13
11
28
18
11
10
15
11
15
12
12
47

12
11

SETX

NOL6
SLC25416

LOC161247
ZNF791

PHF20
NDUFV3

RARRES3,
HRASLS3,
HRASLS2
CCDC9
PLXNB3

Yes
Yes
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Figure Titles and Legends

Figure 1. Overview of genomic variants in protein coding regions. Based on three different
categories: allele frequency, synonymous/nonsynonymous change and zygosity. A. The average
number of variants from each category among the 6 ASD genomes, B. The proportion of
nonsynonymous heterozygous (Nsyn. Het.), nonsynonymous homozygous (Nsyn. Homo.),
synonymous heterozygous (Syn. Het.) and synonymous homozygous (Syn. Homo.) variants in

the common. less common, rare or novel allele frequency category.

A

Common  Less common Rare o
(AF25%) (5%>AFz1%) (AF<1%) ¢
Nonsynonymous Heterozygous 5312 412 540 475
Homozygous 2900 33 189 89
Synonymous  Heterozygous 5449 345 268 228
Homozygous 2940 13 63 39
B 100%
90%
80%
70%

60% Nsyn. Het.

50% “Nsyn. Homo.

B Syn. Het.
0
0% ¥ Syn. Homo.
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20%
10%

0%

Common Less Rare Novel
Common
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Figure 2. Distribution of variants rare or novel nonsynonymous variants at conserved loci
between the 6 ASD genomes and 9 control genomes. There were no significant differences in
total number of variants (p-value 0.568, Figure 2A), rare or novel variants (p-value 0.134, Figure
2B), and rare or novel nonsynonymous variants (p-value 0.234, Figure 2C) between two groups.
After controlling for total variant counts per genome, analysis of covariance showed a significant

difference between the ASD and control genomes (p-value of 0.0030, Figure 2D).
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Distinctive patterns of microRNA expression
in primary muscular disorders
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The primary muscle disorders are a diverse group of diseases caused
by various defective structural proteins, abnormal signaling mole-
cules, enzymes and proteins involved in posttranslational modifica-
tions, and other mechanisms. Although there is increasing clarifica-
tion of the primary aberrant cellular processes responsible for these
conditions, the decisive factors involved in the secondary pathogenic
cascades are still mainly obscure. Given the emerging roles of mi-
croRNAs (miRNAs) in modulation of cellular phenotypes, we searched
for miRNAs regulated during the degenerative process of muscle to
gain insight into the specific regulation of genes that are disrupted in
pathological muscle conditions. We describe 185 miRNAs that are up-
or down-regulated in 10 major muscular disorders in humans
[Duchenne muscular dystrophy (DMD), Becker muscular dystrophy,
facioscapulohumeral muscular dystrophy, limb-girdle muscular dys-
trophies types 2A and 2B, Miyoshi myopathy, nemaline myopathy,
polymyositis, dermatomyositis, and inclusion body myositis]. Al-
though five miRNAs were found to be consistently regulated in
almost all samples analyzed, pointing to possible involvement of a
common regulatory mechanism, others were dysregulated only in
one disease and not at all in the other disorders. Functional correla-
tion between the predicted targets of these miRNAs and mRNA
expression demonstrated tight posttranscriptional regulation at the
mRNA level in DMD and Miyoshi myopathy. Together with direct
mRNA-miRNA predicted interactions demonstrated in DMD, some of
which are involved in known secondary response functions and
others that are involved in muscle regeneration, these findings
suggest an important role of miRNAs in specific physiological path-
ways underlying the disease pathology.

skeletal muscle | muscular dystrophies | inflammatory myopathies

Primary muscle disorders involve different groups of diseases,
including the muscular dystrophies, inflammatory myopathies,
and congenital myopathies. The diseases are defined and classified
in accordance with their clinical and pathological manifestations
and the distribution of predominant muscle weakness.

The muscular dystrophies are the largest heterogeneous group of
=30 different inherited disorders characterized by muscle wasting
and weakness of variable distribution and severity, manifesting at
any age from birth to middle years, and resulting in significant
morbidity and disability (1). Whereas the most characterized forms
involve mutations within genes encoding structural members of the
dystrophin-associated glycoprotein complex of the muscle mem-
brane cytoskeleton, other mutations interfere with mRNA pro-
cessing, alter protcin posttranslational modifications, or modily
enzymatic activities.

Abnormalities of dystrophin are known as the most common
cause ol muscular dystrophy, accounting for both Duchenne mus-
cular dystrophy (DMD), one of the most severe types with rapidly
progressive skeletal muscle weakness, and the milder Becker mus-
cular dystrophy (BMD) phenotype (2). The highly heterogenecous

17016-17021 | PNAS | October 23,2007 | vol. 104 | no. 43 192

limb girdle muscular dystrophies (LGMDs) (3) is another major
group of muscular dystrophies. Notably, mutated calpain-3 in
patients with LGMD type 2A (LGMD2A) was the first enzyme,
rather than structural protein, to be associated with muscular
dystrophy (4). Mutations in dysferlin, a muscle membrane protein
that plays a rolc in membrane repair, cause the LGMD type 2B
(LGMD2B) and Miyoshi myopathy (MM) (5). Facioscapulo-
humeral muscular dystrophy (FSHD), a progressive muscle disease
affecting mainly the muscles of the face and upper arms caused by
deletions of a 3.3-kb repeat region located on 4q35.2 (6), is an
additional common type of muscular dystrophy.

Among the group of congenital myopathies, nemaline myopathy
(NM) is the most common nondystrophic congenital myopathy and
is characterized by relatively nonprogressive proximal weakness of
often, but not always, congenital onset and the presence of nema-
line rod structures in the affected myofibers (7). Mutations in six
different genes encoding the thin filament proteins and other
skeletal muscle proteins account for the majority of disease cases.

Clinical and histopathologic overlap between the inherited mus-
cular disorders, and the distinct idiopathic inflammatory myopa-
thies is also being increasingly recognized (8). Polymyositis (PM),
the most common of the inflammatory myopathies, is a T cell-
mediated pathology in which a cellular immune response is a key
featurc in promoting muscle damage. Inclusion body myositis
(IBM) is suspected to be a primary inflammatory myopathy, like
dermatomyositis (IDM) and PM, or a primary degenerative myo-
pathic disorder, such as a dystrophy with secondary inflammation
(9). The general distinction between immune-mediated and non-
immune-mediated muscle diseases becomes less defined as more is
learned of the complex, underlying pathogenic mechanisms in both
inflammatory myopathies and muscular dystrophies.

Currently, although the number of genes identified increases
every year, adding to our understanding and revealing the overall
complexity of the pathogenesis of the various muscular disor-
ders, and despite the well documented histological pathology of
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dystrophic tissue, the underlying molecular pathways remain
poorly understood, and the decisive secondary factors respon-
sible for the variability in the clinical phenotypes are still mainly
unknown, Gene expression profiling of human and mouse
normal and disecased skeletal muscle has generated more de-
tailed insight in the molecular process underlying the different
conditions (10-14). However, although each of these studies has
identified a number of genes in various functional categories that
are differentially expressed in the disease states, the substantial
underlying disease mechanisms remain to be elucidated.

MicroRNAs (miRNAs) are a class of small, endogenous non-
coding RNA molecules that posttranscriptionally regulate gene
expression. Several hundred mammalian miRNAs have been iden-
tified, many of which are tissue-specitic and/or temporally regulated
in their expression (15). The function of only a small fraction of
these has been described in detail and point to their involvement in
a variety of developmental and physiological processes (16, 17).

Not surprisingly, miRNAs have been shown to play an important
role in the regulation of muscle development. miRNA-1 and
miRNA-133 are expressed in cardiac and skeletal muscle and are
transcriptionally regulated by the myogenic differentiation factors
MyoD, Mef2, and SRF (18-21). In Drosophila, deletion of the
single miRNA-1 gene results in a defect in muscle differentiation or
maintenance (20, 21). In contrast, overexpression of miRNA-1 in
mouse cardiac progenitors has a negative effect on proliferation,
where it targets the transcription factor Hand2, involved in myocyte
expansion (21). Similar to the heart, miRNA-1 overexpression in
cultured skeletal myoblasts promotes skeletal muscle differentia-
tion, as does the related but skeletal muscle-specific miR-206 (18,
22) that has also been shown to mediate MyoD-dependent inhibi-
tion of follistatin-like-1 and Utrophin genes in myoblasts (23).

In light of their involvement in modulating cellular phenotypes,
we hypothesized that miRNAs might be involved in the regulation
of the pathological pathways leading to muscle dysfunction, and
they might be different among the different pathways that lead to
myofiber degeneration. In the present study, we describe a com-
prehensive miRNA expression profile in muscle tissues from a
broad spectrum of primary muscle disorders, aiming to identify new
or modifying clements involved in the regulatory networks of
muscle and interpret these results within the framework of previous
mRNA expression analysis that allowed the examination of the
molecular pathophysiological pathways of dystrophic muscle. Fur-
ther analyses of the overall differentially expressed miRNAs were
applied to select potential target genes and unravel biological
signaling pathways, potentially targeted by these miRNAs,

Results

Overview. To identify miRNAs that might be involved in the
secondary pathological pathways in various muscle diseases and
discriminate between the miRNAs possibly involved in the under-
lying pathways, cither specific to a given discasc or shared among
disease types, we have carried out a comparative miRNA expres-
sion profiling across a panel of 10 different groups of muscle
disorders (DMD, BMD, FSHD, LGMD2A, LGMD2B, MM, NM,
IBM, DM, and PM) with different clinical and pathological char-
acteristics [detailed in supporting information (SI) Fig. 4 and SI
Table 2) and unaffected human skeletal muscle.

miRNA expression microarrays containing 428 human miRNAs
from the miRBase database and novel human miRNA (Ambi-
miRs) were used in this study. In total, a subset of 185 human
miRNAs, corresponding o 43% of human miRNA probes present
on the array, were found to be differentially expressed at a
significant level (P < 0.05, false discovery rate < 0.05) in at least one
of the 10 muscle conditions compared with the control panel (SI
Table 3). Interestingly, of the differentially expressed miRNAs,
most were up-regulated in the different diseases (39 in DMD, 62 in
FSHD, 88 in LGMD2A, 87 in LGMD2B, 69 in MM, 140 in NM,
20 in IBM, 37 in PM, and 35 in DM) as compared with normal
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Fig. 1. miRNAs common to various muscular disorders. The list includes 55
commonly dysregulated miRNAs in five or more types of muscular disorders.
A color scale represents the relative intensity of the expression signal by means
of fold change compared with the control group, with gray indicating high
expression and red low expression. For a complete list see Sl Table 4.

muscle tissue. Whereas a total of 151 different miRNA genes were
found to be consistently up-regulated relative to the control, only 28
miRNAs were down-regulated among the various conditions. Over-
lying this broad commonality is the up-regulation of specific miR-
NAs and the specific down-regulation of others that allows us to
assign a distinctive signature to each of the 10 conditions (Fig. 1 and
SI Table 4).

In addition, a set of six miRNAs (30b, 92, 361, 423, 29a, and 29b),
was found to be expressed in an inconsistent pattern in few of the
conditions (DMD, NM, FSHD, and LGMD2B) such that in one
discasc the miRNA is down-regulated, whereas in others it is
up-regulated, and vice versa (SI Table 4). This finding might point
out the differences in the pathology and genes involved in the
different regulated networks.

Among the 185 differentially expressed miRNAs, the expres-
sion profile in human tissues has been previously established for
145 (see Materials and Methods). Of these, 60% (87/145) are
known to be expressed in adult muscle (and in other tissues),
whereas the expression of the other 58 miRNAs, mostly up-
regulated, was not previously detected in adult muscle to
our knowledge. Moreover, almost a fifth of these nonmuscle
miRNAs (11/58 miRNAs) were detected in cells of the immune
system, including lymphocytes and macrophages (SI Table 4).
These findings are consistent with the persistent inflammatory
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response observed in many dystrophic skeletal muscles that leads
to an altered extracellular environment, including an increased
presence of inflammatory cells and elevated levels of various
inflammatory cytokines.

Direct Quantification of miRNA Gene Expression for Validation of
Microarray Results. The Trilogy technology (24) for quantification
of miRNA expression was selected for validating miRNA microar-
ray data. Ten different miRNAs showing distinct expression pat-
terns in the 10 different diseases (miR-21, miR-22, miR-29,
miR-30a-3p, miR-146b, miR-221, miR-368, miR-379, Ambi-miR-
693, and Ambi-miR-11040) and two miRNAs with no significant
variation (miR-10b and miR-100), were quantified in two indepen-
dent replicates. Thirty-nine of the RNA samples previously profiled
on the arrays were analyzed on the Trilogy platform with an average
of three different samples analyzed for each miRNA in any given
disease. The expression of miR-146b, miR-379, miR-221, and
miR-368 was below the limits of detection of this assay. The relative
variations of miRNA expression levels for miR-21, miR-22, miR-
29¢c, miR-30a-3p (except for LGMD2A), and Ambi-miR 11040
were in concordance with the normalized array data, thus validating
our array results (SI Fig. 5). Ambi-miR-693, however, which was
found on the arrays as down-regulated compared with muscle
biopsies from unaffected individuals in all of the examined diseases
(LGMD2B, MM, and NM), was found here as being up-regulated.
Although we have not determined the exact cause for this discrep-
ancy, it should be noted that there is no up-front enrichment for
small RNAs in the Direct assay (unlike our microarray assays), thus
we cannot exclude the possibility that precursors are also being
quantified.

Distinctive Patterns of miRNA Expression Are Associated with Different
Types of Primary Musde Disorders. Five miRNAs (miR-146b, miR-
221, miR-155, miR-214, and miR-222) (Fig. 1 and SI Table 4)
were found to be consistently dysregulated in almost all samples
analyzed in the study (with an exception for BMD in which the
last three miRNAs were also dysregulated but with a fold change
< 1.5 and therefore are not included in SI Table 4), across the
various diseases. This finding might suggest that these miRNAs
are involved in a common underlying regulatory pathway among
all discases. By contrast, other miRNAs were dysregulated only
in one given disease and not in any of the others: miR-486,
miR-485-5p, miR-331, miR-30e-5p, miR-30d, miR-30a-5p, miR-
26a, miR-22, miR-193b, miR-101, miR-95, Ambi-miR-7075, and
Ambi-miR-13156, all in muscle biopsies taken from Duchenne
patients; miR-517* in FSHD; Ambi-miR-10617 in LGMD2A,
miR-301 in LGMD2B; and miR-302c* in MM. The finding of
two different miRNAs uniquely dysregulated each in one of the
dysferlinopathies and not in the other might point to the
involvement of a different secondary regulatory mechanism in
the two different phenotypes despite their being allelic discases.
In NM a much larger set of 36 different miRNAs was uniquely
dysregulated.

Among the set of miRNAs dysregulated in the various dystro-
phies (DMD, BMD, and FSHD), 49 in DMD and 38 in FSID are
also dysregulated in various other nondystrophic muscle discases.
Nonetheless, narrow subsets of diseases with shared miRNA pro-
files were identified. These include: miR-29a in DMD and FSHD;
miR-30c in DMD and MM; miR-30b, miR-92, miR-29¢, miR-423,
miR-361, miR-299-3p, and miR-181d in DMD and NM (Fig. 1 and
SI Table 4). We also noted miRNAs with a shared profile across
FSHD and the following discases: miR-16in FSHD and LGMD2A;
miR-279 in FSHD and LGMD2B; and miR-99a, miR-93, miR-455,
miR-20b, miR-18a, miR-17-5p, miR-152, miR-106a, and miR-106b,
all in FSHD, LGMD2A, LGMD2B, and NM.

The LGMDs analyzed in this study (LGMD2A, LGMD2B, and
MM) present a tighter intragroup correlation of miRNAs com-
pared with the other dystrophies. Expression changes for 52 miR-
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NAs were shared by all three diseases, and other dysregulated
miRNAs were expressed in only one of the diseases or in the two
dysferlin phenotypes. In addition, a set of miRNAs was detected as
specifically differentially expressed in each of the LGMDs in
concordance with NM (Fig. 1 and SI Table 4).

The most extensive dysregulation of miRNAs was observed in
NM with >150 different miRNAs being dysregulated, and of these,
36 being dysregulated solely in this phenotype (SI Table 4). These
results could be explained by the high genetic heterogeneity of the
underlying disease cause, in which six different genes probably
reflecting six different disease mechanisms are known to be in-
volved in the disorder (7).

More than 60% (116) of the overall differentially expressed
miRNAs in this study were implicated in at least one of the
inflammatory myopathies studied, but not exclusively dysregulated
in any of them. Excluding those miRNAs that were common among
the three inflammatory myopathies but were also shared by most of
the other diseases in the study (miR-146b, miR-221, miR-155,
miR-214, and miR-222), not much overlap in the different dysregu-
lated miRNAs was observed although =20 different miRNAs were
found to be dysregulated in each of the conditions (Fig. 1 and SI
Table 4). These results provide an opportunity to distinguish
between those inflammatory-related miRNAs and classify the
other 69 dysregulated miRNAs as being involved in other patho-
logic processes taking place in the different affected myofibers and
could give rise to the heterogeneous phenotypes.

Hierarchical clustering (Fig. 2 and SI Fig. 6) and principal
component analysis (PCA) of miRNAs selected by ANOVA clearly
segregate and separate muscle biopsies taken from the different
muscular disorders from the normal control muscle groups based
on their miRNA expression profile.

Functional Correlation Between mRNA and Predicted miRNA Targets
in Muscular Disorders. To gain insight into the function of miRNAs
during the disease process, we analyzed the functional correlation
between miRNAs and mRNA expression to identify differentially
expressed miRNA-mRNA modules and assess the extent of
miRNA effects on mRNA expression. First, we inspected the
functional correlation between dysregulated mRNAs and targets of
dysregulated miRNAs, which allows capturing of indirect target
effects, where miRNAs bind regulatory proteins, such as transcrip-
tion factors, and the latter exert the main effect.

A total of 10 mRNA and 10 miRNA datasets were analyzed (SI
Table 5). A meta miRNA predictor (MAMI) enabling maximal
accuracy and tunable sensitivity and specificity in predictions was
applied to predict targets of differentially expressed miRNAs (A.E.,
C. Freifield, A. T. Kho, LE., M. Galdzicki, K. Naxerova, M. F.
Ramoni, LM.K., and L.S.K., unpublished work).

A strong functional correlation was detected only in DMD and
MM, suggesting that these two diseases have a tight posttranscrip-
tional regulation at the mRNA level. In DMD, the correlation
between the functions of down-regulated mRNAs and those of
targets of up-regulated miRNAs reached significance with P <
0.0157. The functional correlation between up-regulated mRNA
and targets of down-regulated miRNAs had a P < 0.023. In MM,
the correlations’ significances were P < 2.01E-06 and P < 0.03413
for functions of down-regulated mRNAs with targets of up-
regulated miRNAs and up-regulated mRNAs with targets of down-
regulated miRNAs, respectively.

miRNA-mRNA modules shared by DMD and MM include
extracellular matrix (ECM) processes and cytoskeletal organiza-
tion. Ion channel activity module was down-regulated in MM, and
a strong down-regulation of a transcriptional activity module was
observed in DMD. SI Fig. 7 shows an example of the miRNA—
mRNA ECM module in DMD, where the overexpressed ECM
protein-coding genes are regulated by both direct interaction with
down-regulated miRNAs and through their mRNA targets. The
overall network structure reveals tight posttranscriptional regula-

Eisenberg et al.



<
e
"

QO

Fig. 2.

PC2 15.1%

PCA mapping 48.5%

| DMD
= BMD
® Normal

PC1 28.7%

Unsupervised hierarchical clustering and PCA of miRNA expression differentiate DMD from normal muscle. Sixty miRNAs with significantly different

expression between DMD (n = 8, D) and normal individuals (n = 9, B) were identified by ANOVA. (a) Hierarchical clustering of 17 samples and 60 genes. Each
row represents an individual, and each column represents an miRNA gene. A color code represents the relative intensity of the expression signal, with red
indicating high expression and green indicating low expression. (b) PCA of ANOVA-selected miRNAs. In this plot, the first principle components (PC1) axis
accounted for 28.7% of the variance in the data set and is a result of noise, possibly introduced by different muscle types and genders. The second principle
component (PC2) accounts for 15.1% of the variance and segregates DMD from normal individuals. BMD samples (n = 6) are found as intermediate between
DMD and normal muscle, with a distribution consistent with their phenotypic characteristics. The profiles from more severely affected patients (BMD49377 and
BMD89026) are found with those of DMD patients, whereas the mildly affected BMD patients (BMD29 and BMD4620) are close to normal muscle.

tion whose alteration might contribute to secondary pathological
processes in the dystrophic muscle in DMD, by either direct miRNA
targeting or through secondary proteins.

Inference of miRNA Functions in Dystrophic Muscle Pathology. Fur-
ther insights into the biological pathways potentially regulated by
miRNAs in the dystrophic process were obtained by direct com-
parison between the genes previously found as dysregulated in
DMD (11) and the predicted target genes for the 62 differentially
expressed miRNAs found in DMD. Fifty-seven mRNA-miRNA
interactions were identified, representing 28 genes as targeted by at
least one miRNA and dysregulated in DMD. About 42% of these
genes were predicted to be targeted by multiple miRNAs (Table 1).

Earlier expression studies have demonstrated that significantly
more mRNAs are overexpressed in dystrophic muscle than under-
expressed compared with unaffected muscle (11), most likely
because of an increase in protein turnover caused by the degener-
ative and regenerative nature of the disease. In the present analysis,
muscle structure and regeneration and ECM genes were among
these predicted miRNA targets. Interactions like proenkephalin-
miR-29¢; collagen, type I, alpha2-miR-29%; trophinin-miR-29¢;
RUNX1-miR-30a-5p, and PDE4D-miR-199a demonstrated high
reciprocal fold change of the relevant miRNA and mRNA. At the
mRNA level, dystrophin and several other structurally related
proteins, which are substantially underexpressed in DMD muscle,
were not predicted to correlate with any of these miRNAs,

Dysregulated miRNAs in Muscular Disorders Are Significantly Associ-
ated with Diverse Signaling Pathways. With the understanding that
identification of mRNA targets is predictive, we analyzed the
functional enrichment of predicted targets of differentially ex-
pressed miRNAs in each of the muscle phenotypes in an atiempt to
uncover the functional meaning among these dysregulated
miRNAs.

In muscle biopsies from Duchenne patients, the 39 up-regulated
miRNAs were identified to potentially target the 3 UTRs of
=5,000 genes (of which 807 are muscle-expressed genes) and
>4,400 genes were identified to be targeted by the 23 miRNAs
down-regulated in the disease (SI Table 6). Notably, the 11 miR-
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NAs dysregulated exclusively in DMD were predicted to target
>400 genes of diverse functions, by more than one prediction tool
(SI Table 6). The detailed information for the other diseases is
summarized in SI Table 6.

To analyze the role that these differentially expressed

Table 1. Direct miRNA-mRNA predicted targeting in DMD

miRNA fold Target fold
miRNA Target change change
hsa-miR-30¢ VIM -2 2
hsa-miR-148a uceP3 2 =3
hsa-miR-130a UBE2D1 2 -3
hsa-miR-101 TUBB2A —2 3
hsa-miR-29¢ TRO -6 4
hsa-miR-26a SRPX -2 3
hsa-miR-101 SPARC -2 2
hsa-miR-30¢ RUNX1 -2 6
hsa-miR-197 PRMT2 -1 3
hsa-miR-29¢ PENK -6 8
hsa-miR-199a PDE4D 3 -4
hsa-miR-29a PXDN —2 2
hsa-miR-214 LMOD1 2 -3
hsa-miR-29¢ HOM-TES-103 -6 2
hsa-miR-22 HSPG2 -3 2
hsa-miR-22 GPNMB ~3 2
hsa-miR-210 GPDI1L 2 -2
hsa-miR-21 FAMS50B 3 -1
hsa-miR-197 EEF1A1 -1 2
hsa-miR-26a EPB41L3 -2 4
hsa-miR-101 CFH -2 4
hsa-miR-29¢ COL3A1 -6 6
hsa-miR-26a COL1A2 -2 5
hsa-miR-29¢ CcoL1A2 -6 5
hsa-miR-22 CcLIc4 -3 2
hsa-miR-193b CLIC1 -2 2
hsa-miR-30c CD99 -2 2
hsa-miR-302a-3p ANXA1 - 2
hsa-miR-30¢ ACTN1 -2 2

For targets predicted to interact with several miRNAs, the predicted inter-
action with the highest MAMI score is presented. :
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Fig. 3. Overrepresented miRNA regulatory pathways in primary muscular
disorders. Fisher's exact test was used to identify significant enrichment for
pathway annotations among predicted targets of the dysregulated miRNAs in
the different diseases. Each column corresponds to a single disease, and each
row corresponds to a KEGG pathway with an overrepresentation of miRNA
targets. Pathways have been grouped in larger functional categories accord-
ing to the KEGG annotation. Only pathways with at least one significant
association are shown, and the confidence for enrichment of targets ina given
pathway is shown by color-coding the P value ranges.

miRNAs play in the regulatory networks in muscular disorders,
we have used the KEGG database and the DAVID bioinfor-
matics resources (26) to identify significantly overrepresented
biological pathways. Fig. 3 shows the overrepresented pathways
identified in at least one muscle phenotype, using the overall
predicted targets in any given disease.

Genes that were commonly targeted by the dysregulated
miRNAs in muscle specimens from DMD patients, for instance,
were significantly clustered in 12 biochemical pathways with some,
like TGF-B (P = 3.50E-03), being targeted by both up-regulated
and down-regulated miRNAs, suggesting an cxtensive miRNA
regulation of this pathway in DMD. The overall analysis highlighted
25 different pathways as being significantly targeted by the different
miRNAs involved in the primary muscle diseases studied. Of those,
six major signal transduction signaling pathways previously de-
scribed (9, 27) as involved in various aspects of muscular disorders,
such as TGF-, calcium signaling pathway, Wnt, Notch, and MAPK
signaling pathways, were found to be significantly targeted by the
dysregulated miRNAs described in this study (Fig. 3).

Pathways related to the immune response were also significantly
enriched in this data sct in all diseases, with T cell receptor signaling
pathway (P = 4.50E-03) being most abundant. Consistent with
previous studies and more recent mRNA expression analysis, the
immune-related pathways were highly enriched in two of the
inflammatory myopathics, DM and IBM (and surprisingly not in
PM patients, maybe because of previous steroids treatment and/or
the amount of inflammatory cell infiltrates). Cellular pathways,
including cell motility (P = 6.50¢-04), cell communication (P =
2.40E-05), degradation (P = 6.60E-03), and others were also found
to be extensively regulated by these miRNAs (Fig. 3).

Discussion

Significant progress has been made in the understanding of muscle
dysfunction and the causative mechanism behind the major mus-
cular dystrophies has been explored, but knowledge of the under-
lying regulatory network(s) is still incomplete. Compelling evidence
has demonstrated the substantial regulatory role of miRNAs in

17020 | www.pnas.org/cgi/doi/10.1073/pnas.0708115104 196

muscle development and more recently in the etiology of cardiac
failure (28). In light of these findings, we have examined miRNAs
involved in major myopathological discases in humans to gain
insight into the specific regulation of genes that are disrupted in
pathological muscle conditions.

A total of 185 miRNAs with statistically significant differential
expression were identified in the 10 distinct forms of muscular
dystrophics analyzed in the present work. Of those, a subgroup of
18 miRNAs was identified that correctly predict and distinguish the
various diseases from the normal muscle tissue, with >90% accu-
racy in most groups (SI Table 7). In contrast to many previous
studies, mostly in cancer, showing a global reduction of mature
miRNA levels compared with normal tissues, an increase in abun-
dance for many miRNAs was observed in the different muscular
disorders. In this report, we provide evidence that miRNAs have a
potential role in the pathophysiology of primary muscle discases
and present the complete suite of known miRNAs with altered
expression in these diseases. These miRNA signatures provide the
basis for a list of common target genes whose misregulation may
contribute to the pathology of these disorders.

Secondary to the genetic defects, necrosis and inflammation play
a crucial role in the pathogenesis of the different muscular dystro-
phies and myopathies, and expression profiling of various diseased
muscles revealed distinct patterns of immune or immune modula-
tory pathways rather than nonspecific processes (11, 30). Although
the immunopathology of these disorders is not fully understood,
several miRNAs previously described as immune-related were
found as commonly dysregulated among the various dystrophies.
Together with the different patterns of dysregulated miRNAs
unique to each of the different diseases, this pattern offers insights
into the complexities of the inflammatory process taking place in
the different affected muscle fibers.

In contrast to studies associating the overexpression of miR-155
with malignancy in humans (31), the present report describes the
ubiquitous up-regulation of this immune-related miRNA (32, 33) in
a completely different and unrelated context, raising intriguing
questions about its functional role in the pathological process in
muscle.

Despite the elucidation of several clinically relevant signal trans-
duction pathways that can lead to disease progression, the means by
which these pathways are coordinated with respect to the devel-
opment and progression of muscle disease process remain obscure.
Induction of miR-146 expression by activated NF-«xB has been
recently demonstrated by Taganov ef al. (34), and its role in the
immune system was also described. Evidence of perturbation of
NF-«B signaling has been described in the process of modulating
the immune response in several different dystrophies (35-37) and
the inflammatory myopathies (38). It will be important to identify
and analyze miR-146 downstream target genes and gain insights
into the signaling pathways altered by the aberrant up-regulated
expression of this miRNA in the different primary muscle discases.

Currently, the major difficulty for functional studies of miRNAs
is in determining their specific target genes at the transcriptional or
translational level. Available prediction algorithms frequently pre-
dict hundreds of target genes for any single miRNA, and it is likely
that this high number of genes contains a significant fraction of false
positives. To restrict this high number and enrich for more reliable
predicted targets, we have applied a meta predictor tool recently
developed that integrates the leading prediction methods into an
improved predictor. Beyond the predicted lists of targets the
significant associations inferred between the sets of functional
targets predicted for the overall miRNAs in each of the discases and
specific cellular pathways can be used to shape some initial hypoth-
cses on how alteration of miRNA expression may be directly
involved in different types of diseased muscles.

Furthermore, the functional correlation between the differen-
tially expressed mRNAs and miRNAs as a module in DMD
revealed a tight posttranscriptional regulation network at the
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mRNA level whose alteration might contribute to increased im-
mune response, by cither direct miRNA targeting or through
secondary proteins. Together with the specific mRNA-miRNA
predicted interactions, some of which are directly involved in
compensatory secondary response functions like connective tissue
infiltration, and others that are involved in muscle regeneration,
these findings raise the opportunity for therapeutic intervention at
the miRNA level in preventing specific physiological pathways
underlying the disease. However, because it remains difficult to
estimate the true false-positive rate of the overall target prediction,
a better understanding of the biological significance of these
miRNAs and the alterations found in the different muscle discases
would be ultimately achieved by the development of experimental
models.

Conclusion. Considerable advances have been made in understand-
ing the mechanisms, both transcriptional and translational, that
lead to altered gene expression under dystrophic conditions. Qur
results point to an additional dimension of regulation of muscle
function mediated by miRNAs, An important aim for the future will
be to experimentally assess the predicted targets of the miRNAs
responsible for adverse skeletal muscle remodeling in the different
discases. The overall discovery of dysregulated miRNAs in the
different discases is expected not only to broaden our biological
understanding of these diseases, but more importantly, to identify
candidatc miRNAs as potential targets for future clinical
applications.

Materials and Methods

Patient Samples and RNA Isolation. A total of 88 muscle specimens,
representing 11 different human muscle conditions, were available
for this study, all in compliance with the involved institutions
approved protocols. RNAs were isolated with the mirVana miRNA
Isolation Kit (Ambion, Austin, TX) according to the manufactur-
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Corrections

MEDICAL SCIENCES. For the article “Dynamic interplay between
nitration and phosphorylation of tubulin cofactor B in the
control of microtubule dynamics,” by Suresh K. Rayala, Emil
Martin, Iraida G. Sharina, Poonam R. Molli, Xiaoping Wang,
Raymond Jacobson, Ferid Murad, and Rakesh Kumar, which
appeared in issue 49, December 4, 2007, of Proc Natl Acad Sci
USA (104:19470-19475; first published November 28, 2007,
10.1073/pnas.0705149104), the authors note that, due to a
printer’s error, Fig. 2 appeared incorrectly. This error does not
affect the conclusions of the article. The corrected figure and its
legend appear below.

+LPS

B -LPS +LPS
— ” Nitrated T7-TCoB
T7-TCoB

INOS

ey ™ |Vinculin

B LPS (hrs)
| Nitrated TCoB
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B iNOS
Vinculin

Nitrated TCoB

— e wwes| T7-TCOB

Fig.2. Nitrationof TCoBisiNOS-dependent. (A) Representative transmission
images showing change in morphology of RAW 264.7 cells after LPS/y-IFN
treatment. (B) T7-TCoB was immunoprecipitated from transiently transfected
RAW 264.7 cells that were treated with LPS (1 ug/ml)/y-IFN (50 units/ml) for
16 h, separated by SDS/PAGE, and immunoblotted with the indicated anti-
bodies. () T7-TCoB was immunoprecipitated from transiently transfected
RAW 264.7 cells that were treated with LPS/y-IFN at various time points,
separated by SDS/PAGE, and immunoblotted with the indicated antibodies. (D
and E) T7-TCoB was immunoprecipitated from transiently transfected RAW
264.7 cells that were pretreated with either 1400W (100 M) or L-NAME (10
mM) for 4 h and/or LPS/y-IFN, separated by SDS/PAGE, and immunoblotted
with anti-nitrotyrosine and anti-T7 antibodies.

www.pnas.org/cgi/doi/10.1073/pnas.0711492105

Www.pnas.org 1 98

GENETICS. For the article “Distinctive patterns of microRNA
expression in primary muscular disorders,” by Iris Eisenberg,
Alal Eran, Ichizo Nishino, Maurizio Moggio, Costanza
Lamperti, Anthony A. Amato, Hart G. Lidov, Peter B. Kang,
Kathryn N. North, Stella Mitrani-Rosenbaum, Kevin M. Flani-
gan, Lori A, Neely, Duncan Whitney, Alan H. Beggs, Isaac S.
Kohane, and Louis M. Kunkel, which appeared in issue 43,
October 23, 2007, of Proc Natl Acad Sci USA (104:17016-17021;
first published October 17, 2007; 10.1073/pnas.0708115104), the
authors note that the affiliation information for authors Mau-
rizio Moggio and Costanza Lamperti was incorrect in part. Their
correct affiliation is “Unita Operativa di Neurologia, Centro
Dino Ferrari, Universita degli Studi di Milano, Istituto di
Ricovero ¢ Cura a Carattere Scientifico Fondazione Ospedale
Maggiore, 20122 Milano, Italy.” The corrected affiliation line
appears below.

aHoward Hughes Medical Institute, "Program in Genomics, Division of
Genetics, “Informatics Program, and Departments of 9Pathology and
PNeurclogy, Children’s Hospital, Harvard Medical School, Boston, MA
02115; 9Department of Neuromuscular Research, National Institute of
Neuroscience, Tokyo 187-8502, Japan; ®Unita Operativa di Neurologia,
Centro Dino Ferrari, Universita degli Studi di Milano, Istituto di Ricovero e
Cura a Carattere Scientifico Fondazione Ospedale Maggiore, 20122 Milano,
Italy; ‘Department of Neurology, Brigham and Women's Hospital, Boston,
MA 02115; 'Institute for Neuromuscular Research, The Children’s Hospital at
Westmead, New South Wales 2145, Australia; JGoldyne Savad Institute of
Gene Therapy, Hadassah-Hebrew University Medical Center, Jerusalem
91240, Israel; “Department of Human Genetics, University of Utah, Salt Lake
City, UT 84132; and 'U.S. Genomics, Woburn, MA 01801

www.pnas.org/cgi/doi/10.1073/pnas.0711290105

PNAS | January 8,2008 | vol. 105 | no.1 | 399
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Appendix E:

Supplementary Material for

Chapter 2

Alal Eran, Jin Billy Li, Kayla Vatalaro, Jillian McCarthy, Fedik Rahimov, Christin
Collins, Kyriacos Markianos, David M. Margulies, Emery N. Brown, Sarah E.

Calvo, Isaac S. Kohane, Louis M. Kunkel

This appendix includes eight supplementary figures and nine supplementary tables
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Supplementary Figure 1 Data summary. (a) Overall coverage. Shown are boxplots of read
counts per individual per amplicon. The mean coverage was 1344 reads per individual per
amplicon, allowing for highly confident detection of RNA editing. (b) Overall read length
distribution. Bidirectional full length reads were obtained for each amplicon, enabling the
investigation of relationships across neighboring sites and between editing and splicing. Shown
is the distribution of all reads in all amplicons. See Supplementary Table 3 for amplicon lengths.
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GRIK2 Q/R

Posterior density

0 02 04 06 08 1
Probability of editing across individuals

o¥ 2828822828

Posterior density

0 02 04 06 08 1
Probability of editing across populations

Supplementary Figure 2 The data analysis approach depicted for one site, GRIK2 Q/R. Editing
fractions were modeled by a beta-binomial distribution, resulting in a posterior editing fraction
density for each individual at each site, based on the data. On the top, a posterior editing
density is shown for each human subject at GRIK2 Q/R. The editing densities of individuals with
ASD are shown in orange and neurotypical individuals in blue. The peak of each density
represents a point estimate for the level of editing and its width depicts the confidence around
it. A large range of editing levels is seen among individuals, from 30 to 90%. On the bottom is
the corresponding population-level perspective, where individuals are grouped by their
affected status and comparisons are made between groups.
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Supplementary Figure 3 Correlation between two A-to-I editing detection methods: ultradeep
454 sequencing of PCR-selected regions, and lllumina sequencing of Padlock-captured
fragments. The editing levels of six sites were independently assayed in all individuals using
both detection methods. For each site, a tight correlation was observed between the results of
the two methods, as detailed in Supplementary Table 5. Each panel depicts the correlation of
editing at a single site. Overall, the mean correlation coefficient between the two methods was
0.923 (mean p<2e-3, Pearson’s correlation).
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Supplementary Figure 4 Relationships between editing levels and (A) age, (B) postmortem
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CYFIP2 K/E 0.71 0.71 0.87 0.60 0.60
CYFIP2 K/E+1 092 0.71 051 092 091
FI.NAQ{I 0.97 0.75 0.91 0.71 092
GABRA3 I/M 0.91 0.98 0.97 0.75 0.75
GRIA2 Q/R 0.92 0.75 0.75 0.75 0.62
GRIA2 Q/R+4 0.71 0.75 0.75 0.71 0.71
GRIAZ R/G 0.62 0.75 0.75 0.71 0.62
GRIAZ R/G-1 0.60 1.00 0.73 0.95 0.98
GRIA3 R/G 0.91 0.91 0.95 0.87 0.60
GRIA3 R/G-1 091 0.75 0.80 091 0.71
GRIAA R/G 0.97 0.92 0.89] 0.92 0.73
GRIA4 R/G-1 0.73 0.97 1.00 0.75 071
GRIK1 Q/R 0.74 0,94 0.82 0.77 0.82
GRIK1 Q/R-17 0.73 0.75 0.94 0.74 0.73
GRIK2 I/V 0.73 0.74 0.93 0.75 0.71
GRIK2 Q/R 100 0.71 0.73 0.91 0.71
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HTR2C B 091 0.74 0.73 0.73 0.73
HTR2CC 0.97 0.73 0.60 0.75 0.73
HTR2C D 091 0.78 0.60 0.60 0.73
HTR2C E 075] 092] 060] 060 060
KCNAL IV 0.60 073 0.92 0.71 091

50

interval (PMI), (C) RNA integrity number (RIN), (D) gender, and (E) race. Each marker represents
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a point estimate of the degree of editing of one individual at one site, plotted against
continuous characteristics in A-C, with boxplots in D and E summarizing discrete characteristics.
The editing levels of all individuals at all sites were linearly regressed against continuous
variables (age, PMI, and RIN), and compared between discrete groups (gender and race). No
linear relationships were identified between editing fractions and age, PMI, or RIN using F tests,
and no significant differences were detected across genders or races using Kruskal-Wallis tests.
Benjamini-Hochberg corrected®® p-values are shown in (F) for each relationship at each site.

Fraction of samples
Fraction of samples

—r | 04—
06 0.8 1 04 0.6 0s 1

0 0.2 0.4 0 0.2

Probability of editing at GRIA2 R/G Probability of editing at GRIA3 R/G
Supplementary Figure 5 Kernel-smoothed cumulative distribution functions (ksCDFs) of GRIAZ2
R/G (left) and GRIA3 R/G editing (right) in individuals with ASD (orange) and neurotypical
individuals (blue). Although the CDFs of editing in individuals with ASD and editing in
neurotypical individuals are distinct, the small sample size of this study is underpowered to
detect such effect sizes.
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Cerebellar ADARB1 expression

Matched samples

log normalized expression

= N WA N

Mean ADARB1 expression

Neurotypical ASD

Supplementary Figure 6 ADARB1 expression in ASD and neurotypical individuals. No
differences in ADARBI expression were found between individuals with ASD and best-
matched neurotypical individuals. Gene core expression was measured on the Affymetrix
Exon 1.0 arrays in 22 of 25 samples. On the left is the log normalized expression signal
between matched samples, where individuals with ASD are shown in orange and
neurotypical individuals in blue. On the right is the mean ADARB1 expression per group,
depicting a similar mean expression level between individuals with ASD and neurotypical

individuals.
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Relative frequency of the dysfunctional ADARB1 isoform NR_027672
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Supplementary Figure 7 Correlation between relative ADARB1 isoform detection by RNA-
seq and semi-quantitative RT-PCR. The fraction of ADARB1 transcripts that include the
double-stranded RNA binding domain was measured by both RNA-seq (y-axis) and semi-
guantitative RT-PCR (x-axis) in ten samples.
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GRIA4 flop isoform distributions

Fraction of samples

o 02 04 0é o8 1
probability of having a GRIA4 flop isoform

Supplementary Figure 8 Differences in GRIA4 isoform usage between individuals with ASD
and neurotypical individuals. Shown are kernel-smoothed cumulative distribution functions
(ksCDFs) of GRIA4 flop isoform usage in ASD (orange) and matched neurotypical individuals
(blue). The flop isoform usage is higher in ASD, (and flip usage is respectively lower)
(p=3.58e-2, KS test). GRIA4 R/G editing is tightly associated with the flop isoform (OR=101.9
[95% CI 87.8-118.2]), compare this figure to Figure 7.
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Supplementary Table 1 Sample info. Matched neurotypical individuals and individuals with ASD share a barcode number (e.g. 1185

was matched to 1349).

RNA Other medical

No. le ID ° B Di i PMI®
o. Sample Source arcode iagnosis Age Sex Race Mi Storage integrity issues ofote
years days hours years days RIN® (besides autism)
1 1185 NICHD BTB 1CTRL  Neurotypical 4 258 Male White 17 6 39 8.5 None specified
5 ,
1284  NICHDBTB 9CTRL  Neurotypical 3 123 Female ‘Mrican 11 5 185 84  None specified
American
3 1349  NICHDBTB 1ASD Autism 5 220 Male  White 3 5 @i oqg Hobwmth
hyperactivity
4 1407  NICHDBTB 12CTRL Neurotypical 9 46 Female ncan 200 5 33 86  None specified
American
5 1499 NICHD BTB 12ASD® Neurotypical 4 170 Female Asian 21 5 204 8.2 None specified
6 1541 NICHD BTB 10CTRL Neurotypical 20 228 Female White 19 4 142 8.1 None specified

ADD, hyperactivity,
epilepsy, irregular
response to pain,

7 1638 NICHD BTB 10ASD Autism 20 277 Female White 50 3 272 8.4 schizophrenia, hearing
problems, sleeping
difficulty, abnormal
gait, microencephaly

8 1670 NICHD BTB 6CTRL Neurotypical 13 99 Male White 5 3 256 8 None specified
9 1706  NICHDBTB 12CTRL Neurotypical 8 214 Female Anican 20 3 231 82  None specified
American
: African ..
10 1793 NICHD BTB 2CTRL Neurotypical 11 270 Male Aiharican 19 3 40 8 None specified
11 1860 NICHD BTB 5CTRL Neurotypical 8 2 Male White 5 2 268 7.6 None specified
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No. Sample ID Source® Barcode Diagnosis Age Sex Race PMI°  Storage R o ; FJther reatenl
integrity issues of note
years days hours years days RIN® (besides autism)
12 1864 NICHD BTB 8CTRL Neurotypical 2 178 Female White 8 2 250 7.9 None specified
13 4231  NICHDBTB 2ASD Autism 8 300 Male AN .5 3 299 79 None specified
American
) African :
14 4671 NICHD BTB 9ASD Autism 4 165 Female . 13 0 356 8.5 None specified
American
. African i
15 4721 NICHD BTB 3ASD Autism 8 304 Male . 16 0 324 8.1 None specified
American
16 4722 NICHD BTB 7CTRL Neurotypical 14 198 Male White 16 1 59 7.8 None specified
17 4787  NICHDBTB 3CTRL  Neurotypical 12 318 Male  ATican 15 0 120 86  None specified
American
18 5144 HBTRC  4ASD Autism 20 Male  White 237 6 193 7.8  'uligo, sleeping
difficulties per parent
19 5251 HBTRC 4CTRL Neurotypical 19 Male White 186 4 95 7.2 None specified
Allergies, hyerlexia,
no/delayed reaction
20 5569 HBTRC S5ASD Autism 5 Male White 255 4 344 7.7 to heat, never felt
pain, sleeping
difficulty
HBTRC Epilepsy, syndactyly,
21 5666 6ASD Autism 8 Male White 222 4 230 7.5 negative for Timothy
syndrome testing
22 6399 HBTRC 8ASD Autism 2 278 Male White 4 2 130 8.2 None specified
23 6736 HBTRC 11CTRL Neurotypical 4 Female Unknown 17.02 1 49 8 None specified
Hi
24 7002 HBTRC  11ASD Autism 5 Female Unknown 33 0 77 82 IEIELOIer 0GR 0

pain, vision problems
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RNA Other medical

a . . b
No. Sample ID Source® Barcode  Diagnosis Age Sex Race PMI Storage integsity Tssnesiobnore
years days hours years days RIN® (besides autism)
"lazy eye"
Asperger Syndrome /
25 7079 HBTRC 7ASD Autism 15 Male  Unknown 4 757 high functioning
autism

? NICHD BTB, National Institute of Child Health and Human Development Brain and Tissue Bank; HBTRC, Harvard Brain Tissue
Resource Center.

® PMI, post-mortem interval.

°RIN, RNA integrity number as determined by the Agilent 2100 Bioanalyzer.

 Neurotypical sample sequenced in the ASD pool.
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Supplementary Table 2 Synaptic genes examined in this initial study. This study included all synaptic genes shown to undergo

neurodevelopmentally-regulated, amino-acid altering A-to-I editing, with known functional consequences.

Genomic Known Functional impact of Predominant
Gene Product location  Gene function at the synapse  editing diti editing Refs
(hg19) sites earting enzyme
chr5: A p53-inducible protein Potentially altering
1| cyFIp2 Syteplasmileliind: 450050008 enrlchedinisynapiasantes, K/E  clathrin heavy chain ADARB1 13
interacting protein 2 - implicated in synaptic bindirg
156822604 maintenance
A widely expressed
cytoskeletal protein that Might alter binding to
ik interacts with integrins, glutamate receptor
153576900 transmembrane receptor type 7, calcitonin »
2 | FLNA Filamin A, alpha i complexes, and second Q/R receptor, androgen ADARB1 ’
messengers to regulate the receptor, SEK-1, BRCA-
15802000 dynamic actin cytoskeleton, 2, Smad, caveolin-1,
which is the major structural and integrin.
component of synapses.
A member of the GABA-A Slows the activation
— chrX: receptor g(-.zne family of of alpha_3 subunit-
siHinBBUtyHE dcid 151335634 r}eteromerlc pentamertc containing GABAA .
3 | GABRA3 (GABA) A receptor, i Irgand-gateq ion channels I/M receptors by altering ADAR+ADARB1
alpha 3 151619831 thrpugh V\-Ih.lCh GABA, the the voltage-
major inhibitory dependent
neurotransmitter in the conductance of the
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mammalian brain, acts.

alpha3 subunit.

An inotropic glutamate

receptor subunit that makes it

impereable to calcium (via

Q/R editing results in
calcium
impermeability, and
regulates the

chr4: RNA editing), sensitive to X
) receptor's Q/R: ADARB1
Ipha- -3-h -5- @ .
GRIA2 .Glutama’.ce receptor, 158141736 alpha aml‘no 3 ydroxy 5 Q/R?, tetramerization and R/G:ADARB1L 6-8
ionotropic, AMPA 2 - methyl-4-isoxazolpropionate R/G intracellular +ADAR
158287224 (AMPA). Mediates fast . -
. . trafficking; R/G editing
excitatory postsynaptic
X leads to faster
currents in neurons of the s
desensitzation
central nervous system.
recovery.
An AMPA receptor subunit,
chrX: mediating most of the Leads to faster
Glutamate receptor, 122318696 excitatory neurotransmission desensitzation
GRIA3 ionotrophic, AMPA . in the mammalian brain, and R/G recovery of GRIA3- ADAR ’
3 122624760 partlfsl!oatlng in s.ynaptllc containing ionotropic
plasticity and efficacy in glutamate receptors
learning and memory.
chril: An AMPA receptor subunit, Leads to faster
Glutamate receptor, 105480é00 mediating most of the desensitzation
GRIA4 ionotrophic, AMPA _ excitatory neurotransmission R/G recovery of GRIA4- ADARB1 !
4 105852819 in the mammalian brain, and containing ionotropic

participating in synaptic

glutamate receptors
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GRIA4 Glutamate receptor, chrll: An AMPA receptor subunit, R/G Leads to faster ADARB1
ionotrophic, AMPA 105480800 mediating most of the desensitzation
4 - excitatory neurotransmission recovery of GRIA4-
105852819 in the mammalian brain, and containing ionotropic
participating in synaptic glutamate receptors
plasticity and efficacy in
learning and memory.
GRIK1 Glutamate receptor, chr21: An inotropic glu.tamat.e. Reduces '.d)e calcium
ionotropic. kainate 30925866 receptor subunit sensitive to /R permeability of ADARB1+ 8,9
1 PIC, - kainate that mediates fast GRIK1-containing ADAR
31312282 excitatory neurotransmission. glutamate receptors
An inotropic glutamate
receptor subunit sensitive to .
hré6: . . h
Glutamate receptor, 10 1‘:84:2905 kainate that mediates fast Q/R, R:(rj:mzz;ilﬁc cz;l;:lum
GRIK2 ionotropic, kainate excitatory neurotransmission.  I/V, P vo ADARB1 910
- . . GRIK2-containing
2 Variants in GRIK2 have been Y/C
102517957 . glutamate receptors
repeatedly linked and
associated with autism.
A G protein-coupled receptor
that stimulates phospholipase
C mediated hydrolysis of
phosphatidylinositol Reduce G-protein
bisphosphate, leading to the coupling functions by A,B: ADAR
> chrX: mobilization of intracellular as much as 20-fold C,E:
i 1 AB . '
HTR2C hydroxyt.ryptamme 11381855 calcium and the activation of B,C, (depending on ADARB1+ 6.8
(serotonin) receptor - N D,E . .
’C 114144624 protein kinase C. Altered combinatorial ADAR
editing of its mRNA has been editing) and decrease D: ADARB1

observed in a mouse model of

ks La 'H (] 21 N

constitutive activity
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10

Potassium voltage-

gated channel, chrl2:
shaker-related 5019073
subfamily, member 1 —
(episodic ataxia with 5027420
myokymia)

KCNA1

Mediates the voltage-

dependent potassium ion
permeability of excitable

membranes.

I/V

Leads to rapid
recovery from fast
inactivation at
negative potentials

ADARB1

11

Editing at all sites except GRIA2 Q/R was shown to be neurodevelopmentally regulated by Wahlstedt et al.*?

®GRIA2 Q/R editing is essential and unchanged throughout neurodevelopment®?.
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Supplementary Table 3 PCR primers and conditions used for 454 library preparation.

Ansisaiin PCR1 PCR2
Amplicon Forward primer® Reverse primer® Amplicon description °C) € size  size®
(bp)  (bp)
For the detection of the K/E
editing site (exon 11). The
CYFIP2 tcgatcagcaggtgatgggctttggectctac tacgatgcgtctgatgetgetetgggtgea forward primer (F) spans the 60 245 303
9-10 splice junction, and the
reverse primer (R) is in exon 12
For the detection of the Q/R
editing site (exon 43). Fin
FLNA tcgatcagcagttcaacgaggaacacattcccgac  tacgatgcegtgetgtgeaccttggeatega exon 43, R in 44 of both 63 201 259
Refseq isoforms
For the detection of the I/M LOUCh_'
GABRA3 tcgatcagcagctcaacagagagtcetgttcctge tacgatgcgtageccaactccgetiggtg editing site (exon 9). F in exon g;v_n 231 289
& AIN2 0.5/cycle
GRIA2 For the detection of the Q/R
tcgatcagcatggtcagcagatttageccctacga tacgatgcgtacacacctccaacaatgegec and its +4 sites. F is in exon 63 209 267
Q/R .
11, Rinexon 12
GRIA2 For detectlgn of.the R/G site
R/G and the entire flip/flop
3 tcgatcagcatccaaaggcetatggecategcaac  tacgatgcgttcaaagecaccageattgeca module. Fis in exon 13, Rin 68 270 328
, exon 16. Flip variant is exon
flip/flop 15, flop is exon 14
GRIA3 tcgatcagcattccaaaggcetatggtgtggeaace tacgatgcgtcctgecacattgetcaggetcaga Intended to detect R/G 65 218 276
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PCR1 PCR2

Amplicon Forward primer® Reverse primer® Amplicon description Anr;:.'ca;mg size  size”
(bp) _ (bp)
R/G editing and flip/flop isoforms
+ that follow downstream. F is
flip/flop in exon 13, product spans
exons 14/15 - flop/flip - and R
is in exon 16.

For detection of the R/G site
and flip/flop alternative

GRIA4 o L
R/G splicing. Forward is in exon
+ tcgatcagcaggctatggagtagcaacgcec tacgatgcgtgetacattgetcaggetcaaggea 15, reverse in exon 18a/b, 63 208 266
flin/flop depending on the isoform

(1/2). Flop is exon 16, flip
exon 17

For the detection of the Q/R
editing site (exon 13). Fin
exon 13, Rin exon 14 of both
Refseq isoforms
Detects the 3 editing sites in
GRIK2 (gluRe): I/V, Y/C (both
in TM1 - exon 11), and Q/R
GRIK2 tcgatcagcaagcccaatggtacaaacccagg tacgatgcgttgetttgggeatgagetcagaac  (TM2 - exon 12). Forward 63 280 338

primer is in exon 11, reverse

in exon 13 of both Refseq

isoforms.

GRIK1  tcgatcagcacatgcaaccctgactcagacgtg (acgatgcgiggtcgatagagctttgggcatcag 68 139 197
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PCR1 PCR2

Amplicon Forward primer® Reverse primer® Amplicon description Annfallng size  size®
(°c)
(bp) _ (bp)
For the detection of A,B,C,D,E
editing. Fis in exon 53, R in 6.
If i iti
there is n'o‘edltmg/ . Touch-
reduced editing then 5b will down: 150 208
HTR2C tcgatcogcoaacagegtccatcatgcacctetg  tacgatgegttttgggtcgttgageacgeacg likely be excluded yielding a 75. ' + +
150bp product. Intended to 245 303
0.5/cycle

always have a PCR product
regardless of the splice
isoform.

For the detection of the I/V
editing site (exon 2). Fand R
both in exon 2 as this is an
intronless gene.

KCNA1 tcgatcagcaagatcgtgggctecttgtgtge tacgatgcgtegtggagcaactgagectget 60 152 210

Sample-tagging PCR that adds
GCCTCCCTCGCGCCATCAG<10bpBar GCCTTGCCAGCCCGCTCAG<10bpBar the barcode and 454 primers
code>tcgatcagcea code>tacgatgegt to each PCR1 product by

priming off the universal tag

PCR2

?In italics is the universal tag added to enable sample-specific priming in PCR2.

® PCR2 adds 29*2= 58bp to each PCR1 product.
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Supplementary Table 4 Padlock probe sequences used for validation.

Site

cDNA probe

gDNA probe

chr12.4892003

ggacacaatgacaggtacgggcagggcaattgttagcacaccagegatggc

ggacacaatgacaggtacgggcagggcaattgttagcacaccagegatggc

chrX.153233144

gctggttgacctttageectgactectgaaggetagaaacagtgaggc

gggceggtttctcteggtgectcacctgaaggetagaaacagtgaggc

chr21.29875621

gatagagctttgggceatcagctctgatecttgetgeatgagagetccaactccaa

accag

tgtgacaaagataggcaaccggtgtaccttgctgeatgagagcetccaactccaaacca

chr4.158477329

aaccttggcgaaatatcgceatccttgetgcataaaggcacccaaggaaaac

aaccttggcgaaatatcgcatccttgetgcataaaggcacccaaggaaaac

chr4.158500744

tcactgagtttcaatactgcaagatttactggggttcttaatgaggatcctttagg

tgttgcgat

atactataacaacatttagcatattgttatactattccacccaccttaatgaggatccttta

gatgttgc

chr5.156669386

acttgttctcttcatagtgagcactggtcttaatgtatctggecagcetctat

acttgttctcttcatagtgagcactggtcttaatgtatctggecagcetctat
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Supplementary Table 5 Correlation between two A-to-I editing detection methods.

Ultradeep 454 sequencing of lllumina sequencing of
PCR-selected ~212bp padlock-captured ~50bp
flanking the editing sites flanking the editing sites
Site ID Site ID Pearson'sr Pearson's p

KCNA1 I/V chr12.4892003 0.978323 3.63E-08

FLNA Q/R chrX.153233144 0.968744 2.22E-07

GRIK1 Q/R chr21.29875621 0.965429 3.67E-07

GRIA2 Q/R+4 chr4.158477329 0.957655 9.98E-07

GRIA2 R/G chr4.158500744 0.958856 8.66E-07

CYFIP2 K/E chr5.156669386 0.711918 9.40E-03

Mean 0.9234875 0.001567082

The linear correlation coefficients between the editing levels determined by two
independent A-to-l editing detection methods were calculated, along with their p-
values. Six sites were assayed independently by ultradeep 454 sequencing of PCR-
selected fragments with an average length of 212bp, and by Illumina sequencing of
padlock-captured fragments with an average length of 50bp. A tight correlation was
observed between the two methods across all sites. See Supplementary Figure 4 for
visualization. Each method has unique advantages and disadvantages. For example, only
the 454-based method can detect medium-range relationships in cis, including those
between editing sites, and between splicing and editing. The long 454 reads also allow
confident alignments of closely spaced editing sites to the reference sequence, such as
those in HTR2C. By contrast, the padlock-based capture is much more scalable and less
labor intensive than the PCR-based selection, and lllumina sequencing currently yields

higher coverage for a given price than 454 sequencing.
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Supplementary Table 6 Primers and probe sequences used for TagMan® quantitation of

the dysfunctional ADARB1 isoform (NR_027672)

Forward primer

Reverse primer

Reporter probe

TCGGTCAGGTCACCAAACTTAC CCAGTCAAGAAACCCTCAAAAGTATTTT

TCAGCTAAAACTCATGTTTTC

Supplementary Table 7 Secondary cohort for additional ADARB1 isoform analyses. All

samples were obtained from the National Institute of Child Health and Human

Development Brain and Tissue Bank.

Sample ID Diagnosis Sex Race PMI®

Years Days Hours
629 Neurotypical 7 306 Male African American 18
1430 Neurotypical 38 187 Male African American 26
1545 Neurotypical 45 95 Male White 20
1908 Neurotypical 13 360 Male White 13
4594 Neurotypical 20 131 Male African American 10
4899 Autism 14 126 Male White 9
5027 Autism 37 353 Male African American 26
5115 Autism 46 135 Male White 29
5176 Autism 22 199 Male African American 18

® PMI, post-mortem interval.
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Supplementary Table 8 Relationships between editing of neighboring sites, and

between editing and splicing of the AMPA receptors GRIA2, GRIA3 and GRIA4.

Strong associations between editing and splicing of three AMPA receptors

GRIA4 flio  flop
R | 9147 193
G |3362 7228

GRIA3 flip  flop
R|2733 421
G| 709 3337

GRIA2 flip  flop
R | 1388 5819
G | 1482 16205

Independent editing at GRIA2

GRIA2 Q/R

+4A  +AG

Q
R

138 18
25072 3319

Odds ratio (OR)

95% confidence interval (Cl)

Fisher's exact p-value

Predominant isoform

OR

95% Cl

Fisher's exact p-value
Predominant isoform

OR

95% Cl

Fisher's exact p-value
Predominant isoform

OR

95% Cl

Fisher's exact p-value
Power

101.892
[87.85-118.18]
<1le-300

flip

30.554
[26.81-34.82]
<1e-300
Roughly equal

2.608
[2.41-2.82]
<1e-300

flop

1.015
0.62-1.66
1.000
0.972

Reads were summarized across all samples according to the co-occurrence of the

features noted in the contingency tables.
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Supplementary Table 9 Pairwise correlation of editing levels across all individuals

between biclustered sites in Figure 11B.

Benjamini and Hochberg

Site 1 Site 2 Pearson’srho Pearson’s p

corrected p
GRIK2 Q/R GRIK2 Y/C 0.9642 5.383E-13 1.615E-10
HTR2CD HTR2CE 0.9460 3.058E-11 9.022E-10
HTR2C B HTR2CD 0.9250 7.475E-10 7.475E-08
HTR2C B HTR2CE 0.9085 5.067E-09 3.800E-07
HTR2CC HTR2C D 0.8497 5.623E-07 2.812E-05
HTR2CB HTR2CC 0.8227 2.599E-06 9.748E-05
CYFIP2 K/E GRIK2 I/V 0.8205 2.914E-06 9.713E-05
HTR2CC HTR2CE 0.8163 3.606E-06 1.082E-04
CYFIP2 K/E GRIK2 Y/C 0.8108 4.728E-06 1.289E-04
CYFIP2 K/E GRIA2 R/G 0.8037 6.629E-06 1.657E-04
CYFIP2 K/E GRIK2 Q/R 0.7935 1.051E-05 2.252E-04
GRIK2 Q/R-17 HTR2CB 0.7466 6.572E-05 1.038E-03
GRIK2 I/V GRIK2 Y/C 0.7423 7.623E-05 1.144E-03
GRIK2 I/V GRIA3 R/G-1 0.7454 1.621E-04 2.537E-03
GRIK2 Q/R-17 HTR2CD 0.7156 1.809E-04 2.360E-03
GRIA2 R/G GRIK2 Q/R 0.7110 2.078E-04 2.493E-03
GRIA2 R/G GRIK2 Y/C 0.7047 2.506E-04 2.785E-03
GRIK2 Y/C GRIA3 R/G-1 0.7137 4.103E-04 3.535E-03
GRIA2 R/G GRIK2 I/V 0.6866 4.173E-04 4.173E-03
GRIK2 Q/R-17 HTR2CE 0.6687 6.680E-04 6.072E-03
GRIK2 I/V GRIK2 Q/R 0.6466 1.148E-03 9.564E-03
GRIK2 Q/R GRIA3 R/G-1 0.6664 1.300E-03 1.300E-03
CYFIP2 K/E GRIA3 R/G-1 0.6623 1.500E-03 3.404E-03
GRIA2 R/G GRIA3 R/G-1 0.5932 5.800E-03 1.267E-02
GRIK2 Q/R-17 HTR2CC 0.5235 1.240E-02 5.815E-02

Pearson’s correlation was calculated to quantify the linear dependencies between
editing at different sites, among all individuals. Biclustering was then used to identify
modules of tightly correlated sites. Shown are pairwise correlations between sites

contained in the two tightest clusters.
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Supplementary Figure 1 SNORD115 and SNORD116 sequence conservation. Multiple
sequence alignment of the 48 SNORD115 genes and 30 SNORD116 genes highlights the
conservation of their stem sequences (colored 5’ and 3’ ends). These regions served as
the basis for SNORD-specific PCR based selection.
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Supplementary Figure 2 PCR-based selection of 48 SNORD115 and 30 SNORD116 genes
yields two products of ~82bp and ~95bp respectively, shown for two independent
cerebellar samples in lanes 1 and 2. To enable direct inter-individual comparisons, a
synthetic SNORD was spiked into the reverse transcription reactions, shown in the right
lane. Note that this is an exaggerated amount of spike in presented for visualization
purposes.
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Supplementary Figure 3 Data summary. (A) Coverage. Shown is a boxplot of the number
of reads obtained per individual. (B) Clipped read length distribution. Detected SNORDs
are supported by bidirectional full length reads.
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Supplementary Figure 4 Method evaluation. Synthetic 454 reads were generated based
on empirically derived error rates for each of 100,000 randomly sampled SNORD115 and
SNORD116 Refseq sequences. One set of simulated 454 reads was used for method
development, whose main challenge was the high sequence similarity among paralog
members of the SNORD115 and SNORD116 clusters. Different considerations were
tested and tuned until a highly accurate quantification approach was identified, based
on the single best alignment of primer-to-primer inserts to 55 SNORD families defined
by their members’ cross-mapping. This approach was tested on two additional
independent simulated datasets, and found to be robustly accurate. Its mapping
accuracy is 99.37+0.02% and R’ goodness of fit to the true expression is 0.999+3.33e-05.
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Supplementary Figure 5 15q11 snoRNA expression can be described by a gamma

~

0.17 (95% CI1=[0.16,0.18]), and B =117.5 (95%

Cl=[101.3,136.2]). Expression was quantified at the SNORD family level, grouping highly

paralogous genes that cannot be confidently distinguished from one another

(Supplementary Table 2).

~

distribution with parameters «
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Supplementary Figure 6 Largely similar 15q11 snoRNA expression patterns between all

individuals with ASD (orange) and all neurotypical individuals (blue). The mean number

of reads relative to the spike in is shown per population + the standard error.

Subsequent unsupervised analysis showed a 2-fold upregulation of all SNORDs in male

cerebella, confounding this comparison. Consult Figure 4.
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Supplementary Figure 7 K-means clustering identifies four clusters that are mostly
separated by sex and affected status, suggesting that gender may be a strong factor
affecting SNORD expression. Shown is SNORD115 expression across individuals, in which
four groups were identified: the first cluster contains six individuals with ASD and two
controls, 75% of which are male; the second contains four neurotypical controls; the
third contains three males with ASD and one neurotypical male; the fourth contains five
neurotypical controls and one individual with ASD, 85% of which are female.
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Supplementary Figure 8 Individual log-transformed SNORD family expression in females
(purple) and males (gray). The log number of reads relative to the spike-in is shown for

each individual in each SNORD family. SNORD115-2, SNORD115-17;18;19, SNORD115-

30, SNORD115-31, SNORD115-34, SNORD116-3;9, SNORD116-8, SNORD116-22,

SNORD116-25, and SNORD116-29 were found to be significantly differentially

expressed at the group level.
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neurotypical males is underpowered. The trend of region-wide downregulation in ASD
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should be tested in a larger cohort of male brains. Compare to Figure 4 and

Supplementary Figure 9 Male-only SNORD expression in individuals with ASD (orange)
supplementary figure 6.

and neurotypical individuals (blue). A comparison of seven males with ASD to six
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Supplementary Figure 10 Similar HTR2C expression in individuals with ASD (orange) and
neurotypical individuals (blue). Gene core expression was measured on the Affymetrix
Exon 1.0 arrays in 22 of 25 samples. No differences in HTR2C expression were found. (A)
Log normalized expression signal between matched samples. (B) Mean HTR2C
expression per group, depicting a similar level of overall HTR2C expression between
individuals with ASD and neurotypical individuals.
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Supplementary Table 1 Sample info

RNA Other medical

No. SampleID  Source’® Barcode Di i e Se R PMI®  Storage . .
P 1agnosis Ag X ace g integrity issues of note
years days hours years days RIN® (besides autism)
1 1185 NICHD BTB 1CTRL Neurotypical 4 258 Male White 17 6 39 8.5 None specified
- 1284 NICHD BTB 9CTRL Neurotypical 3 123 Female Afrlc.an 11 5 185 8.4 None specified
. American
3 1349  NICHDBTB 1ASD Autism 5 220 Male  White a5 & 8 gu Aoowih
hyperactivity
. African -
4 1407 NICHD BTB 12CTRL Neurotypical 9 46  Female . 20 5 33 8.6 None specified
American
5 1499 NICHD BTB 12ASD® Neurotypical 4 170 Female Asian 21 5 204 8.2 None specified
6 1541 NICHD BTB 10CTRL Neurotypical 20 228 Female White 19 4 142 8.1 None specified

ADD, hyperactivity,
epilepsy, irregular
response to pain,

7 1638 NICHD BTB 10ASD Autism 20 277 Female White 50 3 272 8.4 schizophrenia, hearing
problems, sleeping
difficulty, abnormal
gait, microencephaly

8 1670 NICHD BTB 6CTRL Neurotypical 13 99 Male White 5 3 256 8 None specified
9 1706  NICHDBTB 12CTRL Neurotypical 8 214 Female ~1ncan 200 3 231 82  None specified
American
. African =
10 1793 NICHD BTB 2CTRL Neurotypical 11 270 Male . 19 3 40 8 None specified
American
11 1860 NICHD BTB 5CTRL Neurotypical 8 2 Male White 5 2 268 7.6 None specified
12 1864 NICHD BTB 8CTRL Neurotypical 2 178 Female White 8 2 250 7.9 None specified
13 4231  NICHD BTB 2ASD Autism g8 300 Male AN 15 1 289 79 None specified
American
: African o
14 4671 NICHD BTB 9ASD Autism 4 165 Female i 13 0 356 8.5 None specified
American
: African "
15 4721 NICHD BTB  3ASD Autism 8 304 Male . 16 0 324 8.1 None specified
American

242



4 . . b RNA Other medical
No. Sample ID Source Barcode Diagnosis Age Sex Race PMI Storage integrity issues of note
years days hours years days RIN® (besides autism)
16 4722 NICHD BTB 7CTRL Neurotypical 14 198 Male White 16 1 59 7.8 None specified
17 4787  NICHDBTB 3CTRL  Neurotypical 12 318 Male A’: ;':li;n 15 0 120 86  None specified
18 5144 HBTRC  4ASD Autism 20 Male  White 237 6 193 7.8  \iuligo, sleeping
difficulties per parent
19 5251 HBTRC ACTRL Neurotypical 19 Male White 186 4 95 7.2 None specified
Allergies, hyerlexia,
no/delayed reaction
20 5569 HBTRC S5ASD Autism 5 Male White 255 4 344 7.7 to heat, never felt
pain, sleeping
difficulty
HBTRC Epilepsy, syndactyly,
21 5666 6ASD Autism 8 Male White 222 4 230 7.5 negative for Timothy
syndrome testing
22 6399 HBTRC 8ASD Autism 2 278 Male White 4 2 130 8.2 None specified
23 6736 HBTRC 11CTRL Neurotypical 4 Female Unknown 17.02 1 49 8 None specified
High tolerance to
24 7002 HBTRC 11ASD Autism 5 Female Unknown 33 0 77 8.2 pain, vision problems
"lazy eye"
Asperger Syndrome /
25 7079 HBTRC 7ASD Autism 15 Male  Unknown 4 7.7 high functioning

autism

® NICHD BTB, National Institute of Child Health and Human Development Brain and Tissue Bank; HBTRC, Harvard Brain Tissue
Resource Center.
® PMI, post-mortem interval.
°RIN, RNA integrity number as determined by the Agilent 2100 Bioanalyzer.
? Neurotypical sample sequenced in the ASD pool.
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Supplementary Table 2 SNORD family definitions

Three layers of redundancy are color-coded in red, green, and grey. Red are perfect

paralogs (exact duplicate genes). In green

are genes whose primer-to-primer sequence

is identical. In gray are genes with 99% similarity that could not be confidently
distinguished from one another in the simulations. The remaining 85% of the SNORD

families contain a single gene.

SNORD Family

Members

SNORD116-1

SNORD116-1

SNORD116-2;6

SNORD116-2, SNORD116-6

SNORD116-3;9

SNORD116-3, SNORD116-9

SNORD116-4 SNORD116-4
SNORD116-5;7 SNORD116-5, SNORD116-7
SNORD116-8 SNORD116-8

SNORD116-10

SNORD116-10

SNORD116-11

SNORD116-11

SNORD116-12

SNORD116-12

SNORD116-13

SNORD116-13

SNORD116-14

SNORD116-14

SNORD116-15

SNORD116-15

SNORD116-16

SNORD116-16

SNORD116-17;19

SNORD116-17, SNORD116-19

SNORD116-18

SNORD116-18

SNORD116-20

SNORD116-20

SNORD116-21

SNORD116-21

SNORD116-22

SNORD116-22

SNORD116-23

SNORD116-23

SNORD116-24

SNORD116-24

SNORD116-25

SNORD116-25

SNORD116-26

SNORD116-26

SNORD116-27

SNORD116-27

SNORD116-28

SNORD116-28

SNORD116-29

SNORD116-29

SNORD116-30

SNORD116-30

SNORD115-1;13;16

SNORD115-1, SNORD115-13, SNORD115-16

SNORD115-2 SNORD115-2
SNORD115-3 SNORD115-3
SNORD115- SNORD115-4, SNORD115-5, SNORD115-6

4;5;6;9;10;11;12;14;15;22;26,;29;36;42;43

SNORD115-9, SNORD115-10, SNORD115-11

SNORD115-12, SNORD115-14, SNORD115-15
SNORD115-22, SNORD115-26, SNORD115-29
SNORD115-36, SNORD115-42, SNORD115-43

244




SNORD115-7

SNORD115-7

SNORD115-8

SNORD115-8

SNORD115-17;18;19

SNORD115-17, SNORD115-18, SNORD115-19

SNORD115-20

SNORD115-20

SNORD115-21;40

SNORD115-21, SNORD115-40

SNORD115-23

SNORD115-23

SNORD115-24

SNORD115-24

SNORD115-25

SNORD115-25

SNORD115-27

SNORD115-27

SNORD115-28

SNORD115-28

SNORD115-30

SNORD115-30

SNORD115-31

SNORD115-31

SNORD115-32

SNORD115-32

SNORD115-33

SNORD115-33

SNORD115-34

SNORD115-34

SNORD115-35

SNORD115-35

SNORD115-37

SNORD115-37

SNORD115-38

SNORD115-38

SNORD115-39

SNORD115-39

SNORD115-41

SNORD115-41

SNORD115-44

SNORD115-44

SNORD115-45

SNORD115-45

SNORD115-46

SNORD115-46

SNORD115-47

SNORD115-47

SNORD115-48

SNORD115-48
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