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ABSTRACT OF THE THESIS 

 

Whole Exome Sequencing Analysis of Individuals with Autism Spectrum Disorder 

By 

Andrea Lynn Procko 

 

Master of Science in Genetic Counseling 

 University of California, Irvine, 2016 

Professor John Jay Gargus, MD, PhD, Chair 

 

 

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder characterized by 

deficits in social communication and interaction and the presence of repetitive behaviors 

and or restricted interests.  ASD has heterogeneous genetic and environmental 

etiologies, but for most individuals with ASD the genetic cause is unknown.  

Determining the genetic factors contributing to an individual’s ASD phenotype is a goal 

in the clinic setting, as well as an important mechanism for understanding the broader 

pathology of ASD.  As part of a larger research study, individuals with ASD and some 

family members had whole exome sequencing.  For six probands with samples from 

both parents available, potential de novo variants were identified and assessed for their 

ability to contribute to the proband’s ASD phenotype.  Some variants were in genes 

previously associated with non-syndromic ASD, and variants in common pathways 

across different probands were identified, including those involved in axon guidance. 

For an additional proband an analysis of the chromosomal region identified as a small 

deletion by a clinical microarray was completed to assess if sequence level information 
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could contribute to the interpretation of this result. The analysis lessened the suspicion 

that this copy number variant contributed to the proband’s ASD phenotype.  Future 

analysis of this data set, especially inherited variants, will continue to identify biological 

processes that affect the complex ASD phenotype. As an emerging technology in the 

genetics clinic and as a research tool, whole exome sequencing will contribute to our 

understanding of ASD and identify genetic targets for future discovery, diagnostics, and 

therapeutics.   
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INTRODUCTION 

 

AUTISM SPECTRUM DISORDER 

The first descriptions of “autism” came in the 1940s from Hans Asperger, a pediatrician 

at University Children’s Hospital in Vienna (Asperger, 1944), and Leo Kanner, a 

psychiatrist and founder of the first academic pediatric psychiatry department at Johns 

Hopkins University (Kanner, 1943).  Even then, the two presented divergent views of 

this disorder, with Asperger describing a relatively common condition with individuals 

along a continuum of severity and Kanner describing a rare and more severe form of 

pediatric psychosis (Green, 2015).   

 

The American Psychiatric Association (APA) first recognized “autism” as a distinct 

diagnosis and outlined diagnostic criteria in the third edition of the Diagnostic and 

Statistical Manual of Mental Disorders (DSM) (APA, 1980).  The current clinical 

definition of autism is outlined by the DSM-V [APPENDIX A].  The new definition 

combines four previously delineated conditions (including autism, Aspergers disorder, 

childhood disintegrative disorder, and pervasive developmental disorder not otherwise 

specified (PDD-NOS)).  Instead, a single condition, Autism Spectrum Disorder (ASD), is 

described with varying presence and severity of symptoms for individuals on the 

spectrum (APA, 2013).  Despite the range, common deficits in two core domains 

persist:  (1) social communication and interaction and (2) restricted, repetitive behavior, 

interests, or activities (APA, 2013), and the diagnosis of ASD requires that both 

symptoms be present in the early developmental period.  Individuals can present with or 
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without intellectual and language impairments.  In addition, there are other medical 

comorbidities that can be associated with ASD, discussed further below.     

 

In the United States of America, the prevalence of ASD is estimated at 1 in 68 (ADDMN, 

2014).  This estimate comes from eight-year olds at 11 sites across the US using a 

combination of evaluations performed by medical providers in the community and 

records of special education services in public schools.  There is an increasing trend in 

the number of diagnoses in the US, summarized in Figure 1.  Possible explanations for 

this trend include improved recognition and diagnosis as well as changes to the 

classification schema; however, it is not clear if there is also a true increase in the 

number of people affected (Newschaffer et al., 2007).  ASD occurs in all racial, ethnic, 

and socioeconomic groups, and it is approximately five times more common in males 

than females (ADDMN, 2014).   

 

 

Figure 1:  Prevalence of ASD in the United States.  The prevalence of ASD has 
increased according to the CDC’s ADDM Network (CDC, 2015). 
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Currently, there is no cure for ASD, and there is no pharmacological therapy for the core 

domains.  There are limited interventions and symptomatic treatments available for 

individuals diagnosed with ASD.  Fortunately, applied behavior analysis (ABA) therapy 

has been shown to improve communication and social skills as well as manage problem 

behavior for many individuals with ASD, but ABA is most effective when implemented 

early in development (Vismara, 2010). 

 

CLINICAL PHENOTYPE OF ASD 

CORE DOMAINS 

The diagnosis of ASD requires deficits in the two core domains, as introduced above 

and described in the DSM-V (APA, 2013).  While there is a cutoff for the severity of 

these symptoms to be diagnosed with ASD, it is set at a threshold for “clinically 

significant impairment”, and the severity of symptoms for individuals can range 

significantly (APA, 2013).    

 

Firstly, social communication and interaction are impacted, potentially including deficits 

in social-emotional reciprocity; nonverbal communicative behaviors; and developing, 

maintaining, and understanding relationships (APA, 2013).  Examples of behaviors 

range within each category and can include reduced sharing of interests, abnormal eye 

contact, and difficulties making friends.  More severely affected individuals may 

demonstrate a failure to initiate social interactions, an absence of facial expressions and 

non-verbal communication, and a lack of interest in peers.   
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The second core domain consists of restricted, repetitive patterns of behavior, interests, 

or activities (RRBs).   An individual with ASD may display behaviors including lining up 

of objects, echolalia, rigid routines or patterns (with notable distress when not adhered 

to or during transitions), intense and focused interest, and hyper- or hyposensitivity to 

sensory input.  Similarly, these can range in their severity and impact on an individual’s 

ability to function in social and occupational realms.   

 

COMORBIDITIES  

In addition, there are characteristic comorbidities that affect some individuals with ASD.   

Regression of developmental milestones can be a red flag for additional screening; 

however, it is only noted in approximately 30% of individuals (Werner and Dawson, 

2005).  Many, but not all, have intellectual disability with an IQ less than 70 

(Newschaffer et al., 2007).  Up to 60% of individuals with ASD also have intellectual 

disability (Vivanti et al., 2013).  Using the previous DSM subcategories, the prevalence 

of intellectual disability was highest in individuals with autistic disorder (66.7%) 

compared with individuals with PDD-NOS (12%) and Asperger disorder (0%), and the 

severity of intellectual disability seen also correlated with the severity of ASD 

subcategory (Chakrabarti and Fombonne, 2005).  Some individuals have severe 

tantrums and/or self-injurious or outwardly aggressive behaviors (Baghdadli et al., 2003; 

McClintock et al., 2003).  Sleep disorders are also common (Polimeni et al., 2005; 

Richdale, 1999).  Neurological findings can include seizures (in approximately 25% of 

individuals) (Spence and Schneider, 2009; Tuchman, 2006).  Microcephaly or 
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macrocephaly is also seen in many cases (Fombonne et al., 1999; Lainhart et al., 1997; 

Miles et al., 2000).   

 

DIAGNOSIS OF ASD 

The diagnosis of ASD is exclusively clinical and requires a detailed assessment of an 

individual’s behavior and development.  The process of diagnosis is divided into two 

steps: (1) developmental screening and (2) comprehensive diagnostic evaluation 

(Council on Children With Disabilities, 2006).  Developmental screening is a normal part 

of any child’s assessment during well-child visits with a pediatrician, including 

interviewing parents/caregivers or interacting with the child to assess if there are delays 

in developmental milestones.  The American Academy of Pediatrics recommends that 

developmental surveillance happen at all visits in addition to standardized screening at 

least during the 9, 18 and 30 month check-ups (Council on Children With Disabilities, 

2006).  If concerns are raised by this screen, diagnostic tools can be used to further 

evaluate the child’s behavior and development and are often administered by a 

specialist: potentially a developmental pediatrician, pediatric neurologist, child 

psychologist or psychiatrist, geneticist, or early-intervention program.   

 

Different diagnostic tools, models, and behavioral scales exist to help standardize the 

assessment.  They can include observation of patients or interviews with their parent(s).  

One example, the Autism Diagnostic Observation Schedule (ADOS), consists of a semi-

structured, standardized assessment evaluating social interaction, communication, play, 

and imaginative use of materials (Lord et al., 2000; Lord et al., 1989).  There have been 
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multiple versions of the ADOS over time, with improvements designed to address 

difficulties assessing individuals with different abilities in expressive language.  The 

ADOS-II, the current version and the one used in this study, has four modules designed 

to match the verbal and communication abilities of the testee (Lord et al., 2012).  A 

quantitative score is assigned to the assessment, as well as sub-scores for social 

communication and restricted, repetitive behaviors.  Classification of “Autism” or “Autism 

Spectrum” is given if the score exceeds the set thresholds and “Non-ASD” if it does not.     

  

There may be evidence of ASD noted by parents or medical professionals in a child 18 

months old or younger.  Diagnosis at age 2 years old can be considered robustly 

reliable; however, if discordant, later evaluations are more likely to show a decrease in 

the severity of symptoms than increase and potentially remove the diagnosis (Kleinman 

et al., 2008; Lord et al., 2006).  Still, many children don’t get a final diagnosis until they 

are significantly older.  This delay means children with ASD may not get the early 

intervention they need to achieve their personal best (Filipek et al., 2000).   

 

ETIOLOGY OF ASD 

Despite the successful effort to standardize the diagnosis of ASD, an immense amount 

of clinical heterogeneity exists within the diagnosis, reflecting the variety of possible 

etiologies.  It is well documented that there is a genetic contribution to the etiology of 

ASD.  Even Kanner noted that some of the traits seen in his observations were 

noticeable in the parents as well (1943); however, this was initially misinterpreted for a 

strictly environmental influence (Green, 2015).  The inheritance pattern of ASD, 
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however, is typically not a Mendelian, single-gene mode.  Instead, a complex 

inheritance pattern is hypothesized for most individuals with contributions from multiple 

genes, as well as some environmental influences.  In fact as of December 2015, the 

Human Gene Module of SFARI Gene, a publicly available database of human genes 

with published associations with ASD, lists 791 genes, although different genes and 

their associated polymorphisms vary widely in the strength of their evidence and 

penetrance (Banerjee-Basu and Packer, 2010; SFARI, 2015).   

 

Evidence for genetic links to ASD includes the relative risk in families seen in twin 

studies and sibling recurrence risks.  In British twin studies, monozygotic twins were 

found to be concordant for their ASD diagnosis (60-92%) significantly more frequently 

than dizygotic pairs (up to 10%) (Bailey et al., 1995; Colvert et al., 2015; Folstein and 

Rutter, 1977).  Recent estimates for the heritability of ASD are approximately 50% 

(Gaugler et al., 2014).  For ASD with no specific known etiology, the empiric recurrence 

risk for a future sibling is elevated, but the specific risk ranges from approximately 5-

20% in different studies (Constantino et al., 2010; Gronborg et al., 2013; Ozonoff et al., 

2011) and depends on factors including the sex of the proband (Sumi et al.).   

 

In addition, individuals with specific genetic syndromes are at increased risk for having 

ASD.  The most common single-gene disorder associated with ASD is fragile X 

syndrome (FXS) (Coffee et al., 2009).  FXS is caused by expansions of an unstable 

CGG-repeat sequence (≥200 repeats) in the promoter region of the FMR1 gene on the 

X chromosome which causes gene expression to be silenced.  Individuals with FXS can 
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have intellectual disability, characteristic facial features, and behavioral issues.  Both 

males and females can be affected; however, the phenotype is less penetrant and often 

less severe in women, due to a combination of their heterozygous state and X-

chromosome inactivation.  Approximately 20-25% of individuals with FXS also have a 

diagnosis of ASD, with a sex-ratio (4 males:1 female) similar to that seen in all 

individuals with ASD (Hatton et al., 2006).   

 

Individuals with Tuberous Sclerosis (TSC) have non-malignant growths in different 

organs of their body, including the brain, eyes, skin, and heart, as well as others.  Most 

individuals with TSC will have seizures, and many have intellectual disability, 

developmental delay, and sometimes ASD (a large range reflecting the clinical 

variability seen in TSC itself, up to approximately 50-60%) (Baker et al., 1998; Jeste et 

al., 2008).  Mutations in two genes, TSC1 and TSC2 are causative of TSC; however, 

mutations in TSC2 are more likely to be associated with ASD (Numis et al., 2011).  

Interestingly, males and females with TSC are equally likely to have ASD (Curatolo et 

al., 2004; Vignoli et al., 2015). 

 

In addition to FXS and TSC, there are many other well-characterized genetic conditions 

which confer an increased risk of ASD compared to the general population, including 

Down syndrome, Rett syndrome, and PTEN Hamartoma Tumor syndrome (Cohen et 

al., 2005; Muhle et al., 2004).  Some microdeletion and microduplication syndromes, 

including 15q11-13 duplication of the maternal allele in Prader Willi syndrome and 

microdeletion/duplication of 16p11.2, have an increased association with ASD as well 
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(Baker et al., 1994; Fernandez et al., 2010; Weiss et al., 2008).  ASD can also occur as 

a consequence of inborn errors of metabolism, including phenylketonuria, Smith-Lemli-

Opitz syndrome, and mitochondrial disease (Gargus and Imtiaz, 2008; Lombard, 1998; 

Palmieri and Persico, 2010; Pons et al., 2004; Zecavati and Spence, 2009).  While 

these well-studied disorders are incredibly powerful for understanding some cases of 

ASD, such syndromic forms combined account for less than 30% of ASD cases, and the 

penetrance of the ASD phenotype varies widely among them (Cohen et al., 2005; Muhle 

et al., 2004; Schaaf and Zoghbi, 2011). 

 

By contrast, non-syndromic ASD, sometimes called idiopathic, describes cases where 

ASD is the primary diagnosis, not secondary to an existing condition or diagnosis with a 

well-known genetic etiology as described above.  While traditionally ASD is described 

as not having defining physical features, within this subgroup of non-syndromic ASD 

approximately 20% of individuals have significant dysmorphology, sometimes 

distinguished as “complex autism” in contrast to “essential autism” (Miles et al., 2005).  

However, there is still significant heterogeneity within these two groups. 

 

For individuals with non-syndromic forms of ASD, there are a growing number of 

identified genomic regions and specific genes for which there are known variants 

associated with susceptibility to developing ASD.  These have been identified through 

many studies, especially through studying copy number variations (CNV) as well as 

single nucleotide variations in large samples of individuals with ASD.  Overall, these 

mutations can be categorized along a spectrum from common variants with relatively 
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small effect sizes to rare variants with larger effect (Anney et al., 2012; De Rubeis and 

Buxbaum, 2015; Gaugler et al., 2014; Veenstra-Vanderweele et al., 2004). Rare 

variants can be inherited from unaffected parents or arise de novo in an offspring (De 

Rubeis et al., 2014; Iossifov et al., 2014; Krumm et al., 2014).  Many of the CNVs 

identified are seen more frequently in individuals with ASD but also present in controls 

(Sebat et al., 2007; Zhao et al., 2007).  Studies looking at changes in sequence-level 

variation (single nucleotide substitutions or small insertions and deletions) show that 

individuals with ASD have significantly more de novo mutations than their unaffected 

siblings, especially those predicted to cause a loss of function (0.13-0.21 per individual 

with ASD compared to 0.09-0.12 for their siblings)  (Iossifov et al., 2014; Samocha et 

al., 2014).  This wide array of etiologies which are not mutually exclusive for any given 

individual with ASD and the lack of penetrance in unaffected individuals make it a 

challenge to advance past idiopathic to a molecular diagnosis, despite the well 

documented genetic contribution to ASD.   

 

ASD IN THE GENETICS CLINIC 

ASD remains a common referral indication in a pediatric genetics clinic, as well as a 

discussion point in many genetic counseling sessions when reviewing family history 

information.  A complete clinical genetics evaluation is recommended to assist in 

determining the diagnostic etiology, including three-generation pedigree and clinical 

examination for dysmorphic features, and if indicated, metabolic/mitochondrial testing, 

brain magnetic resonance imaging (MRI) or other testing (Schaefer and Mendelsohn, 

2013).  If indicated, testing for specific syndromic etiologies can be recommended.  For 
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example, Fragile X testing should be considered in any individual with intellectual 

disability, developmental delay or ASD that is consistent with X-linked inheritance 

(Sherman et al., 2005).  Importantly, this requires an assay that can distinguish the 

number of trinucleotide repeats, which is not a capability of most genome-wide genetic 

testing.  MECP2 sequencing for Rett syndrome is indicated in all females with ASD, and 

duplication testing in males, if they have a suggestive phenotype (Schaefer and 

Mendelsohn, 2013).  However, since the large majority of individuals with ASD will fall 

into the non-syndromic category, less targeted, genome-wide investigations (e.g. 

chromosome analysis via karyotype, chromosome microarray, whole exome 

sequencing) may discover genetic etiologies for some of the remaining individuals.   

 

Cytogenetic chromosome analysis, also referred to as a karyotype, involves looking at 

the chromosomes underneath a microscope to identify large scale deletions, 

duplications, or rearrangements.  Diagnostic yields have increased with continuously 

improving cytogenetic technology and resulting increasing resolution, but the yield is still 

approximately 3% (Reddy, 2005; Shen et al., 2010; Shevell et al., 2001). 

 

Chromosomal microarrays (CMA), first array-comparative genomic hybridization and 

now including single-nucleotide polymorphism (SNP) arrays, allow submicroscopic 

resolution for deletions and duplications (also called copy number variations).  SNP 

arrays also detect runs of homozygosity that are longer than expected, which can be 

helpful for identifying regions of interest for recessive conditions or imprinting disorders.  

The diagnostic yield for CMA varies in different studies, partially because of the 
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continuing improvement of array resolution. Amalgamating recent studies estimates a 

10% diagnostic yield for an unselected population of individuals with ASD and almost 

30% for individuals who also have seizures, physical findings (e.g. microcephaly, 

congenital anomalies, or other dysmorphic features), or family history of developmental 

disabilities or psychiatric problems (Schaefer and Mendelsohn, 2013).   

 

After studies showed the improved diagnostic yield for individuals with non-syndromic 

ASD when using CMA over karyotype (Shen et al., 2010), the American College of 

Medical Genetics recommended offering CMA as first-tier testing for individuals with 

ASD, as well as those with developmental delay, intellectual impairment, and multiple 

congenital anomalies (Miller et al., 2010).  Karyotype is now primarily reserved for 

individuals for whom there is a high suspicion for aneuploidy or an inherited 

chromosomal rearrangement (e.g. Turner syndrome or a translocation).   

 

EMERGING GENETIC TESTING FOR ASD  

As new genetic testing technology becomes clinically available, its utility in clinical 

testing for ASD diagnosis and susceptibility will inevitably be assessed.  This has 

recently occurred with the development of massively-parallel sequencing (also known 

as next-generation sequencing) and the availability of clinical exome sequencing (or 

whole-exome sequencing, abbreviated WES).  Massively-parallel sequencing involves 

taking an individual’s DNA to generate a library of DNA fragments by clonal 

amplification, sequencing the fragments using chemistry that can produce a fluorescent 

signal (e.g. pyrosequencing or reversible dye terminators), and assembling the 
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generated reads bioinformatically based on a reference sequence to identify changes in 

the base pair sequence (including substitutions and depending on the technology, 

certain sizes of insertions and deletions).  The regions interrogated by the analysis are 

determined by an initial targeted-capture step, which can allow for the analysis of genes 

of interest (e.g. clinically available panel testing for conditions where multiple genes may 

be clinically relevant) or a wider analysis of all the protein-coding regions using WES.   

 

Since 2011, clinical WES has been available from multiple clinical testing laboratories 

(Farwell et al., 2015; Lee et al.; Yang et al.).  One demonstrated a detection rate of 

approximately 20% for the first 49 samples submitted with a primary indication of ASD 

(Farwell et al., 2015); however, this may reflect a bias in the first cases submitted after 

the technology became available being more likely to get a diagnosis.  Because of the 

large number of variants that are identified using WES, providing samples from other 

family members (most commonly a “trio” with the proband and both biological parents) 

is encouraged and does increase the diagnostic yield significantly, from 21-22% to 31-

37% across all referral indications in two independent studies (Farwell et al., 2015; Lee 

et al., 2014).   

 

A recent study from the Canadian province of Newfoundland and Labrador took a 

consecutive population of individuals diagnosed with ASD and compared the diagnostic 

yields of CMA and WES (Tammimies et al., 2015).  For the 258 probands in the study, 

all had CMA, while a randomly-selected subset of 95 proband-parent trios also had 

WES.  The overall diagnostic yield for CMA was 9.3%, consistent with other studies, 
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and 8.4% for WES.  Interestingly, of the 95 participants who received both, 2% received 

diagnoses from both methodologies, reiterating their complementary nature.  Since the 

yields were similar, some argue that if future studies support this finding, a 

recommendation for WES as an additional first-line test will be logical (Miles, 2015), 

especially for children with more complex morphological phenotypes who had the 

highest yield (24.5% for CMA and 16.7% for WES) (Tammimies et al., 2015).  However, 

there remain questions about the relative causative nature of many of the genetic 

changes identified by these genome-wide genetic testing technologies as well as their 

clinical utility.  

 

Eventually, the menu of testing options from clinical laboratories will expand.  Clinical 

whole genome sequencing (using massively parallel sequencing techniques) is already 

available, though not widely utilized in genetic clinics.  Some experts predict that 

regulatory regions that affect transcription quantitatively, like promoters and enhancers, 

will be important to understanding ASD (Stein et al., 2013).  Other technologies will also 

likely emerge to address the limitations of current technologies.  In order for these tests 

to be utilized efficiently, accurately, and ethically in the future, a concerted effort to 

understand the etiologies for individuals with ASD must be made. 

 

THE IMPORTANCE OF DETERMINING ETIOLOGY 

While the criteria and diagnostic tools allow for a systematic diagnosis of ASD in 

affected individuals and genetic testing can help identify the etiology for some, the 

underlying cause of ASD is not determined for a large proportion of individuals 
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diagnosed (Schaefer and Mendelsohn, 2013).  There are several important reasons 

why determining the genetic and molecular etiology of an individual’s autistic traits may 

be valuable.   

 

For the patient and patient’s family, the benefits of early diagnosis and the ability to 

prevent or screen for any associated medical risks can be a significant impetus for 

identifying the cause.  Early detection, of course, allows for early intervention, which can 

improve outcomes (Dawson and Bernier, 2013).  Even in the absence of this potential 

for improved outcomes, families may benefit from the “end to the diagnostic odyssey” 

that comes with an answer (Lenhard et al., 2005; Makela et al., 2009), and there are 

certainly benefits, including medical, psychological, and financial, to ending additional 

diagnostic testing once an explanation is found.  For some individuals, their diagnosis 

may also raise additional medical concerns and associated changes to medical 

management.  For others, the information will not impact management, but may still 

provide benefit.  In a study looking at the perceptions of parents receiving CMA results, 

twelve of eighteen parents whose child with ASD received a negative result (with no 

informative changes identified for their child) found the results at least “moderately 

helpful” (Reiff et al., 2015). 

 

A genetic diagnosis also allows for a refinement of the genetic counseling offered to the 

patient and patient’s family.  This includes a recurrence risk beyond a general 

multifactorial explanation with a generic empiric recurrence risk.  A molecular diagnosis 

will often allow for targeted testing for family members as well, including prenatal 
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testing.  However, the reduced penetrance and potential range of severity make any 

predictive testing complicated.  Still when surveyed, most parents of a child with ASD 

(80%) would test younger siblings pre-symptomatically to identify potential risk (Narcisa 

et al., 2013).   

 

Ethical concerns for clinical genetic testing for ASD exist, especially presymptomatically 

(including prenatally) given incomplete penetrance and variable expressivity of most 

genetic contributions.  Also, the delay between identification of such risk factors using 

genetic testing and the development of clinical utility of those results through proven 

treatments or interventions is challenging (McMahon, 2006).  However, clinical genetic 

testing laboratories are already offering clinical tests for genes associated with 

increased risks of non-syndromic forms of ASD, so preparing for the counseling that 

families need to understand this complexity and ambiguity will be a clinical challenge 

until the benefits of these discoveries are translated into treatment.      

 

From a research standpoint, further understanding of the genetic causes of ASD may 

provide opportunities to develop tools for additional investigation (including cell lines 

and model organisms) and targets for diagnostic tests and treatments.  A refined 

diagnosis also allows for any clinical investigations of interventions and treatments to be 

assessed in more homogenous populations, eliminating some confounding variables.  

An analogous trajectory has been followed in the understanding of cancer which was 

initially thought of as a single, monolithic condition before being divided by the source 

tissue of the tumor (e.g. breast or colon cancer), and is now thought of with increasing 
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molecular resolution in terms of diagnosis, prognosis, and treatment (e.g. PARP 

inhibitors used for chemotherapy for individuals with germline mutations in BRCA 

pathway genes) (O'Connor, 2015).  While the intricate neurodevelopmental processes 

involved in ASD will make this analysis complex, eventually improved understanding will 

enable many individuals with ASD to have their condition categorized by its molecular 

underpinnings.    

 

SUMMARY OF RESEARCH PROGRAM 

This thesis is part of an already existing research program at University of California, 

Irvine, entitled “Neurobiology and Genetics of Autism”, approved by the Institutional 

Review Board (HS#1996-616). 

 

In its current format, the study enrolls participants who are recruited by UCI clinical 

faculty from their clinics, referred to the study by other clinicians, or self-referred. Most 

of these participants have a clinical diagnosis of ASD and some have a previously 

identified genetic diagnosis or abnormal genetic test result (e.g. CNV identified by 

clinical microarray).  To broadly characterize the phenotype of the individuals who 

choose to participate, several assessments are completed and biological samples are 

obtained during their visit(s).  Assessments include an ADOS and IQ test, an EEG, and 

an assessment of sleep quality.  Biological samples include saliva and breath samples 

as well as blood and urine for routine metabolic testing.  The blood is also used to 

extract DNA for whole exome/genome sequencing, and parents or siblings who consent 

to the protocol provide a blood sample as well in order to improve the interpretation.  
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After the participant’s visit, a medical record abstraction is completed and a family 

history is obtained.  In total, this allows for a thorough description of each participant’s 

ASD phenotype to be correlated with the genotype findings.   

 

AIMS OF THIS STUDY 

Specifically for this thesis, an analysis of the initial whole exome sequences completed 

so far will be the focus:   

• The first aim of this study is an unbiased analysis of sequence data from probands 

for whom a trio is available to identify de novo changes (e.g. predicted heterozygous 

dominant autosomal changes in males and females and hemizygous X-linked 

changes in males).  These are then assessed to identify mutations with potential 

impact on participants’ ASD phenotypes.   

• The second aim is an analysis of a specific participant, AU0237-0201, for whom 

there is a deletion of a region on chromosome 3 that was identified by a clinical 

microarray ordered for the proband.   

This combination of unbiased and targeted analyses will build a foundation for a dataset 

that will continue to be a resource as more of the phenotypic information is compiled 

and further analyses of this extensive genomic data are endeavored.  
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METHODS 

 

NEUROBIOLOGY AND GENETICS OF AUTISM STUDY 

Between the dates of July 2014 and March 2015, twenty-five probands and their 

available parents were consented and enrolled into the University of California, Irvine’s 

Autism Research Project (UC Irvine IRB# 1996-616).  The families were referred from 

various sources, including the original cohort of previous participants and new referrals 

by faculty physicians.  For those families who were willing, the study was described to 

them in person or over the phone, and consent documents were sent in advance for 

review.  If the family showed continued interest, they were scheduled for a visit at the 

Institute for Clinical and Translational Science on UC Irvine’s campus.   

 

A unique identification (ID) number was assigned to each participating individual.  This 

consists of a unique family ID, followed by a number for each individual within the 

family.  For example, in family AU0002, the proband is assigned AU0002-0201 as the 

first born child of father (AU0002-0101) and mother (AU0002-0102).  These anonymous 

IDs were used to identify all samples collected. 

 

For most participants, a daylong visit was organized to allow for an in-person consent 

process [APPENDIX B], collection of biological samples (blood from proband and 

available parents, urine, breath, and saliva), and phenotype assessments including 

ADOS, IQ test, electroencephalography (EEG), and sleep assessment (including 

questionnaire and actigraph readings taken at home).  IQ was assessed using either the 
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Wechsler Abbreviated Scale of Intelligence, Second Edition (WASI-II) or Mullen Scales 

of Early Learning (MSEL). WASI-II is an abbreviated, standard IQ measurement tool 

which provides a normalized IQ score as well as subscores in verbal comprehension 

and perceptual reasoning (Wechsler, 2011) and was used for most probands ages 6 

and above. MSEL focuses on early development (including visual reception, fine motor 

skills, receptive language and expressive language) to calculate a normalized Early 

Learning Composite score (Mullen, 1995).  MSEL was used for younger probands and 

those with speech delays for whom the WASI-II was not appropriate.  Both normalized 

scores have a mean of 100 and a standard deviation of 15; score below 70 indicates 

intellectual disability (50-69 mild, 35-49 moderate, 20-34 severe, and below 20 

profound) (Tylenda et al., 2007).         

 

The families selected to have whole exome sequencing (WES) in the first batch were 

chosen by the research team based on criteria including preferences for trios and 

absence of previous WES done for proband.  For WES analysis, DNA was extracted 

from blood samples using standard techniques and sent to the Broad Institute for 

exome sequencing.  Standard protocols for exon capture, amplification, and sequencing 

were used (as in Samocha et al., 2014).  Sequence reads (mean length of 76bp across 

all samples) were processed and mapped to the reference genome (hg19/GRCh37) 

using Picard and Burrows-Wheeler Aligner (DePristo et al., 2011; Li and Durbin, 2010).  

Single nucleotide polymorphisms and small insertions and deletions were called using 

Genome Analysis Tool Kit (GATK), including calculating GATK Variant Quality Score 

Recalibration (VQSR) (DePristo et al., 2011; McKenna et al., 2010).  
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The Broad Institute provided individual Binary Alignment/Map (BAM) files and a variant 

call format (VCF) file with all of the samples combined.  Individual VCF files were 

created using Galaxy software (usegalaxy.org; Afgan et al., 2016).  The variants 

identified were then filtered in VarSeq software (Golden Helix, 2016) as described 

below. 

 

AIM I: FILTERING AND CHARACTERIZATION OF POTENTIAL DE NOVO 

VARIANTS 

The first aim of this study is an analysis of all the variants identified for probands for 

which a trio is available, looking for de novo changes (e.g. predicted heterozygous 

dominant autosomal changes in males and females and hemizygous X-linked changes 

in males) for mutations with potential impact on participants’ ASD phenotypes.     

 

Using VarSeq software, a workflow for trios was developed to identify plausible de novo 

variants (Golden Helix, 2016).  The quality threshold of the variant required more than 

10 reads and a genotype quality (GQ) score of more than twenty.  The minor allele 

frequency (MAF) in the population was required to be less than 0.01; although, if the 

MAF was not known, then the variant was still included.  The effect of the variant had to 

be either loss of function (including frameshift mutations and mutations affecting 

splicing) or missense.  Finally, the variant had to be present in the proband’s genotype 

but absent from both parents’ determined genotypes.     
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Variants were further filtered by criteria to prioritize variants with a higher likelihood of 

being accurate as well as potentially interesting de novo variants.  Variants in the mucin 

family genes (MUC) were excluded because their evolutionary history of recent gene 

duplication (Chaturvedi et al., 2008) can increase the chance of false-positives when 

reads are erroneously mapped to a paralog.  By contrast, variants in the human 

leukocyte antigen (HLA) gene family on chromosome 6 were excluded because 

variation at this locus is very common and inherent to the immune system function of 

these genes.  These exclusions were therefore practical, and not meant to assert that 

these genes have no role in ASD phenotypes.  In fact, non-antigen presenting portions 

of the HLA region have been proposed as contributing to ASD for some individuals 

(Torres et al., 2012), and a subsequent analysis of these variants could be a future 

research goal.         

 

Because a germline heterozygous mutation would be expected to have an allele 

frequency of fifty percent, those variants found at an alternate allele frequency of more 

than twenty-five percent were prioritized and those with less were excluded. Variants 

with lower allele frequencies may represent errors or mosaicism in the individual, 

possibly due to somatic mutations.  These may contribute to the ASD phenotype of an 

individual; however, their effect is more difficult to predict, especially without determining 

the level of mosaicism in different tissues.   

 

The Variant Quality Score Recalibration (VQSR) filter included in the VCF file 

processing was used to identify variants that passed the filter (“PASS”) (McKenna et al., 
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2010).  This filter gives a comprehensive score to several quality metrics including the 

number of reads covering a variant, the sequence surrounding the variant, and the 

number of reads in forward vs. reverse orientation.  Restricting this initial analysis to 

only “PASS” variants maximized specificity.     

 

While the VarSeq software’s de novo workflow had a restriction of minor allele 

frequency less than 0.01, many of the variants were not assigned a frequency by the 

software, and upon inspection, some were not consistent with available databases.  

Therefore, the MAF for remaining variants was confirmed by consulting databases, 

including the Exome Aggregation Consortium (ExAC) database, which compiles exome 

data from 60,706 unrelated individuals from various large scale studies, including 

population genetic studies and disease-specific databases (Lek et al., 2016).  Pediatric 

disease subjects are excluded.  Those variants with MAFs above 0.05 were excluded 

assuming that most de novo variants would be rarer in the population than that 

threshold.  

     

Finally, the remaining variants were assessed to determine the quality of the variant as 

well as the likelihood that it influences the ASD phenotype of the proband.  The 

predicted effect of the variant on the protein was estimated using available tools, 

including (i) modeling estimates of the effect of the variant on the protein, (ii) the 

location of the variant in relation to the functional domains of the protein, (iii) the 

expression pattern of the protein within human tissues, and (iv) the mutation constraint 

score for the gene.   
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(i) The Condel and Provean algorithms model the severity of the effect of a 

specific variant on the protein combining various other tools that factor in 

conservation of the affected amino acid in homologs and known protein 

domains and assigning either a “neutral” or “deleterious” effect (Choi et al., 

2012; Gonzalez-Perez and Lopez-Bigas, 2011).  Condel was used for all 

missense mutations, and Provean was used for all deletions or insertions of 

amino acids, since this is not a function of Condel.   

(ii) The location of the variant within the known or predicted functional domains of 

the protein was assessed using the database Uniprot (Uniprot Consortium, 

2015) or other primary literature about the protein structure. 

(iii) The expression pattern of mRNA and protein for the genes was also 

assessed (i.e. presence in brain tissues, especially embryonically) (Uhlen et 

al., 2015). 

(iv) The mutation constraint assigns a z-score representing the difference 

between the observed and expected number of mutations for synonymous, 

missense, and loss-of-function mutations for a given gene (Lek et al., 2016). 

The biological function, if predicted or known, of the gene affected was researched 

using databases, including PubMed (ncbi.nlm.nih.gov/pubmed), GeneCards 

(genecards.org), and Online Mendelian Inheritance in Man (OMIM; omim.org).   

 

Some additional variants were removed for quality concerns or lack of evidence for their 

ability to contribute to an individual’s ASD phenotype.  For example for genes with no 

known or predicted function, the inclusion of the variant in the priority list depended on if 
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the protein was seen in brain tissues in the Human Protein Atlas database (Uhlen et al., 

2015).  However, this assessment can be revisited in the future as more is known about 

those genes’ functions because some may influence brain development and ASD 

phenotypes from afar.  The variants removed by this filter (“Other”) as well as the 

prioritized variants for each proband are detailed more in the “Results” section. 

 

AIM II: TARGETED ANALYSIS OF PROBAND BASED ON CLINICAL FINDINGS 

The second aim of this study is a targeted analysis looking for variants for proband AU0237-

0201.  Samples for this proband and her mother (AU0237-0102) were submitted for analysis as 

a “duo”.  A clinical microarray was previously ordered for this proband by her clinician and 

showed an approximately 371 kb loss on chromosome 3 at q25.32 (arr [hg19] 3q25.32 

(158,405,216-158,776,705) x1).  Given this result, any mutations identified in this region by the 

research whole exome sequencing would be hemizygous.  Therefore, the variants identified in 

this region were further characterized for the possibility that they contribute to this proband’s 

ASD phenotype. 

 

The coordinates from the clinical microarray were used as a filter in the VarSeq program to 

identify variants for the proband and her mother in the region of this deletion (Golden Helix, 

2016).  Those variants that were not present in the proband or her mother were removed.  The 

remaining variants are described in the Results section. 
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RESULTS 

 

AIM I: FILTERING AND CHARACTERIZATION OF POTENTIAL DE NOVO 
VARIANTS 
 

DEMOGRAPHICS OF PARTICIPANTS 

For the de novo analysis, the six probands that were submitted for sequencing as part 

of a trio including samples from their parents were included.  The demographic 

information, as well autism and IQ assessments done as part of the study, of these 

probands is summarized in Table 1.  
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PROBAND 
ID # SEX AGE ADOS 

module 
ADOS 

classification 

 

IQ score 
(and subscores) 

1WASI-II or 2Mullen 

AU0002-0201 Male 26y 6m 1 Autism 791 

(PR: 101, VC: 63) 

AU0005-0202 Female 25y 1m 2 Autism 671 

(PR: 86, VC: 49) 

AU0238-0201 Male 5y 5m 1 Autism 
≤492 

(VR: 20, FM: <20, 

RL: 21, EL: <20) 

AU0243-0201 Male 2y 10m 1 Autism 
702 

(VR: 31, FM: 38, 

RL: 35, EL: 31) 

AU0245-0201 Female 20y 10m 4 Autism 1191 

(PR: 121, VC: 112) 

AU0245-0202 Female 18y 4m 4 
Autism 

spectrum 
1111 

(PR: 102, VC:116) 

 

Table 1:  Demographic information of probands included in de novo analysis.  
1WASI-II, Full-Scale 4 Score, which incorporates all four subtests of the assessment.  
Subscores for Perceptual Reasoning (PR) and Verbal Comprehension (VC) are given 
below (Wechsler, 2011). 2Mullen Scales of Early Learning, Early Learning Composite 
Score (Mullen, 1995).  The T-score categories for Visual Reception (VR), Fine Motor 
(FM), Receptive Language (RL), and Expressive language (EL) are given below.  All 
scores are normalized to have a mean of 100 and standard deviation of 15 in the 
general population, except the T-scores of the Mullen, which have a mean of 50 and a 
standard deviation of 10.   
 

 

VARIANT FILTERING 

For all of the probands that were submitted as part of a trio, the variants were filtered to 

prioritize those that were more likely to be accurately de novo for the proband as well as 

those that were more likely to contribute to the proband’s ASD phenotype.  Figure 2 
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summarizes the workflow used to prioritize variants, and Table 2 shows the number of 

variants that were excluded at each step across all six probands.  For each proband, 

the software assesses the variants that are identified in any of the samples.  Therefore, 

the filters up until VarSeq’s filter for de novo inheritance (present in proband genotype, 

absent in parent genotypes) includes variants that were not identified for that specific 

individual.   
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FIGURE 2: The exclusion criteria for filtering variants for de novo analysis.   The 
number of variants eliminated by each filter for individual probands is listed in Table 2.  
MAF = minor allele frequency, LOF=loss of function, VQSR = Variant Quality Score 
Recalibration.   
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Table 2:  Number of variants excluded by filters for de novo analysis.  For each 
proband listed, the number of variants that were eliminated by each filter is listed, until 
the remaining prioritized variants (n=13).  As noted in the text, variants that were absent 
in the proband may not have been excluded until the final filter of the VarSeq workflow 
requiring de novo inheritance (present in proband genotype, absent in parent 
genotypes). 
 

 

While most of the filters were applied with clearly objective criteria, there were 19 

variants that were eliminated across all the probands using other criteria.  Major 

categories for exclusion in this “Other” filter include concerns about the de novo nature 

of the variant or the ability of the variant to impact protein function (e.g. non-coding 

variants), known function or expression of the gene without overlap with ASD-related 

AU0002-0201 AU0005-0202 AU0238-0201 AU0243-0201 AU0245-0201 AU0245-0202

Read Depths < 10 26639 22003 29760 20720 15961 28826

Genotype Quality < 20 4067 4140 4092 4238 4570 3997

MAF > 0.01 (retained if missing) 87680 89910 85754 90970 93383 86118

Effect is not LOF or Missense 48321 50386 47328 50513 52189 47787

Not de novo  inheritance pattern 
(present in proband genotype, absent in 
parent genotypes)

17650 17880 17412 17922 18223 17668

MUC  and HLA  family genes 41 20 30 23 35 22

Alt allele freq for proband < 0.25 81 118 85 83 108 61

VQSR filter, not PASS 14 30 28 21 18 15

MAF in ExAC database > 0.05 
(retained if missing) 4 3 5 4 3 3

Other (see Table### for more info) 1 6 3 3 5 1

1 3 2 2 4 1

Va
rS

eq
 d

e 
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kf

lo
w

:
    Exclusion criteria:

M
an
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or
kf
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w

:

Prioritized variants:
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phenotypes, known polymorphisms that are common in the population, and genes with 

lack of evidence (unknown function and no protein expression in brain tissues).  A brief 

summary of the rationales for their exclusions is summarized in Table 3.  These 

variants were not prioritized in this analysis; however, they may still be of interest.  For 

example, variants in the lack of evidence category may be reclassified as the genes’ 

functions are better understood or non-coding variants can be assessed to see if they 

still alter the gene regulation. 
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Table 3: Variants removed by “Other” filter and rationale for not prioritizing them. 
(continued on next page) 
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After these filters were applied, thirteen variants remained across the six probands.  

Some are more compelling than others because of what is known about the function of 

the gene and what effect the specific variant is predicted to have.  They are described in 

more detail below for each proband. 

 

PRIORITIZED VARIANTS 

AU0002-0201 

For proband AU0002-0201, there is one variant that was prioritized by the described 

workflow.   

 

I. UNC5B 

The variant is in the UNC5B gene (NM_170744.4: c.2841_2490+41delinsT) and results 

in the deletion of fifty nucleotides that includes the splice junction of an exon near the 

terminal end of the transcript.  Figure 3 shows the region that is deleted, in detail and in 

the architecture of the gene.  For the proband, there were 49 reference reads and 17 

alternate reads (alternate allele frequency = 0.26); both parents were homozygous for 

the reference sequence.  This change is found with an allele frequency of 0.004227 

(505/119,478) in the ExAC database (exac.broadinstitute.org; Lek et al., 2016).  Seven 

homozygotes were also found in the database.  The exact functional effect of this 

nucleotide change on the protein is uncertain; however, the ExAC database predicts 

that it will be a loss-of-function with high confidence.   
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(a) 

 
(b) 

 
 
Figure 3:  Deletion in UNC5B.  Images from the UCSC Genome browser of UNC5B 
transcripts with the region deleted in the variant highlighted in light blue: (a) zoomed into 
the splice junction affected (at the 3’ end of the 15th of 17 exons for the canonical 
transcript), including the nucleotide sequence above and the amino acid sequences of 
two different transcripts below and (b) zoomed out to see the entire gene, including two 
different transcripts. 
 

The UNC5B gene is a member of the netrin family of receptors (Leonardo et al., 1997).   

It is expressed in brain tissue, but also widely expressed in other tissues, including 

hematopoietic, immune, and lung tissues (proteinatlas.org; Komatsuzaki et al., 2002; 

Uhlen et al., 2015).  Netrin is secreted by cells to guide the growth of neuronal axons, 

as well as during other processes including angiogenesis (Duman-Scheel, 2009; Forcet 

et al., 2002; Serafini et al., 1996; Serafini et al., 1994).  The UNC5B receptor specifically 

mediates axon repulsion (Hong et al., 1999; Keleman and Dickson, 2001; Lu et al., 

2004; Muramatsu et al., 2010) and induces apoptosis when not bound to netrin 

(Guenebeaud et al., 2010; Thiebault et al., 2003).   

 

Differences in brain function can be associated with differences in the connections set 

during fetal development between neurons, determined by the attractive and repulsive 

signaling between netrin (and other secreted molecules) and receptors like Unc5b that 

bind them.  In fact, a balanced translocation that affects expression of the netrin gene 
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was identified in a female patient with symptoms of Rett syndrome (Borg et al., 2005), 

and de novo mutations in netrin were identified in individuals with ASD from two 

different families  (O'Roak et al., 2012). 

 

The variant in UNC5B identified for this proband is upstream of the death domain of the 

protein (uniprot.org; Uniprot Consortium, 2015) and could form a truncated protein 

without this protein interaction domain that allows it to induce apoptosis.  However, 

many frameshifted RNAs are regulated by nonsense-mediated decay.  Therefore, this 

variant could alternatively result in decreased levels of mRNA produced from this allele.  

In mouse models, haploinsufficiency of a paralog (UNC5C) causes expression changes 

and a behavioral phenotype (reduced amphetamine-induced locomotion) (Auger et al., 

2013).  Therefore, either mechanism could cause this variant to influence the formation 

of neural networks in the brain. 

 

AU0005-0202 

For proband AU005-0202, there are three variants that were prioritized by the described 

workflow.   

 

I. ASTN2 

There is a variant in the ASTN2 gene (NM_014010.4:c.661_663delCTG).  This is an in-

frame deletion of three nucleotides.  For the proband, there were 12 reference reads 

and 5 alternate reads (alternate allele frequency = 0.29); both parents were 

homozygous for the reference sequence. This change is found with an allele frequency 
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of 0.01450 (1537/106,034) in the ExAC database (exac.broadinstitute.org; Lek et al., 

2016).  No homozygotes were identified in the database.  This variant in the nucleotide 

sequence is predicted to result in a deletion of a leucine that is found in a sequence of 

six leucines in the reference protein sequence.  This occurs within a transmembrane 

domain (uniprot.org; Uniprot Consortium, 2015) and is predicted to be deleterious by 

modeling software Provean (provean.jcvi.org; Choi et al., 2012). 

   

The ASTN2 gene codes for a protein, astrotactin 2, which regulates neuronal migration 

during brain development (Wilson et al., 2010).  ASTN2 expression peaks in the early 

human cerebral cortex at the end of the first trimester and in the cerebellar cortex 

shortly after birth (Lionel et al., 2014).  Neurons expressing astrotactin 2 form and 

release cell adhesions as they migrate along glial cells in the forming brain, starting at 

approximately 12 weeks of gestation (Giedd et al., 1999; Tau and Peterson, 2010).   

 

Inhibition of neuronal migration has been proposed as an important pathophysiology in 

ASD (Reiner et al., 2016).  ASTN2 is expressed in Purkinje cells of the cerebellum 

(Wilson et al., 2010) which can be decreased in number by up to 50% in individuals with 

ASD (Fatemi et al., 2012).  Two studies have identified copy number variations 

including deletions of ASTN2 as significantly enriched in individuals with ASD (Glessner 

et al., 2009; Lionel et al., 2014), supporting that haploinsufficiency could influence an 

individual’s ASD phenotype.  These CNVs were often inherited and also seen in 

controls; therefore, they exhibit reduced penetrance in their effect on ASD (Lionel et al., 

2014).  Of note, the significant enrichment of deletions of the 3’ terminus affecting all 
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known transcripts of ASTN2 was only seen in males (Lionel et al., 2014), and this 

proband is female.   

 

II. RNF31 

There is a variant in the RNF31 gene (NM_024927.4:c.1816C>T).  For the proband, 

there were 7 reference reads and 4 alternate reads (alternate allele frequency = 0.36); 

both parents were homozygous for the reference sequence. This change was found 

with a frequency of 0.01839 (2033/110,572) in the ExAC database 

(exac.broadinstitute.org; Lek et al., 2016).  One hundred and seventeen homozygotes 

were identified in the database.  This is a single nucleotide substitution and is predicted 

to result in a substitution of an isoleucine for a valine in the protein produced.  However, 

that change is predicted to be neutral by modeling software Condel 

(bg.upf.edu/fannsdb; Gonzalez-Perez and Lopez-Bigas, 2011).   

 

The RNF31 gene produces a protein, with three RING finger domains, that forms a 

linear ubiquitin chain assembly complex, called LUBAC, with other proteins, for which it 

serves as the E3 ubiquitin-protein ligase (Ikeda et al., 2011).  Mutations in this complex 

have been associated with inflammation (through NF-kappa-B activation) and immune 

deficiencies (Boisson et al., 2015; Ikeda et al., 2011).  RNF31 protein is found in many 

tissues but is present in brain tissues (proteinatlas.org; Uhlen et al., 2015), and NF-

kappa-B activation also contributes to signaling in synapses and learning behaviors 

(Meffert et al., 2003). 
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The amino acid altered by this variant is near the C-terminal end of the RNF31 protein 

in a domain identified as important for the transfer of the ubiquitin to the chain (Smit et 

al., 2012).  This domain is unique to RNF31, so the effect of this variant is difficult to 

predict. A splice donor variant of some RNF31 transcripts (but not all, including the 

canonical transcript) was identified in a study of high-risk ASD families (Matsunami et 

al., 2014).  That variant (c.42+1G>A) is located far upstream of the variant found in this 

proband and more convincing for a loss of at least some of RNF31 function than the 

one identified for the proband; however, it argues for the potential of haploinsufficiency 

of RNF31 affecting ASD phenotypes.  

 

III. GET4 

There is a variant in the GET4 gene (NM_015949.2:c.3_5delGGC).  For the proband, 

there were 12 reference reads and 8 alternate reads (alternate allele frequency = 0.40).  

Both parents were called homozygous for the reference sequence.  This change is 

found with an allele frequency of 0.002252 (1/444) in the ExAC database; however, this 

site was covered in fewer than 80% of individuals in the database, which may indicate it 

is a low quality site (exac.broadinstitute.org; Lek et al., 2016).  No homozygotes were 

found in the database.  This in-frame deletion results in the deletion of one alanine from 

the protein sequence, from a sequence of five alanines, and is considered to be neutral 

by modeling software Provean (provean.jcvi.org; Choi et al., 2012).     

 

GET4 codes for a protein that is a component of the BAT3 complex which transports 

tail-anchored membrane proteins to the endoplasmic reticulum (Mariappan et al., 2010).  
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It can also enter the nucleus and influence DNA damage repair signaling and damage-

induced cell death (Krenciute et al., 2013).  The GET4 protein is expressed broadly in 

many tissues; however, it is seen at high levels in brain tissue, including neuronal cells 

of the hippocampus and cerebral cortex and multiple cell types in the cerebellum 

(proteinatlas.org; Uhlen et al., 2015).  However, no specific phenotypes have been 

associated with mutations in the GET4 gene, and the variant itself does not convincingly 

affect protein function.  Therefore, more information is needed to understand if GET4, 

and specifically the variant identified in the proband, have any influence on ASD 

phenotypes.      

 

AU0238-0201  

For proband AU0238-0201, there are two variants that were prioritized by the described 

workflow.   

 

I. ST6GAL2 

There is a variant in the ST6GAL2 gene (NM_032528.2:c.1319-6207T>C).  For the 

proband, there were 6 reference reads and 8 alternate reads (alternate allele frequency 

= 0.57).  Both parents were called homozygous for the reference sequence.  This 

change is found with an allele frequency of 0.006675 (51/7640) in the ExAC database; 

however, this site was covered in fewer than 80% of individuals in the database, which 

may indicate it is a low quality site (exac.broadinstitute.org; Lek et al., 2016).  No 

homozygotes were found in the database.  In the canonical transcript, this change falls 

within an intron.  However, there is one transcript with a coding region overlapping this 
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variant.  For that transcript, this single nucleotide substitution is predicted to result in a 

substitution of an arginine for a tryptophan in the protein produced.  However, this 

change is predicted to be neutral by modeling software Condel (bg.upf.edu/fannsdb; 

Gonzalez-Perez and Lopez-Bigas, 2011). 

 

The ST6GAL2 gene encodes an oligosaccharide-specific sialyltransferase (Takashima 

et al., 2002).  The protein is located in the Golgi membrane, allowing it to modify 

oligosaccharides.  ST6GAL2 is expressed in the fetal brain, as well as the small 

intestine and colon (Krzewinski-Recchi et al., 2003; Takashima et al., 2002).         

 

The variant identified would alter the amino acid sequence of the luminal domain of the 

protein; however, the exact effect of this variant on protein function is difficult to predict.  

Interestingly, ST6GAL2 expression is altered in the prefrontal cortex of mice by 

risperidone treatment, and a different polymorphism (rs1448110) located outside the 

coding region of ST6GAL2 was associated with risperidone treatment response, albeit 

not strongly (Ikeda et al., 2010).  Risperidone and other antipsychotic drugs are often 

prescribed to individuals with ASD to treat symptoms, including aggressive behavior, 

hyperactivity, and repetitive behaviors (Mandell et al., 2008). However, risperidone has 

undesirable side effects and is not effective for all individuals (Lemmon et al., 2011), 

and previous studies have shown a genetic basis to these responses (Correia et al., 

2010).  It is possible that ST6GAL2 variations play a role in this pharmacogenetic 

variation and could help determine which patients would respond best to the drug.  
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II. SUFU  

There is a variant in the SUFU gene (NM_016169.3:c.37A>C).  For the proband, there 

were 35 reference reads and 16 alternate reads (alternate allele frequency = 0.31).  

Both parents were called homozygous for the reference sequence.  This change was 

not present in the ExAC database, and while the SUFU gene had a mean coverage 

depth of 73.40, this variant is located in a region with particularly low coverage, see 

Figure 4 (exac.broadinstitute.org; Lek et al., 2016).  This is a single nucleotide 

substitution and is predicted to result in a substitution of a proline for a threonine in the 

protein produced. This change is predicted to be neutral by modeling software Condel 

(bg.upf.edu/fannsdb; Gonzalez-Perez and Lopez-Bigas, 2011). 
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Figure 4:  Mean coverage in ExAC database in the area surrounding the variant 
found in SUFU.  The mean coverage across the first exon of the SUFU gene in the 
ExAC database on the top with the gene architecture represented below 
(exac.broadinstitute.org; Lek et al., 2016).  The direction of transcription is left to right in 
this image.  The thicker blue box represents the exon, and the ovals are variants found 
in the ExAC database (with size representing frequency in the database).  Importantly, 
the variant in proband AU0238-0201 (g. 104263946), which was not seen in individuals 
in the ExAC database, is immediately adjacent to the variant at g.104263947 (seen in 
1/20,564 alleles), indicated by the arrow. 

  

The SUFU gene encodes a negative regulator of the Hedgehog signaling pathway, 

which is important during embryogenesis, including the formation of the neural tube, as 

well as carcinogenesis (Svard et al., 2006).  SUFU is also a tumor suppressor and loss 

of function mutations cause an autosomal dominant hereditary predisposition to 

developing medulloblastoma, albeit with incomplete penetrance (Brugieres et al., 2010; 

Taylor et al., 2002).   

 

The effect of this variant on SUFU protein function, if any, is difficult to predict.  Sonic 

hedgehog (SHH) protein is found in higher levels in the serum of individuals with ASD 
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and positively correlated with an assessment of the severity of an individual’s ASD (Al-

Ayadhi, 2012).  Mutations in another member of the signaling pathway (Patched) have 

also been associated with ASD and intellectual disability (Noor et al., 2010).  Therefore, 

the possibility that this repressor of the SHH pathway could affect ASD phenotypes as 

well is potentially interesting.        

 

AU0243-0201 

For proband AU0243-0201, there are two variants that were prioritized by the described 

workflow.  

 

I. BMPR1B  

There is a variant in the BMPR1B gene (NM_001256793.1:c.761G>A).  For the 

proband, there were 38 reference reads and 49 alternate reads (alternate allele 

frequency = 0.56); both parents were homozygous for the reference sequence. This 

change was found with a frequency of 0.001081 (131/121,222) in the ExAC database 

(exac.broadinstitute.org; Lek et al., 2016).  No homozygotes were identified in the 

database.  This is a single nucleotide substitution and is predicted to result in a 

substitution of a histidine for an arginine in the protein produced, and that change is 

predicted to be deleterious by modeling software Condel (bg.upf.edu/fannsdb; 

Gonzalez-Perez and Lopez-Bigas, 2011). 

 

The BMPR1B gene is a member of the bone morphogenetic protein family of 

transmembrane serine/threonine kinases, and the ligands of these receptors are 
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members of the TGF-beta family (Astrom et al., 1999).  These signaling pathways are 

involved in many developmental processes including the proliferation and differentiation 

of cells during embryonic development and antagonize the SHH pathway (Panchision 

and McKay, 2002), described above.  BMPR1B protein is expressed in late neural stem 

cells as they differentiate into astrocytes (Panchision and McKay, 2002) and may be 

involved in glioblastoma malignancy (Lee et al., 2008; Liu et al., 2012).   

 

The variant identified in this proband would result in an amino acid change in the 

cytoplasmic protein kinase domain of the protein (uniprot.org; Uniprot Consortium, 

2015; Demirhan et al., 2005).  A change in this region could negatively affect the ability 

to signal downstream, or potentially result in a constitutively active signal.  Other 

conditions, notably brachydactyly, have been associated with a heterozygous dominant-

negative mutation (Lehmann et al., 2003).  Therefore, additional phenotypic information 

about this proband might give evidence for or against this potential mechanism. 

 

II. TMEM8A  

There is a variant in the TMEM8A gene (NM_021259.2:c.10delG).  For the proband, 

there were 18 reference reads and 10 alternate reads (alternate allele frequency = 

0.36); both parents were called homozygous for the reference sequence.  This change 

was not present in the ExAC database, and the coverage of the first exon where this 

variant is located was well below the mean coverage depth for the TMEM8A gene of 

42.91 (exac.broadinstitute.org; Lek et al., 2016).  This is a single nucleotide deletion and 

is predicted to result in a frameshift in the first exon of the transcript.   
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The TMEM8A gene is expressed in placenta, pancreas, and lymphohematopoetic 

tissues and produces a putative five-span transmembrane protein (Motohashi et al., 

2000).  The function of the protein is not well understood; however, it is expressed 

highly in resting T lymphocytes and is downregulated by cell activation, indicating a 

possible role in the resting status of T cells (Motohashi et al., 2000).  The protein also 

seen in brain tissues, especially neuronal cells of the lateral ventricle; however, the 

protein is expressed broadly across many tissues and at higher levels in immune 

system and gastrointestinal tract tissues (proteinatlas.org; Uhlen et al., 2015).  More 

information is necessary about the function of this gene to determine if this predicted 

loss-of-function variant could have an effect on the proband’s ASD phenotype through 

haploinsufficiency.   

 

AU0245-0201 

For proband AU0245-0201, there are four variants that were prioritized by the described 

workflow.   

 

I. DPF3 

There is a variant in the DPF3 gene (NM_001280544.1:c.599T>G).  For the proband, 

there were 24 reference reads and 28 alternate reads (alternate allele frequency = 

0.54); both parents were homozygous for the reference sequence. This change was not 

present in the ExAC database, although the DPF3 gene had a mean coverage depth of 
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53.21 (exac.broadinstitute.org; Lek et al., 2016).   This is a single nucleotide substitution 

and is predicted to result in a substitution of a glycine for a valine in the protein 

produced, and that change is predicted to be deleterious by modeling software Condel 

(bg.upf.edu/fannsdb; Gonzalez-Perez and Lopez-Bigas, 2011). 

 

DPF3 is a member of a neuron-specific chromatin remodeling complex called nBAF 

(Son and Crabtree, 2014).  The protein is found in the cerebellum (high in the molecular 

layer and medium in Purkinje cells) as well as other nervous system tissues 

(proteinatlas.org; Uhlen et al., 2015).  The protein binds acetylated lysines on histones 3 

and 4 through interactions with its C-terminal plant homeodomain zinc fingers and 

regulates transcription (Zeng et al., 2010).  The switch from npBAF to nBAF regulated 

transcription coordinates a switch from neural progenitors to differentiated neurons (Son 

and Crabtree, 2014).  

 

The variant identified for this proband in DPF3 results in a change in the amino acid 

sequence of the first of three zinc finger domains, which is a C2H2 Kruppel-like zinc 

finger (uniprot.org; Uniprot Consortium, 2015).  This domain could be important for other 

interactions in the nBAF complex.  Mutations in other components of the nBAF and 

npBAF complexes have been identified in individuals with ASD (Neale et al., 2012; Nord 

et al., 2011; O'Roak et al., 2012), demonstrating that haploinsufficiency may be a 

potential mechanism.    
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II. EPHB2 

There is a variant in the EPHB2 gene (NM_004442.6:c.27_29delGCT).  For the 

proband, there were 48 reference reads and 37 alternate reads (alternate allele 

frequency = 0.44); both parents were homozygous for the reference sequence.  This 

change was not present in the ExAC database, although the variant was only covered in 

34 individuals in the database indicating a potentially low-quality site 

(exac.broadinstitute.org; Lek et al., 2016).   This is a deletion of three nucleotides and is 

predicted to cause a deletion of a leucine in the amino acid sequence.  This change is 

predicted to be neutral by modeling software Provean (provean.jcvi.org; Choi et al., 

2012); however, the EPHB2 gene is predicted to be significantly intolerant of missense 

(z=3.45) and loss of function (pLI=1.00) mutations (Lek et al., 2016).   

 

EPHB2 is a member of a family of receptor tyrosine kinase transmembrane 

glycoproteins.  EphB2 protein is found enriched in brain tissues; however, it is also 

broadly expressed in many other tissues (proteinatlas.org; Uhlen et al., 2015).  In mice, 

the EPHB2 homolog is important for axon guidance (Henkemeyer et al., 1996).  When 

bound to ligands, Ephb2 receptors transduce signals through modulators of the actin 

cytoskeleton to regulate dendritic spine development (Irie and Yamaguchi, 2002; Kayser 

et al., 2011).    Studies have shown an increase in the density of dendritic spines in 

certain neurons of individuals with ASD (Hutsler and Zhang, 2010).  Previous studies of 

de novo mutations in individuals with ASD have identified rare missense and nonsense 

variants in EPHB2 (Kong et al., 2012; Sanders et al., 2012). 
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The variant in EPHB2 identified for this proband is in the signal peptide domain 

(uniprot.org; Uniprot Consortium, 2015).  These domains are not sequence specific, and 

prediction software indicated that the deleted lysine would not affect the cleavage site 

(cbs.dtu.dk/services/SignalP; Petersen et al., 2011).  Despite the functional connection 

of EPHB2 that suggests a role in processes connected to ASD phenotype, it is 

uncertain if this particular variant would affect EPHB2 protein function.    

 

III. TYRO3  

There is a variant in the TYRO3 gene (NM_006293.3:c.85_86insAGTC).  For the 

proband, there were 47 reference reads and 36 alternate reads (alternate allele 

frequency = 0.43); both parents were homozygous for the reference sequence.  This 

change was not present in the ExAC database, and the coverage of the first exon where 

this variant is located was well below the mean coverage depth for the TYRO3 gene of 

58.91 (exac.broadinstitute.org; Lek et al., 2016).   This is an insertion of four nucleotides 

and will result in a frameshift in the first exon of this gene. Other frameshifts in TYRO3 

found in the ExAC database were rare (n=5, frequency range = 1.702e-5 - 8.245e-6); 

however, the gene was not predicted to be significantly constrained for LOF mutations 

(exac.broadinstitute.org; Lek et al., 2016). 

 

TYRO3 is a member of a subfamily of receptor protein tyrosine kinases that play a role 

in neurogenesis in the adult hippocampus (Ji et al., 2015).  Tyro3 protein is found 
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enriched in brain tissues, especially the neuronal cells of the cerebral cortex and 

hippocampus; however, it is also broadly expressed in many other tissues 

(proteinatlas.org; Uhlen et al., 2015). When activated by ligands, the receptor kinase 

forms a dimer and activates intracellular signaling pathways involved in cell survival and 

proliferation as well as inflammation responses and phagocytosis (Binder and Kilpatrick, 

2009).  In the central nervous system, signaling through TAM receptors suppresses 

inflammation that could otherwise impair neuronal stem cell proliferation and 

differentiation (Ji et al., 2015).  While the involvement of TYRO3 in these important 

developmental processes in the brain and the potential loss of function caused by the 

early frameshift with this variant argue for the potential for it to affect this proband’s ASD 

phenotype, TAM signaling has not been specifically implicated in ASD.       

 

IV. POU4F1 

There is a variant in the POU4F1 gene (NM_006237.3:c.741_743delGGC).  For the 

proband, there were 31 reference reads and 19 alternate reads (alternate allele 

frequency = 0.38); both parents were homozygous for the reference sequence. This 

change was not present in the ExAC database, and while the POU4F1 gene had a 

mean coverage depth of 28.96, this variant is located in a region with particularly low 

coverage, see Figure 5 (exac.broadinstitute.org; Lek et al., 2016).  This is a deletion of 

three nucleotides predicted to result in the deletion of an alanine from the amino acid 

sequence. 



 51 

 

Figure 5:  Mean coverage in ExAC database in the area surrounding the variant 
found in POUF41.  The mean coverage across the POU4F1 gene in the ExAC 
database on the top, with the gene architecture represented below 
(exac.broadinstitute.org; Lek et al., 2016).  The direction of transcription is right to left in 
this image.  The thicker blue boxes represent the exons (n=2), and the ovals are 
variants found in the ExAC database (with size representing frequency in the database).  
Importantly, the variant in proband AU0245-0201 (g.79176067), which was not seen in 
individuals in the ExAC database, is found in the region of Exon 2 with low coverage 
(bounded by variants at g.79176056 and g.79176444), approximated by the arrow.        

 

 

POU4F1 codes for a transcription factor that affects cell survival and neural 

differentiation, expressed especially in sensory neurons (Berwick et al., 2009; Budhram-

Mahadeo et al., 1998; Latchman, 1998).  A deletion of a 153.5kb region upstream of the 

POUF41 gene was identified as tracking with the ASD phenotype in a family with 

multiple affected members (Salyakina et al., 2011).  While not directly affecting the 

coding region, this finding supports that altering the regulation of the POUF41 gene 

could contribute to an individual’s ASD phenotype, potentially in a haploinsufficient 

manner.  However, the variant identified in this proband is not in a defined protein 

domain (uniprot.org; Uniprot Consortium, 2015) and is predicted to be neutral by 

modeling software Provean (provean.jcvi.org; Choi et al., 2012). Therefore, it is difficult 
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to predict if the in-frame deletion will have any effect on the protein function for this 

individual. 

 

AU0245-0202 

For proband AU0245-0202, there is one variant that was prioritized by the described 

workflow.   

 

I. SLIT2 

There is a variant in the SLIT2 gene (NM_004787.1:c.4357T>C).  For the proband, 

there were 6 reference reads and 7 alternate reads (alternate allele frequency = 0.54); 

both parents were homozygous for the reference sequence. This change was not 

present in the ExAC database, although the SLIT2 gene had a mean coverage depth of 

63.55 and the region including this variant was covered at approximately that depth 

(exac.broadinstitute.org; Lek et al., 2016).  This is a single nucleotide substitution and is 

predicted to result in a substitution of an arginine for a cysteine in the protein produced, 

and that change is predicted to be deleterious by modeling software Condel  

(bg.upf.edu/fannsdb; Gonzalez-Perez and Lopez-Bigas, 2011). 

 

The SLIT2 gene codes for a ligand involved in repulsive axon guidance (Bagri et al., 

2002; Brose et al., 1999; Li et al., 1999; Shu and Richards, 2001).  Through interacting 

with Robo receptors, Slit proteins control cytoskeletal remodeling as a major regulator of 

axon pathfinding (Hammond et al., 2005).  These pathways are essential for proper 
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brain development, and mutations, including deletions, missense, and synonymous 

changes, in another Slit protein and Robo receptors have been associated with ASD 

(Cukier et al., 2014; Iossifov et al., 2014; Prasad et al., 2012) and major depressive 

disorder (Glessner et al., 2010).      

 

The variant identified for this proband is located in the C-terminal cysteine knot (CTCK) 

domain and affects one of the cysteine residues involved in a disulfide bond important 

for the structure of this domain that is found in other signaling ligands (uniprot.org; 

Uniprot Consortium, 2015; Iyer and Acharya, 2011). This supports the potential for the 

variant to affect protein function, most likely negatively, and contribute to ASD 

phenotype through haploinsufficiency.   

 

SUMMARY 

For each of the probands that was submitted with a trio, the described workflow was 

performed to identify variants that were most likely to be accurate de novo variants with 

the potential to contribute to the ASD phenotype of the proband.  Only a few were in 

genes that have been associated with ASD before, but many were involved in pathways 

with potential to affect brain development, including molecularly (e.g. SHH signaling) 

and pathologically (e.g. axon guidance).  The prioritized variants are summarized in 

Table 4. 

 



 54 

 

V
ar

ia
nt

?
G

en
e?

O
th

er
A

U
00

02
-0

20
1

U
N

C
5B

N
M

_1
70

74
4.

4:
 c

.2
84

1_
24

90
+4

1d
el

in
sT

n
n

R
ec

ep
to

r f
or

 n
et

rin
 (a

xo
n 

gu
id

an
ce

)1

A
U

00
05

-0
20

2
A

S
TN

2
N

M
_0

14
01

0.
4:

c.
66

1_
66

3d
el

C
TG

n
y2

A
U

00
05

-0
20

2
R

N
F3

1
N

M
_0

17
99

9.
4:

c.
31

81
G

>A
n

y3

A
U

00
05

-0
20

2
G

E
T4

N
M

_0
15

94
9.

2:
c.

3_
5d

el
G

G
C

n
n

A
U

02
38

-0
20

1
S

T6
G

A
L2

N
M

_0
32

52
8.

2:
c.

13
19

-6
20

7T
>C

n
n

A
U

02
38

-0
20

1
S

U
FU

N
M

_0
16

16
9.

3:
c.

37
A

>C
n

n
In

hi
bi

to
r o

f S
H

H
4

A
U

02
43

-0
20

1
B

M
P

R
1B

N
M

_0
01

25
67

93
.1

:c
.7

61
G

>A
n

n
A

nt
ag

on
is

t o
f S

H
H

5

A
U

02
43

-0
20

1
TM

E
M

8A
N

M
_0

21
25

9.
2:

c.
10

de
lG

n
n

A
U

02
45

-0
20

1
D

P
F3

N
M

_0
01

28
05

44
.1

:c
.5

99
T>

G
n

n
O

th
er

 c
om

pl
ex

 (n
B

A
F 

an
d 

np
B

A
F)

 m
em

be
rs

6

A
U

02
45

-0
20

1
E

P
H

B
2

N
M

_0
04

44
2.

6:
c.

27
_2

9d
el

G
C

T
n

y7

A
U

02
45

-0
20

1
TY

R
O

3
N

M
_0

06
29

3.
3:

c.
85

_8
6i

ns
A

G
TC

n
n

A
U

02
45

-0
20

1
P

O
U

4F
1

N
M

_0
06

23
7.

3:
c.

74
1_

74
3d

el
G

G
C

n
y8

A
U

02
45

-0
20

2
S

LI
T2

N
M

_0
04

78
7.

1:
c.

43
57

T>
C

n
n

O
th

er
 S

lit
/R

ob
o 

pa
th

w
ay

 c
om

po
ne

nt
s 

(a
xo

n 
gu

id
an

ce
)9

A
ss

oc
ia

tio
n 

w
ith

 A
S

D
:

P
ro

ba
nd

G
en

e
V

ar
ia

nt

Ta
bl

e 
4:

  S
um

m
ar

y 
ta

bl
e 

of
 th

e 
pr

io
rit

iz
ed

 v
ar

ia
nt

s 
fr

om
 d

e 
no

vo
 a

na
ly

si
s.

  
N

on
e 

of
 th

e 
pr

io
rit

iz
ed

 v
ar

ia
nt

s 
ha

ve
 

be
en

 i
de

nt
ifi

ed
 i

n 
st

ud
ie

s 
of

 i
nd

iv
id

ua
ls

 w
ith

 A
SD

; 
ho

w
ev

er
, 

se
ve

ra
l 

of
 t

he
 g

en
es

 h
ad

 p
re

vi
ou

s 
as

so
ci

at
io

ns
.  

Ad
di

tio
na

lly
, 

so
m

e 
of

 t
he

 g
en

es
 a

re
 in

vo
lv

ed
 in

 c
el

lu
la

r 
si

gn
al

in
g 

pa
th

w
ay

s 
or

 d
ev

el
op

m
en

ta
l p

ro
ce

ss
es

 t
ha

t 
ha

ve
 

pr
ev

io
us

 a
ss

oc
ia

tio
ns

 w
ith

 A
S

D
, a

s 
de

sc
rib

ed
 a

bo
ve

 in
 m

or
e 

de
ta

il.
 S

el
ec

te
d 

so
ur

ce
s 

in
 s

up
po

rt 
of

 A
SD

 a
ss

oc
ia

tio
n:

 
1 (B

or
g 

et
 a

l.,
 2

00
5;

 O
'R

oa
k 

et
 a

l.,
 2

01
2)

 2 (G
le

ss
ne

r 
et

 a
l.,

 2
00

9;
 L

io
ne

l e
t 

al
., 

20
14

) 
3 (M

at
su

na
m

i e
t 

al
., 

20
14

) 
4 (A

l-
Ay

ad
hi

, 2
01

2;
 N

oo
r e

t a
l.,

 2
01

0)
 5 (P

an
ch

is
io

n 
an

d 
M

cK
ay

, 2
00

2)
 6 (N

ea
le

 e
t a

l.,
 2

01
2;

 N
or

d 
et

 a
l.,

 2
01

1;
 O

'R
oa

k 
et

 a
l.,

 
20

12
) 

7 (K
on

g 
et

 a
l.,

 2
01

2;
 S

an
de

rs
 e

t a
l.,

 2
01

2)
 8 (S

al
ya

ki
na

 e
t a

l.,
 2

01
1)

 9  (
C

uk
ie

r 
et

 a
l.,

 2
01

4;
 Io

ss
ifo

v 
et

 a
l.,

 2
01

4;
 

Pr
as

ad
 e

t a
l.,

 2
01

2)
. 

 



 55 

AIM II: TARGETED ANALYSIS OF PROBAND BASED ON CLINICAL FINDINGS 

 

DEMOGRAPHIC INFORMATION FOR AU0237-0201 

A sample for the proband AU0237-0201 was submitted for sequencing along with a 

sample from her mother.  The proband is a 13 year 10 month old female.  She was 

administered Module 3 of the ADOS and given a classification of Autism.  She was 

administered the WASI, and her Full-Scale 4 composite score was 58.  Her verbal and 

perceptual reasoning subscores were 64 and 56, respectively.   

 

ANALYSIS OF VARIANTS 

A chromosomal microarray, including 2.67 million probes, was ordered clinically for this 

proband prior to enrollment in the research project, and showed a deletion of 

approximately 371 kilobases (kb) on chromosome 3.  The loss is located at 3q25.32 

with coordinates 158,405,216 - 158,776,705 (hg19).  The clinical laboratory identified 

this as a variation of unclear significance.  Parental testing was done demonstrating 

paternal inheritance of this deletion, but documentation of this was not available for 

review.  Because the proband would be hemizygous for any variants in this region, this 

region may be of particular interest.  Therefore, the variants identified are discussed 

below to determine if they contribute to this proband’s ASD phenotype.   

 

Genes overlapping with this region include RARRES1, MFSD1, and part of GFM1, as 

well as a large intergenic region. For the proband and her mother there were nine total 
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variants identified by the research sequencing within the coordinates given by the 

clinical microarray.  The variants identified in each gene are shown in Figures 6-8.    

 

 

 

Figure 6: Variants in RARRES1.  Image showing the variants identified in RARRES1 
(from left to right: rs2307064, rs6441223, and rs6786423).  The top half of the image 
indicates the location of the variants, and shows their presence as heterozygous (half-
height bar) or apparently homozygous (full-height bar) state for the proband (bottom) or 
her mother (top). The bottom half of the image shows the genomic structure including 
the introns (lines with arrows indicating direction of transcription) and exons (solid 
boxes) for multiple transcripts of the gene.  Image from VarSeq v1.3.4 GenomeBrowse® 
visualization tool, by Golden Helix, Inc.   
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Figure 7:  Variants in MFSD1. Image showing the variants identified in MFSD1 (from 
left to right: rs28364680 and rs3765083).  The top half of the image indicates the 
location of the variants, and shows their presence in the heterozygous (half-height bar) 
or apparently homozygous (full height bar) state for the proband (bottom) or her mother 
(top). The bottom half of the image shows the genomic structure including the introns 
(lines with arrows indicating direction of transcription) and exons (solid boxes) for 
multiple transcripts of the gene.  Image from VarSeq v1.3.4 GenomeBrowse® 
visualization tool, by Golden Helix, Inc. 
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Figure 8:  Variants in GFM1. Image showing the variants identified in GFM1 (from left 
to right: rs11436468, rs34920045, rs62288347, rs145803239, rs1047355).  The top half 
of the image indicates the location of the variants, and shows their presence in the 
heterozygous (half-height bar) or apparently homozygous (full height bar) state for the 
proband (bottom) or her mother (top).  rs34920045 is absent in the proband, but present in 
her mother. The bottom half of the image shows the genomic structure including the 
introns (lines with arrows indicating direction of transcription) and exons (solid boxes) 
for multiple transcripts of the gene.  The dashed line approximates the boundary of the 
deletion given by the clinical microarray report (=158,405,216); therefore, the variant to 
the farthest left is outside the deleted region (and the proband is heterozygous at this 
location).  Image from VarSeq v1.3.4 GenomeBrowse® visualization tool, by Golden 
Helix, Inc. 

 

 

One variant in GFM1 (rs34920045) was identified as heterozygous for the mother and 

not found in the proband.  The remaining eight variants were identified as heterozygous 

for the mother and found in the proband, summarized in Table 5.  These were most 

likely inherited from the mother; however, since the father was not included in the 

analysis (and his deletion was reported but not confirmed), this cannot be determined 

absolutely.  All of the variants identified for the proband in this region passed the VQSR 

filter.  For the mother, the alternate allele frequencies ranged from ~0.23-0.70, while the 

alternate allele frequencies for the proband ranged from 0.95-1.  This is consistent with 
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the proband being hemizygous with this region, though the proband was called as 

homozygous for these eight variants by the sequencing analysis.  
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Of these eight variants, all but one are common, with minor allele frequencies in the 

ExAC database above ten percent (range= 0.135-0.529).  Two (rs145803239 and 

rs1047355) are in non-coding regions of GFM1, so their effect is difficult to predict. Of 

the remaining variants in the coding regions, three (rs2307064, rs6441223, and 

rs6786423) are synonymous changes in RARRES1, which would not be predicted to 

result in an amino acid substitution in the protein produced.  The remaining three 

missense mutations include two in MFSD1 and one in GFM1.  They are described in 

more detail below.   

 

MFSD1 

There were two variants in MFSD1 predicted to cause missense mutations (rs28364680 

and rs3765083) identified in both the proband and her mother.  The mother was 

heterozygous for both, and the proband is predicted to be hemizygous due to the 

deletion identified in the clinical microarray.   

 

The first (rs28364680; NM_022736.2:c.217C>T) is found at a frequency of 0.135 

(13,634/101,376) in the ExAC database.  Approximately nine hundred homozygotes 

were identified in the database.  It is predicted to result in the substitution of a serine for 

a proline in the amino acid sequence of the protein.  This is predicted to be a neutral 

change by Condel (bg.upf.edu/fannsdb; Gonzalez-Perez and Lopez-Bigas, 2011).   
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The second (rs3765083; NM_022736.2:c.805A>G) is found at a frequency of 0.561 

(66,592/118,780) in the ExAC database.  Approximately nineteen thousand 

homozygotes were identified in the database.  It is predicted to result in the substitution 

of a valine for an isoleucine in the amino acid sequence of the protein.  This change is 

located in one of the transmembrane domains of the protein (uniprot.org; Choi et al., 2012) 

but is predicted to be a neutral change by Condel (bg.upf.edu/fannsdb; Gonzalez-Perez 

and Lopez-Bigas, 2011).   

 

The role of MFSD1 is not well understood, and while the RNA is found in low levels in 

brain tissues, it is broadly expressed in many others (proteinatlas.org; Uhlen et al., 

2015).  The potential for these variants to contribute to this proband’s ASD phenotype is 

uncertain, but not very convincing due to their relatively high frequency in the population 

and predicted lack of effect on protein structure.   

 

GFM1 

There was one variant in GFM1 predicted to cause missense mutations (rs62288347) 

identified in both the proband and her mother.  The mother was heterozygous, and the 

proband is predicted to be hemizygous due to the deletion identified in the clinical 

microarray.   
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The variant (rs62288347; NM_024996.5:c.1990G>A) is found at a frequency of 0.018 

(2,148/121,398) in the ExAC database.  Thirty-six homozygotes were identified in the 

database.  It is predicted to result in the substitution of an isoleucine for a valine in the 

amino acid sequence of the protein.  This is predicted to be a neutral change by Condel 

(bg.upf.edu/fannsdb; Gonzalez-Perez and Lopez-Bigas, 2011).   

 

The GFM1 gene codes for a GTPase that is involved in the elongation phase of 

translation in the mitochondria (Hammarsund et al., 2001).  The protein is found in brain 

tissues, but is also found broadly expressed in many others (proteinatlas.org; Uhlen et al., 

2015).  Mutations in GFM1 have been associated with a rare autosomal recessive 

oxidative phosphorylation deficiency (Coenen et al., 2004; Ravn et al., 2015; Valente et al., 

2007).  Mutations in the peripheral regions of the protein, similar to the one identified in 

the proband, are more likely to be associated with brain findings, including 

encephalopathy compared to those in the central part associated with hepatic failure 

(Galmiche et al., 2012).  However, the specific variant identified in this proband and her 

mother is listed by a clinical testing laboratory in the public database, ClinVar, as benign 

(SCV000168668.5; Landrum et al., 2016).  It is possible that this variant contributes to a 

much more subtle phenotype than that seen in the autosomal recessive condition 

described; however, this would require additional studies. 
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DISCUSSION 

 

The Neurobiology and Genetics of Autism study at University of California, Irvine is 

collecting an array of phenotype information about individuals with ASD that will 

eventually make a powerful dataset for investigating the genetic etiologies of a diverse 

and deeply phenotyped cohort.  An initial analysis of the first batch of whole exome 

sequencing sent from this cohort served as the foundation for this thesis.  The two 

concentrations of that analysis are (i) identifying potential de novo variants in probands 

who were submitted with a trio and (ii) assessing variants within a chromosomal region 

identified as a deletion on a clinical microarray for one proband.  These two highlight 

some of the benefits of broad genomic testing for individuals with ASD, as well as many 

of the limitations.   

 

AIM I: FILTERING AND CHARACTERIZATION OF POTENTIAL DE NOVO 

VARIANTS   

For the six probands submitted as part of a trio, a workflow was designed to identify 

those variants which are likely accurate, truly de novo, and potentially able to contribute 

to ASD phenotypes.  However at every filter, there is a possibility of eliminating accurate 

variants of interest.   

 

For example, filters for quality of the variants were set relatively stringently (e.g. VQSR 

filter PASS).  As noted above, variants in MUC family genes were removed due their 

high potential for false positives, and variants in HLA genes were removed because of 
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high expected variation.  There are likely variants of interest that were not prioritized out 

of caution using these filters.  Further analysis could be done to look at the variants 

removed by these filters, possibly by accepting a lower quality score and filtering for 

very rare variants or particularly damaging variants instead.  Despite these measures, 

one variant (THEGL, NM_001256475.1:c.706C>T) was filtered at the “Other” stage 

because it was found in two probands who are sisters.  This may be due to mosaicism 

or an erroneous genotype call for one of the parents.  This demonstrates that having 

additional family samples can improve the quality of the analysis, and that the prioritized 

variants identified require additional confirmatory testing (e.g. Sanger sequencing).     

 

De novo variants were the focus of this analysis, based on research showing the 

importance of rare de novo variants as significant contributors to ASD, especially in 

simplex families (De Rubeis et al., 2014; Iossifov et al., 2014; Neale et al., 2012; O'Roak 

et al., 2012; Sanders et al., 2012).  However, the contribution of common variants is 

also seen with individually small effects that can have large combined impacts (Anney 

et al., 2012; Gaugler et al., 2014; Oikonomakis et al., 2016), and likely to be more 

important in multiplex families.  Recent studies estimate that the contribution of common 

variants to heritability is at least 41%, while rare variants contribute at most 17% 

(Gaugler et al., 2014), and inherited mutations significantly contribute to ASD 

susceptibility as well (Krumm et al., 2015).  However, these mechanisms are not 

mutually exclusive and are affected by epigenetic and environmental factors as well 

(Abrahams and Geschwind, 2008; Geschwind, 2011).  Overall, de novo mutations have 
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the ability to contribute to ASD phenotypes, but they are only one factor in a 

complicated disorder.   

 

Identifying de novo variants requires having a sample from both the proband and 

parents for a trio.  This allows for a more unbiased analysis; notably, de novo mutations 

in novel genes can be investigated.  Trios have a significantly higher yield overall for 

clinical WES and have added benefits of reduced analytic costs and turnaround time 

(Farwell et al., 2015; Lee et al., 2014).  However, as a practical matter in the clinic, trios 

are not always a possibility due to parents being unavailable or unwilling to submit a 

sample.  There are also additional ethical concerns that come along with submitting a 

trio, including identifying incidental findings in unaffected individuals, non-paternity, non-

maternity, or consanguinity.  When available, trio analysis is preferable to improve 

diagnostic yield but requires proper consenting.   

 

COMMON PATHWAYS 

The resulting prioritized presumably de novo variants ranged in their ability to affect 

protein function and their potential for contributing to ASD phenotypes.  None of the 

variants described meet the criteria put forward by the American College of Medical 

Genetics and Genomics (ACMG) for interpreting and reporting sequence variants as 

pathogenic in clinical laboratories (Richards et al., 2015).  Still, there was some overlap 

in common pathways amongst even this small dataset.   For example, variants in genes 

involved in classical axon guidance cues (e.g. UNC5B, EPHB2, SLIT2), as well as 

morphogen signaling pathways that can affect axon guidance (e.g. SUFU, BMPR1B), 
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were identified in several probands.  With the extraordinary etiological heterogeneity 

that is seen in ASD, identifying commonalities including molecular pathways and 

developmental processes can unify the etiology of some of that complexity (Berg and 

Geschwind, 2012).  Previous studies have identified some common pathways in ASD 

etiology, including abnormal neuronal migration, axon pathfinding, synaptic function, 

and dendritic maturation (Geschwind, 2011).  Another study analyzing groups of 

interacting genes that could contribute to ASD identified a circuit of genes with 

enhanced expression in the corpus callosum (Li et al., 2014).  That region of the brain is 

important for mediating signals between the two hemispheres and is reduced in size in 

individuals with ASD (Egaas et al., 1995).  Variants in different genes that impact the 

connectivity of critical brain circuits within the brain can be put into context with 

phenotype information, including brain pathology and behavioral assessments.   

 

AIM II: TARGETED ANALYSIS OF PROBAND BASED ON CLINICAL FINDINGS 

The sequencing results for proband AU0237-0201 were investigated to determine the 

potential for the deletion on chromosome three from her clinical microarray to contribute 

to her ASD phenotype.  Chromosomal microarrays are regularly ordered in the clinic for 

individuals with ASD (Miller et al., 2010), and approximately 10-20 percent of the time 

they identify a copy number variant (Miller et al., 2010; Schaefer and Mendelsohn, 

2013; Shen et al., 2010).  Some of these copy number variations will focus clinical 

attention on regions that may indicate an etiology for that individual’s ASD phenotype.  

However, specific sequence information is sometimes needed to interpret the potential 

effect.    
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Genomic sequencing, like the WES for this research project, is available clinically but is 

not yet standard of care for individuals with ASD like chromosomal microarray.  The two 

technologies can be complementary, but cannot replace each other.  For example, the 

microarray for this proband suggested a region of interest by identifying the deletion.  

However, the phenotype associated with mutations in GFM1 has been associated with 

autosomal recessive inheritance (Coenen et al., 2004; Valente et al., 2007) .  Therefore, 

identifying if there were any mutations in the maternally-inherited copy of GFM1 was an 

important prerequisite to understanding the potential of the deletion to affect the 

proband’s ASD phenotype.  While this deletion only included three genes, for other 

individuals a microarray will identify copy number variations in more genes or in multiple 

regions of the genome. When the regions involved are large or dispersed, genome-wide 

sequencing, like WES, may be the most efficient way to assess the effect of the copy 

number variation(s).   

 

In this case of this proband and for many others, the copy number variation involves 

both genes and intergenic regions.  Of the approximately 371kb deletion, 303kb are 

outside the three genes.  Variation in intergenic regions as well as intronic regions that 

are not targeted by WES could still be involved in the regulation of these or other genes 

and contribute to an individual’s ASD phenotype. In fact, studies have identified rare 

copy number variations of intergenic regions in individuals with ASD, especially near 

genes associated with ASD (Walker and Scherer, 2013).  However, predicting those 
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effects a priori is more difficult given a general lack of knowledge about how CNVs in 

non-coding regions assert their effects.    

 

Neither of these technologies, chromosomal microarray or WES, can define the 

breakpoint of the deletion precisely.  The resolution of a single nucleotide polymorphism 

(SNP) microarray is defined by the density of the SNPs used, and specifically for the 

clinical microarray for this proband, the resolution is 1.15kb.  The WES technology 

selectively analyzes the sequences of the exome portion of the genome; therefore, it 

does not provide additional information about the breakpoint of the deletion which is in 

an uncovered intronic region.  The WES data did support the deletion, with the proband 

being apparently homozygous for the variants detected in the region and heterozygous 

for the first variant upstream of the estimated breakpoint.  Whole genome sequencing 

would help refine the breakpoints by identifying and mapping the split reads.   

 

Overall, the analysis of the variants within the region that was identified in the deletion 

decreased the suspicion that they contribute to the proband’s ASD phenotype.  The 

variants were all relatively common in the population with additional evidence 

supporting their lack of severity on protein structure and function.  This analysis did 

highlight the complementary nature of the different testing technologies.  Chromosomal 

microarrays identify CNVs.  The clinical SNP microarray ordered for this proband could 

detect deletions larger than 50kb and duplications larger than 200kb.  WES can detect 

nucleotide sequence level changes in the regions targeted, including insertions and 

deletions that can be seen within a mapped read.  Algorithms to identify CNVs using 
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next generation sequencing read depth have been developed but are not yet as 

sensitive as a chromosomal microarray (de Ligt et al., 2013; Samarakoon et al., 2014).  

In addition, neither of these technologies would identify the trinucleotide repeats that are 

causative of fragile X syndrome.  Recognizing the benefits and limitations of each 

genetic testing technology available remains an important contribution of genetics 

professionals in the clinic.      

 

LIMITATIONS TO THE STUDY AND WES ANALYSIS 

While some of the limitations of the specific aims are discussed above, there are 

additional concerns that affect the analysis as a whole.  The number of individuals 

involved in the Neurobiology and Genetics of Autism study as a whole is limited, 

especially for a disorder as heterogeneous as ASD.  Only a subset of those individuals 

was included in the WES.  This makes internal comparisons unsatisfactory.  

Fortunately, there are large databases, both specific to ASD (like SFARI) and not (like 

ExAC), which make it possible to compare our results to the larger sample sizes, and 

large-scale studies are continuing to add to our understanding of ASD.  In fact, Simons 

Foundation Powering Autism Research for Knowledge (SPARK) was recently launched 

to recruit tens of thousands of individuals with ASD and their families to share genetic 

information.  However, there is also power in having smaller studies, like the one that 

this thesis contributes to, which collect detailed phenotypic information that can inform 

genetic analysis.  
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At this time, the genomic analysis done for this thesis did not incorporate much 

phenotypic information about the probands.  Besides the sex of the proband and 

assessment scores (for ASD and IQ), the analysis was done without reference to the 

proband’s phenotype.  Eventually this information will be helpful for analyzing the 

genomic information.  For example, the variant found for AU0243-0201 in BMPR1B 

could affect the proband’s ASD phenotype, but it has also been associated with 

brachydactyly (Lehmann et al., 2003).  Other variants can be prioritized based on 

known overlap of mutations in genes with the proband’s phenotypic presentation.  

Clinically-available whole exome testing benefits from detailed clinical observations (Lee 

et al., 2014).  While it was outside the scope of this thesis, incorporating the phenotypic 

information collected will improve the ability to understand the genetic information.  

 

The samples were sent to the laboratory at the Broad Institute for whole exome 

sequencing.  This technology uses next generation sequencing to target the coding 

portions of the genome.  While coding regions make up the minority of the genome 

(~1%), most disease-causing mutations are found in these regions (Majewski et al., 

2011; Ng et al., 2009).  As described in the context of the deletion assessed in Aim II, 

the non-coding regions are likely to contribute to disease phenotypes, including ASD; 

however, the effects of mutations in these regions are more difficult to predict.  As more 

data about variation in non-coding regions is accumulated, it will be easier to interpret 

its effects. 
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CONCLUSIONS 

Despite these limitations, we were able to identify many interesting de novo variants 

within the probands that warrant further investigation.  We were also able to decrease 

suspicion that the deletion identified in the clinical microarray for AU0237-0201 

contributes to her ASD phenotype by analyzing the variants she inherited from her 

mother.  The most interesting de novo variants identified can be confirmed and studied 

further through functional assays to understand their effects.   

 

In addition to following up on these findings, there remain a multitude of ways to analyze 

the WES sequencing data to identify other variants of interest.  For example, inherited 

variants that result in a compound heterozygote state for the proband as well as 

variants in the probands that are very rare in the population will yield additional variants 

of interest.  This initial analysis will be incorporated into the larger body of knowledge 

about the etiology of ASD, and our improved understanding of this heterogeneous 

condition will allow us to serve individuals with ASD and their families better with earlier 

interventions, more effective treatments, and personalized recurrence risk estimates.  
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APPENDIX A: Diagnostic Criteria for Autism Spectrum Disorder, 299.00 (F84.0) 

(DSM-V, 2013) 

A.      Persistent deficits in social communication and social interaction across multiple 

contexts, as manifested by the following, currently or by history (examples are 

illustrative, not exhaustive, see text): 

1.       Deficits in social-emotional reciprocity, ranging, for example, from abnormal social 

approach and failure of normal back-and-forth conversation; to reduced sharing of 

interests, emotions, or affect; to failure to initiate or respond to social interactions. 

2.       Deficits in nonverbal communicative behaviors used for social interaction, 

ranging, for example, from poorly integrated verbal and nonverbal communication; to 

abnormalities in eye contact and body language or deficits in understanding and use of 

gestures; to a total lack of facial expressions and nonverbal communication. 

3.       Deficits in developing, maintaining, and understanding relationships, ranging, for 

example, from difficulties adjusting behavior to suit various social contexts; to difficulties 

in sharing imaginative play or in making friends; to absence of interest in peers. 

Specify current severity:  Severity is based on social communication impairments and 

restricted repetitive patterns of behavior (see Table 2). 

 

B.      Restricted, repetitive patterns of behavior, interests, or activities, as manifested by 

at least two of the following, currently or by history (examples are illustrative, not 

exhaustive; see text): 
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1.       Stereotyped or repetitive motor movements, use of objects, or speech (e.g., 

simple motor stereotypies, lining up toys or flipping objects, echolalia, idiosyncratic 

phrases). 

2.       Insistence on sameness, inflexible adherence to routines, or ritualized patterns or 

verbal nonverbal behavior (e.g., extreme distress at small changes, difficulties with 

transitions, rigid thinking patterns, greeting rituals, need to take same route or eat food 

every day). 

3.       Highly restricted, fixated interests that are abnormal in intensity or focus (e.g., 

strong attachment to or preoccupation with unusual objects, excessively circumscribed 

or perseverative interest). 

4.       Hyper- or hyporeactivity to sensory input or unusual interests in sensory aspects 

of the environment (e.g., apparent indifference to pain/temperature, adverse response 

to specific sounds or textures, excessive smelling or touching of objects, visual 

fascination with lights or movement). 

Specify current severity:  Severity is based on social communication impairments and 

restricted, repetitive patterns of behavior (see Table 2). 

 

C.      Symptoms must be present in the early developmental period (but may not 

become fully manifest until social demands exceed limited capacities, or may be 

masked by learned strategies in later life). 

 

D.      Symptoms cause clinically significant impairment in social, occupational, or other 

important areas of current functioning. 



 90 

 

E.       These disturbances are not better explained by intellectual disability (intellectual 

developmental disorder) or global developmental delay. Intellectual disability and autism 

spectrum disorder frequently co-occur; to make comorbid diagnoses of autism spectrum 

disorder and intellectual disability, social communication should be below that expected 

for general developmental level. 

 

Note: Individuals with a well-established DSM-IV diagnosis of autistic disorder, 

Asperger’s disorder, or pervasive developmental disorder not otherwise specified 

should be given the diagnosis of autism spectrum disorder. Individuals who have 

marked deficits in social communication, but whose symptoms do not otherwise meet 

criteria for autism spectrum disorder, should be evaluated for social (pragmatic) 

communication disorder. 

 

Specify if: 

With or without accompanying intellectual impairment 

With or without accompanying language impairment 

Associated with a known medical or genetic condition or environmental factor 

(Coding note: Use additional code to identify the associated medical or genetic 

condition.) 

Associated with another neurodevelopmental, mental, or behavioral disorder 

(Coding note: Use additional code[s] to identify the associated neurodevelopmental, 

mental, or behavioral disorder[s].) 
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With catatonia (refer to the criteria for catatonia associated with another mental 

disorder, pp. 119-120, for definition) (Coding note: Use additional code 293.89 [F06.1] 

catatonia associated with autism spectrum disorder to indicate the presence of the 

comorbid catatonia.) 

 
Table 2:  Severity levels for autism spectrum disorder 
Severity level Social communication Restricted, repetitive 

behaviors 
Level 3 
"Requiring very 
substantial 
support” 

Severe deficits in verbal and 
nonverbal social communication 
skills cause severe impairments 
in functioning, very limited 
initiation of social interactions, 
and minimal response to social 
overtures from others. For 
example, a person with few 
words of intelligible speech who 
rarely initiates interaction and, 
when he or she does, makes 
unusual approaches to meet 
needs only and responds to only 
very direct social approaches 

Inflexibility of behavior, extreme 
difficulty coping with change, or 
other restricted/repetitive 
behaviors markedly interfere 
with functioning in all spheres. 
Great distress/difficulty 
changing focus or action. 

Level 2 
"Requiring 
substantial 
support” 

Marked deficits in verbal and 
nonverbal social communication 
skills; social impairments 
apparent even with supports in 
place; limited initiation of social 
interactions; and reduced or 
abnormal responses to social 
overtures from others. For 
example, a person who speaks 
simple sentences, whose 
interaction is limited to narrow 
special interests, and how has 
markedly odd nonverbal 
communication. 

Inflexibility of behavior, difficulty 
coping with change, or other 
restricted/repetitive behaviors 
appear frequently enough to be 
obvious to the casual observer 
and interfere with functioning in 
a variety of contexts. Distress 
and/or difficulty changing focus 
or action. 

Level 1 
"Requiring 
support” 

Without supports in place, 
deficits in social communication 
cause noticeable impairments. 
Difficulty initiating social 
interactions, and clear examples 
of atypical or unsuccessful 

Inflexibility of behavior causes 
significant interference with 
functioning in one or more 
contexts. Difficulty switching 
between activities. Problems of 
organization and planning 
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response to social overtures of 
others. May appear to have 
decreased interest in social 
interactions. For example, a 
person who is able to speak in 
full sentences and engages in 
communication but whose to- 
and-fro conversation with others 
fails, and whose attempts to 
make friends are odd and 
typically unsuccessful. 

hamper independence. 
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APPENDIX B:  Consent form for The Neurobiology and Genetics of Autism 
Assessment Core (UC Irvine IRB# 1996-616). 
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