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The Function and Regulation of AUTS2 

 

Nir Oksenberg 

 

Abstract 

The autism susceptibility candidate 2 (AUTS2) gene is associated with multiple 

neurological diseases, including autism, and has been implicated as an important gene in human-

specific evolution. In this thesis, I begin (chapter 1) with an introduction reviewing the literature 

regarding AUTS2, including its discovery, expression, association with autism and other 

neurological and non-neurological traits, implication in human evolution, function, regulation, 

and genetic pathways. Part of the research included in this introduction was performed by me 

and co-authors, and described in detail in the following chapters.  

In chapter 2, I investigate the expression, function, and regulation of auts2. auts2 is 

expressed primarily in the zebrafish brain. Knockdown of this gene in zebrafish leads to a 

smaller head size, neuronal reduction and decreased mobility. I identified twenty-three functional 

zebrafish enhancers, ten of which are active in the brain. Mouse enhancer assays characterized 

three brain enhancers that overlap an ASD-associated deletion and four enhancers that reside in 

regions implicated in human evolution, two of which are active in the brain. Combined, I show 

that AUTS2 is important for neurodevelopment and expose candidate enhancer sequences in 

which nucleotide variation could lead to neurological disease and human-specific traits. 

In chapter 3, I investigate the regulatory role and targets of Auts2. Using ChIP-seq and 

RNA-seq on mouse embryonic day 16.5 forebrains, we I elucidated the gene regulatory networks 

of Auts2. It was found that the majority of promoters bound by Auts2 belong to genes highly 

expressed in the developing forebrain, suggesting that Auts2 is involved in transcriptional 
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activation. Auts2 non-promoter bound regions significantly overlap developing brain-associated 

enhancer marks and are located near genes involved in neurodevelopment. Auts2 marked 

sequences are enriched for binding site motifs of neurodevelopmental transcription factors, 

including Pitx3 and TCF3. I characterized ten non-coding Auts2 marked sites near critical ASD-

related genes for enhancer activity in zebrafish, four of which showed positive enhancer activity. 

Additionally, I characterized two of the positive brain enhancers near NRXN1 and ATP2B2 in 

mice. The results implicate Auts2 as an active regulator of important neurodevelopmental genes 

and pathways and identify novel genomic regions which could be associated with ASD and other 

neurodevelopmental diseases. In summary, this thesis investigates the function of AUTS2. I 

conclude that this gene is critical for the proper development of neurons, and may act as a 

cofactor to positively regulate genes expressed in the forebrain involved in neurodevelopment.  
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Chapter 1 – Introduction 

1.1 Overview 

The autism susceptibility candidate 2 (AUTS2) gene is associated with multiple 

neurological diseases, including autism, and has been implicated as an important gene in human-

specific evolution. Recent functional analysis of this gene has revealed a potential role in 

neuronal development. In this chapter, I review the literature regarding AUTS2, including its 

discovery, expression, association with autism and other neurological and non-neurological 

traits, implication in human evolution, and genetic pathways.  

 

1.2 Neurodevelopmental disorders 

 Neurodevelopmental disorders are characterized by motor, speech, cognitive and 

behavioral dysfunctions caused by impairment in growth and development of the central nervous 

system (CNS). Neurodevelopmental disorders encompass, but are not limited, to intellectual 

disability (ID), developmental delay (DD), and autism spectrum disorders (ASDs) (Fleischhacker 

& Brooks, 2006). ASDs are known as pervasive developmental disorders that are common (1/88 

in the United States) (Baio, 2012) and highly heritable (Risch et al., 1999). ASDs are 

characterized by variable deficits in social communication, language, and restrictive and 

repetitive behaviors and present as a wide spectrum of phenotypes (Geschwind, 2009). Other 

neurological abnormalities such as ID, DD, epilepsy, sensory and motor abnormalities, 

gastrointestinal phenotypes, developmental regression, sleep disturbance, mood disorders, 

conduct disorders, aggression, and attention deficit hyperactivity disorder (ADHD) are also 

frequently associated with ASD (Geschwind, 2009). ASDs are heritable, complex disorders. 
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Several  different genes have been implicated in these disorders containing either common 

variants with small effects or rare variants with larger consequences (Abrahams & Geschwind, 

2008; Stein, Parikshak, & Geschwind, 2013). Over the years, studies examining individual 

patients, along with advances in sequencing technologies that have allowed the examination of a 

large number of individuals, have produced a myriad of new ASD, ID, and DD candidate genes, 

including AUTS2. 

 

1.3 The discovery of AUTS2 

AUTS2 was first identified in 2002 when it was found to be disrupted due to a balanced 

translocation in a pair of monozygotic (MZ) twins with ASD (Sultana et al., 2002). AUTS2 was 

mapped to 7q11, spans 1.2 megabases and is approximately 340 kilobases upstream from 

the Williams–Beuren syndrome (WBS) critical region, a region that when deleted, causes a 

neurodevelopmental disorder characterized by a distinctive “elfin” facial appearance, a cheerful 

demeanor, developmental delay, strong language skills, and cardiovascular problems (Martens, 

Wilson, & Reutens, 2008). The AUTS2 protein sequence is highly conserved, with 62% amino 

acid conservation between humans and zebrafish (Kalscheuer et al., 2007). It contains regions of 

homology to other proteins, such as the Dwarfin family consensus sequence, human 

topoisomerase, and Fibrosin (FBRS), a fibroblast growth factor (Sultana et al., 2002). 

Additionally, the drosophila gene tay has limited similarity to AUTS2. tay mutants have reduced 

walking speed and activity, thought to be associated with structural defects in the protocerebral 

bridge (Poeck, Triphan, Neuser, & Strauss, 2008). Sequence analysis of AUTS2 identified no 

membrane-spanning domains, but identified two proline-rich domains and a predicted PY motif 

(PPPY) at amino acids 515-519 (Figure 1) (Sultana et al., 2002). The PY motif is a potential 
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WW-domain-binding region that is involved in protein-protein interactions and is present in the 

activation domain of various transcription factors, suggesting that AUTS2 may be involved in 

transcriptional regulation (Kalscheuer et al., 2007). Other predicted protein motifs include 

several cAMP and cGMP-dependent protein kinase phosphorylation sites and putative N-

glycosylation sites (Sultana et al., 2002). In addition, AUTS2 has eight cac (His) repeats (Figure 

1) (Sultana et al., 2002), which has been shown to be associated with localization at nuclear 

speckles (Salichs, Ledda, Mularoni, Albà, & de la Luna, 2009), subnuclear structures where 

components of the RNA splicing machinery are stored and assembled (Lamond & Spector, 

2003). Evidence of nuclear localization sequences as well as several predicted protein-protein 

interaction domains (SH2 and SH3) were also observed for this protein (Figure 1). No evidence 

was found for any signal peptide in AUTS2, suggesting that it is not secreted or exposed to the 

cellular membrane (Bedogni, Hodge, Nelson, et al., 2010). No DNA-binding domains have been 

identified. Taken together, sequence analysis has revealed limited insight into the function of this 

gene. 

 

1.4 AUTS2 is a nuclear protein that is expressed in the central nervous system 

 Multiple reports have characterized the expression of AUTS2 in different organisms, 

concluding that it is primarily expressed in the brain. Northern blot shows strong AUTS2 

expression in human fetal brain in the frontal, parietal and temporal regions, but not in the 

occipital lobe. Expression was also identified in the skeletal muscle and kidney with lower 

expression in the placenta, lung and leukocytes (Sultana et al., 2002). In human post-mortem 

fetal brain, AUTS2 mRNA expression was found in the telencephalon (uniformly), ganglionic 

eminence, cerebellum anlagen and, more weakly, in the medulla oblongata at 8 weeks. AUTS2 
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was also found to be strongly expressed in the cortical plate and ventricular zone. Twenty-three 

week-old human fetal brains showed AUTS2 expression in the dentate gyrus, CA1 and CA3 

pyramidal cell subregions, the ganglionic eminence, caudate nucleus and putamen nuclei 

(Lepagnol-Bestel et al., 2008). AUTS2 was also shown to be expressed in the neocortex and 

prefrontal cortex up to the late mid-fetal stage (Y. E. Zhang, Landback, Vibranovski, & Long, 

2011). Gene expression profiles from ten human ocular tissues found AUTS2 to be the 20th 

highest expressed gene in the sclera (Wagner et al., 2013). Sequencing of total RNA from human 

brain and liver found a large fraction of reads (up to 40%) to be within introns (Ameur et al., 

2011). The authors identified enrichment of intronic RNA in brain tissues, particularly for genes 

involved in axonal growth and synaptic transmission. AUTS2 was among the ten genes with the 

highest intronic RNA score in fetal brain. Three of the top ten genes (neurexin 1 (NRXN1), 

protocadherin 9 (PCDH9), and methionine sulfoxide reductase A (MSRA) have also been 

implicated in autism. Additionally, for long introns, including the first half of AUTS2, there is a 

5’ to 3’ slope in read coverage with significantly higher levels of RNA present in the 5’ end. The 

authors reason that in the fetal brain, intronic RNAs are subjected to brain specific regulatory 

pathways that regulate alternative splicing programs to control neuronal development (Ameur et 

al., 2011). 

A detailed analysis of Auts2 mRNA and protein expression in the developing mouse 

brain was published in 2010 (Table 1) (Bedogni, Hodge, Nelson, et al., 2010). The authors found 

that Auts2 is expressed in the developing cerebral cortex and cerebellum and is located in the 

nuclei of neurons and some neuronal progenitors (Table 1). Auts2 expression was identified in 

numerous neuronal cell types, including glutamatergic neurons (cortex, olfactory bulb, 

hippocampus), GABAergic neurons (Purkinje cells), and tyrosine hydroxylase (TH) positive 
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dopaminergic neurons (substantia nirgra and ventral tegmental area). The authors showed 

colocalization of Auts2 with only a subset of eomesodermin (Tbr2) and paired box 6 (Pax6) 

positive cells in the ventricular and subventricular zones, suggesting that Auts2 might be 

expressed in the transition between radial glial and intermediate progenitors (Bedogni, Hodge, 

Nelson, et al., 2010). The authors suggest that Auts2 and T-box, brain, 1 (Tbr1) are coexpressed 

mostly in glutamatergic neuron populations in the forebrain and other transcription factors likely 

influence expression of Auts2 in other regions. The authors also note that Auts2 could be 

expressed in a transient phase of neuronal maturation or differentiation in the cortex (Bedogni, 

Hodge, Nelson, et al., 2010). In summary, AUTS2 has been shown to be a nuclear protein that is 

primarily expressed in the brain in various cell types as well as regions implicated in ASD such 

as the neocortex. 

 

1.5 AUTS2 and autism spectrum disorder, intellectual disability, and developmental delay  

AUTS2 has been repeatedly implicated as an ASD candidate gene in recent years.  

Following the initial finding of an AUTS2 translocation in twins with autism (Sultana et al., 

2002), over 50 unrelated individuals with ASD, ID, or DD were identified with distinct structural 

variants disrupting the AUTS2 region in numerous different reports (Figure 2) (Bakkaloglu et al., 

2008; Ben-David et al., 2011; Beunders et al., 2013; Cuscó, Medrano, & Gener, 2009; Girirajan 

et al., 2011, 2013; Glessner et al., 2009; Huang, Zou, Maher, Newton, & Milunsky, 2010; Jolley 

et al., 2013; Kalscheuer et al., 2007; Nagamani et al., 2013; Pinto et al., 2010; Talkowski et al., 

2012; Tropeano et al., 2013). Some of the structural variants are exclusively noncoding, 

suggesting that improper regulation and subsequent expression of AUTS2 could be involved in 

the progression of the individual’s disorder (Oksenberg, Stevison, Wall, & Ahituv, 2013). Along 
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with ASD, ID, and DD, many of these individuals also have other phenotypes including epilepsy, 

brain malformations, or dysmorphic features. One group described an “AUTS2 syndrome” in 

individuals with varying severity of growth and feeding problems, neurodevelopmental features, 

neurological disorders, dysmorphic features, skeletal abnormalities, and congenital 

malformations (Beunders et al., 2013). The spectrum of phenotypes observed in individuals with 

AUTS2 mutations is consistent with the wide range of ASD phenotypes. This suggests that 

AUTS2 is not associated with a specific sub-type of ASD. It has also been noted that dysmorphic 

features were more pronounced in individuals with 3’ AUTS2 deletions, where most of the 

coding region resides (Beunders et al., 2013). However, copy number variations (CNVs) at the 

AUTS2 locus have also been observed in unaffected individuals, indicating that structural 

rearrangements are tolerated in some cases (Bakkaloglu et al., 2008; Redon et al., 2006). This 

suggests that disruptions in AUTS2 may lead to neurodevelopmental disorders by being one of 

multiple genomic ‘hits’. The large number of independent publications implicating AUTS2 with 

ASD, ID, or DD provide strong evidence for its involvement in these disorders. It is worth noting 

however, that no publication has shown single base pair variants in the AUTS2 locus affiliated 

with ASD, despite numerous ASD-related exome sequencing studies (Chahrour et al., 2012; 

O’Roak et al., 2011, 2012; Sanders et al., 2012).  

The observation that AUTS2 variants are mostly CNVs may be due to the susceptibility of 

this region to chromosomal breakpoints. A 2011 report showed that the offspring of older male 

mice have an increased risk of de novo CNVs in certain locations, including the Auts2 locus 

(Flatscher-Bader et al., 2011). Another report found that hydroxyurea, a ribonucleotide reductase 

inhibitor, as well as aphidicolin, a DNA polymerase inhibitor, induce a high frequency of de 

novo CNVs in cultured human cells and found a clustering of CNVs in AUTS2 (M. Arlt & 
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Ozdemir, 2011). Aphidocolin also induced CNV formation in the  Auts2 locus in 

nonhomologous end joining deficient mouse embryonic stem cells (M. F. Arlt, Rajendran, 

Birkeland, Wilson, & Glover, 2012). Because the AUTS2 locus is a hotspot for CNVs, and 

individuals with ASD generally carry more CNVs than their unaffected siblings (Sebat et al., 

2007), examining if these high numbers of ASD associated CNVs around AUTS2 are 

consequential, and not merely a result of their susceptibility to CNVs, warrants investigation. 

There is also the possibility that these CNVs are affecting regulatory regions of other genes, 

including the nearby WBS critical region.  

In 2013, a genome wide analysis of DNA methylation was published on ASD discordant 

and concordant MZ twins. A region in the AUTS2 promoter (chr7: 68701907; hg18) was the 42nd 

most differentially methylated CpG site in the genome, suggesting that not only sequence 

variation, but also epigenetic changes to the AUTS2 locus could be involved in the development 

of ASD related traits (Wong et al., 2013). Significant DNA methylation differences were often 

observed near other genes that have been previously implicated in ASD, including methyl-CpG 

binding domain protein 4 (MBD4) and microtubule-associated protein 2 (MAP2). The authors 

cautioned, however, that it is difficult to draw conclusions about the causality of the 

differentially methylated sites due to small sample size, lack of corresponding RNA expression 

data, the use of whole blood rather than brain tissue, and potential epigenetic effects due to 

medicine (Wong et al., 2013).  

Combined, the evidence for a causative role of AUTS2 in DD and ID is quite convincing. 

However, for ASD the evidence presented so far suggests that disruptions in AUTS2 can play a 

causative role, but to demonstrate causality, more research needs to done on cohorts of well-

defined ASD patients and on the functional consequence of these disruptions. 
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1.6 AUTS2 and other neurological conditions 

In addition to ASD, ID, and DD, AUTS2 has been implicated in other neurological 

disorders. Some of these disorders, like epilepsy, have been shown to be linked to ASD. 

However, other AUTS2-associated phenotypes are ASD independent. AUTS2 expression was 

found to have significant association with nicotine dependence, cannabis dependence and 

antisocial personality disorder, although this study had a small numbers of cases and would need 

to be repeated with larger cohorts (Philibert et al., 2007). The study also suggested, although it 

did not quite reach significance, that AUTS2 expression is implicated in alcohol dependence 

(Philibert et al., 2007). In 2011, a genome-wide association meta-analysis found an AUTS2 non-

coding SNP, rs6943555, to be significantly associated with alcohol consumption (Schumann et 

al., 2011). The authors also reported increased AUTS2 expression in carriers of the minor A 

allele of rs6943555 compared with the T allele in 96 human prefrontal cortex samples. 

Additionally, they identified significant differences in expression of Auts2 in whole-brain 

extracts of mice with differences in voluntary alcohol consumption. The authors also showed that 

down-regulation of tay, which has sequence similarity to AUTS2, caused reduction in alcohol 

sensitivity in Drosophila (Schumann et al., 2011). Also implicating AUTS2 in drug dependence 

was a 2011 study showing that AUTS2 has a 3.01 fold change (downregulation) between 19 male 

heroin-dependent individuals and 20 controls in lymphoblastoid cell lines (Liao, Cheng, & Lai, 

2011). A follow-up study compared AUTS2 transcript levels of lymphoblastoid cell lines 

between 124 heroin-dependent and 116 control males using quantitative PCR and found that 

average transcript levels of AUTS2 in the heroin-dependent group was significantly lower than 

controls. They also found that AA homozygotes for rs6943555 were significantly over-



9 
 

represented in the heroin-dependent subjects (Chen, Liao, Lai, & Chen, 2013). Taken together, 

these reports show strong evidence for AUTS2’s involvement in addiction and dependence.  

Additionally, the AUTS2 locus has been shown to be implicated or altered in individuals 

with schizoaffective disorder (Hamshere et al., 2009), bipolar disorder (Hattori et al., 2009; Lee, 

Woo, & Greenwood, 2012), epilepsy (Mefford et al., 2010), ADHD (Elia et al., 2010), 

differential processing speed (Luciano, Hansell, & Lahti, 2011), suicidal tendencies under the 

influence of alcohol (Chojnicka et al., 2013), and dyslexia (Girirajan et al., 2011), either through 

CNV or genome-wide association studies. A 2012 article sequenced balanced chromosomal 

abnormalities in patients with neurodevelopmental disorders and found the AUTS2 locus to be 

perturbed in individuals with microcephaly, macrocephaly, ataxia, visual impairment, language 

disability, seizure disorder, dysmorphic features, behavioral problems, motor delay, and 

Rubinstein-Taybi syndrome (Talkowski et al., 2012). It could be that the observation that most 

cases of AUTS2 structural variants are associated with ASD is attributed to more individuals with 

ASD being tested in this locus than patients with other neurological disorders leading to an 

underestimate in the link between AUTS2 and other neurological phenotypes. Taken together, 

these observations suggest that AUTS2 dysfunction is not restricted to ASD, DD or ID, but rather 

involved in a wide-range of neurological disorders. Additionally, there are a few studies 

implicating AUTS2 in non-neurological disorders and traits. 

1.7 AUTS2 and non-neurological disorders and traits 

A few reports have implicated AUTS2 in non-neurological disorders and traits. In 2004, a 

report examined 18 cases of childhood hyperdiploid acute lymphoblastic leukemia (ALL) cases 

in order to identify the relationship between extra copies of chromosomes and increased gene 

expression. The authors identified multiple regions with increased expression that correlated 
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poorly or not at all with the presence of extra copies of chromosomes, including 7q11.2. AUTS2 

showed consistently higher expression levels in the cDNA samples of patients than in normal 

mononuclear cells, possibly implicating the gene in ALL (Gruszka-Westwood et al., 2004). In 

2008, it was reported that paired box 5 (PAX5) can be rearranged with a variety of partners, 

including AUTS2 (one case) in pediatric ALL (Kawamata et al., 2008). A couple of years later, a 

second case of PAX5-AUTS2 fusion was identified in pediatric ALL (Coyaud et al., 2010). In 

2012, the third case of PAX5-AUTS2 fusion was identified in a patient with pediatric ALL, 

providing additional evidence that PAX5-AUTS2 is a recurring gene fusion in ALL (Denk et al., 

2012). Two of the three PAX5-AUTS2 cases had CNS diseases either at the time of diagnosis or 

relapse (Denk et al., 2012). Individual reports, some of which identify single patients, have also 

implicated the AUTS2 locus in the aging of human skin (Lener et al., 2006), lung 

adenocarcinoma (Weir, Woo, Getz, & Perner, 2007), lethal prostate cancer (Penney et al., 2010), 

the number of corpora lutea in pigs (Sato, Hayashi, & Kobayashi, 2011), early-onset 

androgenetic alopecia (R. Li et al., 2012), and metastatic nonseminomatous testicular cancer 

(Stadler et al., 2012). Despite a number of reports suggesting AUTS2’s role in non-neurological 

disorders and traits, disruption of AUTS2 is most often reported to be associated with 

neurological phenotypes. 

 

1.8 AUTS2 and human evolution 

In 2006, a comparative genomics approach was used to search the human genome for 

regions that have significantly changed in humans in the last 5 million years since the divergence 

from chimpanzees, but are highly conserved in other species (Pollard, Salama, King, et al., 2006; 

Pollard, Salama, Lambert, et al., 2006). They identified 202 such regions that they termed human 
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accelerated regions (HARs). These HARs are great candidates for sequences responsible for the 

evolution of human-specific traits. An intronic region in AUTS2 ranked as the 31st most 

accelerated region in their study. Similarly, in 2006 a different group combed the genome for 

conserved non-coding sequences that were accelerated in the human lineage (Prabhakar, 

Noonan, Pääbo, & Rubin, 2006). The authors identified 902 human accelerated conserved non-

coding sequences (HACNSs). HACNS 174 and 369 both lay within introns of AUTS2. With the 

publication of the draft sequence of the Neanderthal genome in 2011, it was found that the first 

half of AUTS2 displayed the strongest statistical signal in a genomic screen differentiating 

modern humans from Neanderthals (Green et al., 2010). This region contains 293 consecutive 

SNPs where only ancestral alleles were observed in the Neanderthals, only two of which are 

coding variants (a G to C nonsynonymous substitution at chr7:68,702,743 (hg18) only in the Han 

Chinese and a C to T synonymous change at chr7:68,702,866 (hg18) within the Yoruba and 

Melanesian populations). Other regions that were found to have the most significant human-

Neanderthal changes also include genes that are involved in cognition and social interaction, 

including dual-specificity tyrosine-(Y)-phosphorylation regulated kinase 1A (DYRK1A), 

neuregulin 3 (NRG3) and Ca++-dependent secretion activator 2 (CADPS2) (Green et al., 2010). 

The authors conclude that multiple genes involved in cognitive development were positively 

selected during the evolution of modern humans (Green et al., 2010). Taken together, these 

studies suggest that significant changes in AUTS2 occurred specifically in modern humans and it 

is conceivable, based on the neurological role that this gene plays, that these changes could lead 

to cognitive traits specific to humans. 
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1.9 AUTS2 gene pathways 

A 2010 study used radiation hybrid genotyping data to test for interaction of 99% of all 

possible gene pairs across the mammalian genome (Lin, Wang, Ahn, Park, & Smith, 2010). 

AUTS2 was the known gene with the greatest number of edges, or connectivity (Lin et al., 2010). 

Despite that finding, little is known about the genetic pathways that AUTS2 is involved in. 

However, a few articles have provided evidence linking AUTS2 to other proteins and pathways.  

One potential pathway was revealed by examining genes that can oscillate expression 

during somitogenesis. Two papers found that the expression of AUTS2 oscillates in phase with 

other notch pathway genes, suggesting that it is a component of the notch signaling pathway 

(Dequéant et al., 2006; William et al., 2007). Notch signaling has been shown to be involved in 

neuronal migration through its interaction with Reelin, a gene implicated in ASD and a target of 

Tbr1 (Hashimoto-Torii et al., 2008; Wang et al., 2004). 

Although not reaching significance, a group found that Auts2 has a 1.33 fold change in 

cerebellar gene expression in methyl CpG binding protein 2 (Mecp2) null mice. Loss of MECP2 

function can cause a number of neurodevelopmental disorders including Rett syndrome and 

autism (Ben-Shachar, Chahrour, Thaller, Shaw, & Zoghbi, 2009). The authors also compared 

their data with data generated from other gene expression studies. They found that Auts2 is 

consistently altered in both their datasets, as well as in post-mortem Rett syndrome patient brains 

and mutated in fibroblast and lymphocytes (Ben-Shachar et al., 2009). 

Starting at mouse E12, Auts2 mRNA is expressed in the cortical preplate, where it 

colocalizes with Tbr1, a transcription factor that exerts positive and negative control of regional 

and laminar identity in postmitotic neurons (Bedogni, Hodge, Elsen, et al., 2010; Bedogni, 

Hodge, Nelson, et al., 2010). Using Tbr1 antibodies for chromatin immunoprecipitation (ChIP) 



13 
 

of E14.5 cortex, it was shown that the Auts2 promoter is a direct transcriptional target of Tbr1 in 

the developing neocortex and is involved in frontal identity (Bedogni, Hodge, Elsen, et al., 

2010).  

SATB homeobox 2 (Satb2) is one of four genes (including Tbr1) that regulates projection 

identity within the layers of the mammalian cortex. In 2012, a report showed that in mice, Tbr1 

expression is dually regulated by Satb2 and B-cell CLL/lymphoma 11B (Ctip2) in cortical layers 

2-5. The authors also demonstrated that Satb2 regulates Auts2. They showed that like Tbr1, 

Auts2 is expressed in the deep and upper layers of the cortex. They investigated whether the loss 

of Tbr1 expression in the upper layer neurons in Satb2 mutants coincides with changes in Auts2 

expression. They observed that there was a significant loss of Auts2 expression in the upper 

layers of Satb2 mutants similar to the loss of Tbr1 in Satb2 mutants. The authors did not observe 

any changes in Auts2 expression in layers 5 or 6. Their results suggest that Satb2 regulates the 

expression of Tbr1, which in turn regulates Auts2 expression in callosal projection neurons 

(Srinivasan et al., 2012).  

GTF2I repeat domain containing 1 (GTF2IRD1) is one of 26 genes deleted in WBS and 

encodes a putative transcription factor expressed throughout the brain during development. 

Gtf2ird1 knockout mice display reduced innate fear and increased sociability, phenotypes 

consistent with WBS (Young et al., 2008). Microarray screens were used to find transcriptional 

targets of Gtf2ird1 on brain tissue from Gtf2ird1 knockout mice at two time points, E15.5 and 

birth (P0), compared to wild type littermates. Auts2 was one of only two genes identified in both 

(E15.5 and P0) microarray experiments to be altered compared to controls. In P0 mouse brains of 

knockout mice, Auts2 was increased by 1.3 fold, and in contrast in E15.5 embryos, it was 
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decreased by 1.5 fold (O’Leary & Osborne, 2011). It is unclear if AUTS2 is a target of Gtf2ird1, 

or if this observation is caused by the proximity of the two genes.  

Zinc finger, matrin-type 3 (also known as wig-1), a transcription factor regulated by p53, 

plays an important role in RNA protection and stabilization and as part of the p53 pathway, is a 

casual factor in neurodegenerative diseases. wig-1 down regulation by antisense oligonucleotide 

treatment led to a significant reduction in Auts2 mRNA levels in the brains of BACHD mice, a 

mouse model for Huntington’s disease. The authors also reported a trend in reduction of Auts2 

mRNA levels in the livers of BALB/c mice but no reduction in Auts2 levels in FVB (background 

strain of BACHD) mouse brains (Sedaghat, Mazur, Sabripour, Hung, & Monia, 2012). These 

results suggest a role for wig-1 in the regulation of Auts2 expression and further links Auts2 with 

pathways involved in the CNS. 

Polycomb Repressive Complex 1 (PRC1) is a polycomb-group (PcG) gene which acts as 

a developmental regulator through transcriptional repression. It is critical for many biological 

processes in mammals, including differentiation. There are six major groups of PRC1 

complexes, each containing a distinct PCGF subunit (PCGF1-6), a RING1 A/B ubiquitin ligase, 

and unique associated polypeptides. Using tandem affinity purification of PCGF3 and PCGF5, 

AUTS2 was recovered, implicating a role for AUTS2 in transcriptional repression during 

development (Gao et al., 2012). 

In 2013, the regulatory pathway for SEMA5A, an autism candidate gene, was mapped in 

silico using expression quantitative trait locus (eQTL) mapping. The authors found that the 

SEMA5A regulatory network significantly overlaps rare CNVs around ASD-associated genes, 

including AUTS2. Given the extensive trans-regulatory network associated with SEMA5A, the 

authors also investigated the possibility that there are a number of upstream master regulators 
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that control this network. Performing eQTL mapping for expression levels of the eQTL-

associated genes within the network (eQTLs of the eQTLs of SEMA5A), the authors identified 12 

regions associated with the expression of 10 or more primary SEMA5A eQTL genes, including 

AUTS2. This study suggests that AUTS2 is involved, and may be a master regulator in ASD-

related pathways (Cheng, Quinn, & Weiss, 2013). 

  

1.10 Concluding remarks 

As we identify the genes involved in ASD, DD and ID, our ability to genetically diagnose 

these disorders improves, and future screens should assess AUTS2 for potential causative CNVs. 

However, before we are able to use AUTS2 as a diagnostic tool, we must determine what makes 

a CNV in or around AUTS2 causative or benign and for what disorders (e.g. ID, DD, ASD, ASD 

with ID/DD, etc). This includes a deeper investigation of the function and regulatory network of 

this gene, which was the focus of my thesis and described in Chapter 2. A major step in 

developing future ASD and ASD-related phenotype treatments relies on a solid understanding of 

the pathways involved and how they interact, which is discussed in detail in Chapter 3. 

Obtaining a better understanding of the pathways associated with AUTS2 will allow us to better 

comprehend the biological systems that can be perturbed when the function of this gene is 

disrupted, as well as how nucleotide changes in it led to human-specific traits. Multiple reports 

have implicated AUTS2 in addiction and other neurological phenotypes, but the mechanism and 

certainty of these involvements remain unclear, highlighting the importance of deeper 

investigations into the function of this gene and its role in development and disease. Future work 

using an Auts2 mouse knockout should reveal greater detail of the function of this gene. In 

summary, we can presume that this gene is involved in neurodevelopment, and may play a role 
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in ASD and ASD-related phenotypes. There is also significant data suggesting that AUTS2 has 

human-specific variants that could possibly contribute to human cognition.  
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Chapter 1 tables 

 

Table 1: Auts2 expression in the developing mouse brain (summary based on (Bedogni, 

Hodge, Nelson, et al., 2010))  

Time 

point 

Auts2 expression 

E11 mRNA barely detectable. 

E12-13 
Colocalization with Tbr1 in the cortical preplate. Tbr1 is a transcription factor 

specific for postmitotc projection neurons. 

E12-14 

High expression in the developing cortex, thalamus and cerebellum. There is 

continued expression in these regions throughout development, but levels 

fluctuate and are found in gradients. Different markers show Auts2 expression 

in multiple neuronal subtypes in the developing cortex. 

E14 
Expression in the hippocampal primordium. Transient expression in the locus 

ceruleus and vestibular nuclei. 

E16 
Expression in the cerebral cortex is now a gradient of high rostral to low 

caudal expression. 

E19 Highest expression in inferior and superior colliculi and the pretectum. 

P0 

Auts2 expression becomes progressively more superficial in the frontal cortex. 

Coexpression with Tbr1 becomes rare as Tbr1 becomes more selective to layer 

6. 

E16-P21 

Auts2 is expressed mostly in the frontal cortex, hippocampus, and the 

cerebellum. In addition, high expression levels were detected in the developing 

dorsal thalamus, olfactory bulb, inferior colliculus and the substantia nigra. 

P21 

Expression in developing thalamic areas, including the anterior thalamic 

nucluei and in ventrolateral/ventromedial nuclei. Auts2 is restricted to 

superficial layers in frontal cortex. Auts2 is expressed throughout the 

subgranular zone and the granule cell layer of the hippocampus. 
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Chapter 1 figures 

 

 

Figure 1: Schematic of the AUTS2 protein 

AUTS2 (1,259 amino acids) is shown as a grey bar. The locations of predicted domains, motifs, 

regions of homology, and other characterized sequences are shown below and within the protein. 

Numbers in parenthesis represent the amino acid location. The figure is based on predicted 

features in (Bedogni, Hodge, Nelson, et al., 2010; Sultana et al., 2002). 
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Figure 2: Schematic of the AUTS2 genomic region 

Numbers to the left of the lines correspond to reference numbers published in (Oksenberg & 

Ahituv, 2013). Human accelerated sequences are shown as blue lines above the gene (Green et 

al., 2010; Pollard, Salama, King, et al., 2006; Prabhakar et al., 2006). Structural variants 

(Bakkaloglu et al., 2008; Ben-David et al., 2011; Beunders et al., 2013; Cuscó et al., 2009; Elia 

et al., 2010; Girirajan et al., 2011; Glessner et al., 2009; Huang et al., 2010; Jolley et al., 2013; 

Kalscheuer et al., 2007; Mefford et al., 2010; Nagamani et al., 2013; Pinto et al., 2010; Sultana et 

al., 2002; Talkowski et al., 2012; Tropeano et al., 2013) are represented as colored lines (red: 

deletion, orange: inversion, green: duplication, purple: translocation). SNPs are shown as 

magenta stars. rs6943555 is associated with alcohol consumption (Schumann et al., 2011). SNPS 

in (Hattori et al., 2009; Lee et al., 2012) are associated with bipolar disorder. SNPs in (Hattori et 

al., 2009) are reported to be in strong linkage disequilibrium with each other. Arrows in bars 

signify that the structural variant extends past the gene in that direction. Exons are depicted as 

light blue rectangles, as defined by the RefSeq genes track in the UCSC Genome Browser. 

Human Accelerated Conserved Non-coding Sequence (HACNS), Human Accelerated Region 
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(HAR), developmental delay (DD), intellectual disability (ID), dysmorphic features (DF), seizure 

disorder (SD), multiple congenital anomalies (MCA), language disability (LD). Figure adapted 

from (Oksenberg et al., 2013). 
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Chapter 2 – The function and regulation of AUTS2 

2.1 Abstract 

Nucleotide changes in the AUTS2 locus, some of which affect only noncoding regions, 

are associated with autism and other neurological disorders including attention deficit 

hyperactivity disorder, epilepsy, dyslexia, motor delay, language delay, visual impairment, 

microcephaly, and alcohol consumption. In addition, AUTS2 contains the most significantly 

accelerated genomic region differentiating humans from Neanderthals, which is primarily 

composed of noncoding variants. However, the function and regulation of this gene remained 

largely unknown and were the main focus of my thesis. To characterize auts2 function, I 

knocked it down in zebrafish, which lead to a smaller head size, neuronal reduction and 

decreased mobility. To characterize AUTS2 regulatory elements, I tested sequences for enhancer 

activity in zebrafish and mice. I identified twenty-three functional zebrafish enhancers, ten of 

which were active in the brain. Mouse enhancer assays that I carried out characterized three 

mouse brain enhancers that overlap an ASD-associated deletion and four enhancers that reside in 

regions implicated in human evolution, two of which are active in the brain. Combined, my 

results show that AUTS2 is important for neurodevelopment and expose candidate enhancer 

sequences in which nucleotide variation could lead to neurological disease and human-specific 

traits. 

 

2.2 Introduction 

Autism spectrum disorders (ASDs) are common (1/88 in the United States) (Baio, 2012) 

childhood neurodevelopmental disorders known as pervasive developmental disorders (reviewed 
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in (Pardo & Eberhart, 2007)). ASDs are highly heritable, signifying a substantial genetic etiology 

(Risch et al., 1999; Talkowski, Minikel, & Gusella, 2014). A balanced translocation involving 

the autism susceptibility candidate 2 (AUTS2; GenBank NM_001127231.1) gene in a pair of 

monozygotic twins with ASD was the first to link this gene to autism (Sultana et al., 2002) (see 

Figure 2 from Chapter 1). Following this finding, thirty-six additional unrelated individuals with 

ASD, intellectual disability, or developmental delay were found to have distinct heterozygous 

structural variants disrupting the AUTS2 region (Bakkaloglu et al., 2008; Ben-David et al., 2011; 

Girirajan et al., 2011; Glessner et al., 2009; Huang et al., 2010; Kalscheuer et al., 2007; 

Nagamani et al., 2013; Pinto et al., 2010; Talkowski et al., 2012), four exclusively in noncoding 

regions (Pinto et al., 2010; Talkowski et al., 2012). Additional structural variants in AUTS2, 

some of which are only intronic, were also shown to be associated with attention deficit 

hyperactivity disorder (ADHD) (Elia et al., 2010), epilepsy (Mefford et al., 2010; Talkowski et 

al., 2012), dyslexia (Girirajan et al., 2011), motor delay, language delay, visual impairment, 

microcephaly and others (Talkowski et al., 2012). In addition, a genome-wide association meta-

analysis study identified SNP rs6943555 within the fourth intron of AUTS2 to be the most 

statistically significant SNP associated with alcohol consumption (Schumann et al., 2011) (see 

Figure 2 from Chapter 1). These various AUTS2-associated phenotypes suggest this gene has an 

important neurological function. It is worth noting though that some individuals with disrupted 

AUTS2 and mental retardation or autism have additional, potentially non-neuronal phenotypes, 

such as hypotonia, short stature, urogenital abnormalities, and skeletal abnormalities (Kalscheuer 

et al., 2007; Sultana et al., 2002) 

In addition to AUTS2’s role in neurological disease, it was also shown to be important for 

human-specific evolution. The first half of AUTS2 displayed the strongest statistical signal in a 
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genomic screen differentiating modern humans from Neanderthals (Green et al., 2010). This is 

attributed to a stretch of 293 consecutive SNPs, only two of which are coding variants: (a G to C 

nonsynonymous substitution at chr7:68,702,743 (hg18) only in the Han Chinese and a C to T 

synonymous change in chr7:68,702,866 (hg18) within the Yoruba and Melanesian populations). 

Other regions identified to have the most significant human-Neanderthal sweeps also include 

genes that are involved in cognition and social interaction, including DYRK1A, NRG3  and 

CADPS2 (Green et al., 2010), reinforcing our interest in AUTS2’s role in cognition and human-

Neanderthal differences. In addition, three different evolutionary conserved noncoding intronic 

regions in AUTS2 (HAR31, HACNS174 and HACNS369) have been found to be significantly 

accelerated when compared to primates in two different studies (Pollard, Salama, King, et al., 

2006; Prabhakar et al., 2006) (see Figure 2 from Chapter 1). Combined, these data suggest that 

altered regulation of AUTS2 could be associated with human specific traits. 

The functional role of AUTS2 is not well known, although some studies have identified a 

putative role in transcriptional regulation during neuronal development. The predicted AUTS2 

protein contains a PY motif, a putative WW-domain-binding region (Sultana et al., 2002) present 

in various transcription factors, implying that AUTS2 may be involved in transcriptional 

regulation (Kalscheuer et al., 2007) (see Figure 1 from Chapter 1).  

I used zebrafish morpholinos to functionally characterize auts2. I show that knocking 

down this gene leads to an overall stunted developmental phenotype that includes a smaller head, 

body and reduced movement. Further characterization of morphant fish revealed a reduction in 

developing midbrain neurons and also in sensory and motor neurons. To characterize AUTS2 

enhancers, I used both zebrafish and mouse transgenic enhancer assays. I identified three 

functional enhancers within an ASD-associated deletion and six brain enhancer in regions 
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associated with human specific evolution. Combined, I found that AUTS2 is important for 

neuronal development and characterized several functional enhancers within this locus, where 

nucleotide changes could be associated with neurodevelopmental disease and human specific 

evolution. 

 

2.3 Results 

2.3a auts2 zebrafish expression 

Zebrafish can be an effective tool to study ASD (Tropepe & Sive, 2003). Using whole 

mount in situ hybridization, I determined that auts2 is expressed in zebrafish at 24 hours post 

fertilization (hpf) in the forebrain, midbrain and hindbrain (Figure 1). Additionally, auts2 is 

expressed in the trunk (including the spinal cord), with stronger expression towards the caudal 

peduncle. At 48 hpf, auts2 is expressed in the brain and pectoral fin and from 72-120 hpf its 

expression is restricted primarily to the brain. auts2 is also weakly expressed in the eye from 24-

120 hpf. Overall, I observed that the zebrafish expression largely correlates with the previously 

characterized mouse expression (Bedogni, Hodge, Nelson, et al., 2010; Visel, Thaller, & Eichele, 

2004).  

2.3b Phenotypic characterization of auts2 morphants 

I next used morpholinos (MOs) to knockdown auts2 in zebrafish during development. 

Fish injected with an auts2 translational blocking MO displayed a stunted developmental 

phenotype with smaller heads, eyes, body and pectoral fins (Figure 1C and Figure 2A). A second 

auts2 MO that disrupts the splice junction between intron two and exon three exhibited similar 

but less severe phenotypes (Figure 1D). These phenotypes appeared in 80-90% of injected fish 
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and were rescued by co-injecting the full length human AUTS2 mRNA along with the 

translational blocking MO (68% of injected fish showed a partial to full rescue) (Figure 1E). 

Injection of a 5 base pair (bp) mismatch auts2 translational MO control did not show any 

phenotype (Figure 1B and Figure 2A), further validating the specificity of our MOs to effectively 

knockdown auts2 in zebrafish.  

To further characterize the neurological function of auts2, I injected the translational MO 

into the HuC-GFP transgenic zebrafish line (Park et al., 2000), where developing neurons 

express green fluorescent protein (GFP). Compared to the 5bp mismatch control, translational 

MO injected fish showed a dramatic decrease in GFP at 48 and 72 hpf in the dorsal region of the 

midbrain, including the optic tectum, the midbrain-hindbrain boundary (which includes the 

cerebellum), the hindbrain and the retina (Figure 2B). This phenotype was also observed by 

staining neurons with Nissl at 48 hpf (Figure 3A). TUNEL staining of 48 hpf embryos revealed 

that morphant fish exhibit increased apoptosis in the midbrain in the same location where fewer 

neurons where observed (Figure 2C and Figure 3B). Anti-proliferating Cell Nuclear Antigen 

(PCNA) staining showed increased amounts of cell proliferation in morphant fish in the 

forebrain, midbrain and hindbrain (Figure 2D and Figure 3C-E). While seemingly contradictory, 

increased amounts of both TUNEL and PCNA positive cells has been previously shown, as cell 

death and proliferation could be coupled (Alenzi, 2004; Evan & Littlewood, 1998). It is 

conceivable that the increased PCNA positive cells are the result of morphant cells failing to 

differentiate into mature neurons, as seen in the HuC-GFP line. These results suggest that auts2 

may be involved in the production and maintenance of neurons in the zebrafish brain.  

Both the translational and splicing morphant fish also showed a decreased movement 

response when gently prodded with a pipette tip compared to controls that began at 48 hpf. This 
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phenotype was observed until 120 hours when the zebrafish were euthanized. In order to 

determine whether motor neuron defects could explain this phenotype, I injected the translational 

MOs into the Tg(mnx1:GFP) zebrafish line, which expresses GFP in developing motor neurons 

(Flanagan-Steet, Fox, Meyer, & Sanes, 2005). At 48 hpf, morphant fish displayed fewer GFP 

labeled motor neuron cell bodies in the spinal cord. Additionally, motor neuron projections were 

weaker and perpendicular to the spinal cord, in contrast to the angled projections of the control 

injected fish (Figure 2E). This phenotype was also confirmed using the znp-1 antibody to mark 

motor neuron axons (Gordon, Gribble, Syrett, & Granato, 2012) in control and morphant fish. 

Morphant fish consistently showed more branching of axons compared to controls (Figure 4).  

To assess sensory neuron defects, Rohon-Beard neurons were stained with anti-HNK-1 in 

control and translational MO injected fish at 48 hpf. Morphant fish displayed on average 60% 

fewer sensory neurons in the spinal cord (Figure 2F). These results suggest that loss of auts2 in 

zebrafish could lead to motor and sensory neuron defects, which may play a role in their reduced 

movement and decreased response to touch. 

2.3c AUTS2 enhancer characterization 

Due to the observations that noncoding regions in the AUTS2 locus are associated with 

neurological phenotypes and human-specific evolution, I set out to identify enhancers in this 

locus. To focus my search, limited my candidates to be between the first exon and fifth intron, 

due to this region encompassing the human-Neanderthal sweep (exon 1-4; chr7:68,662,946-

69,274,862 (hg18)) (Green et al., 2010) and several noncoding nucleotide changes that have been 

associated with neurological phenotypes (Girirajan et al., 2011; Pinto et al., 2010; Schumann et 

al., 2011; Talkowski et al., 2012). AUTS2 enhancer candidate (AEC) sequences were selected 

based on evolutionary conservation, embryonic mouse forebrain and midbrain ChIP-seq datasets 
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(Visel et al., 2009) and nucleotide variants that define the human-Neanderthal sweep (Green et 

al., 2010) (see methods). I also tested the human accelerated region (HAR) in intron four, 

HAR31 (Pollard, Salama, King, et al., 2006), and the human accelerated conserved non-coding 

sequences (HACNS) in introns one and six, HACNS 369 and HACNS 174 respectively 

(Prabhakar et al., 2006). Using these criteria, 40 AECs were selected for zebrafish enhancer 

assays (Table 1). These human sequences were cloned into the E1b-GFP-Tol2 enhancer assay 

vector and injected into zebrafish (Q. Li et al., 2010). Of the 40 candidates, 23 were found to be 

functional enhancers, 22 of which showed enhancer activity in locations that overlap auts2 

expression in zebrafish and 10 that were active in the brain (Table 1 and Figure 5).  

To further characterize the regulatory elements within a 33,519bp deletion associated 

with ASD in AUTS2 intron four (Pinto et al., 2010), the three positive zebrafish enhancers in this 

region (AEC27, AEC29, AEC32) were analyzed in mice using a similar transgenic assay (Visel, 

Minovitsky, Dubchak, & Pennacchio, 2007). AEC27 showed enhancer expression in the somitic 

muscle in zebrafish, while examination of its enhancer activity at E11.5 (hs658;(Visel et al., 

2007)) found it to be active in the midbrain and neural tube (Figure 6). At E12.5, AEC29 had 

enhancer activity in the olfactory epithelium similar to zebrafish and also displayed enhancer 

expression in the eye (Figure 6). AEC32 recapitulated the zebrafish enhancer expression in the 

midbrain and hindbrain with additional enhancer expression in the forebrain at E12.5. 

Histological sections of AEC32 showed enhancer activity in the mouse cerebellum (Figure 6), a 

region thought to play a role in ASD (Pardo & Eberhart, 2007). The removal of these three brain 

enhancers and potentially other functional sequences in this region could contribute to the 

neurological phenotypes in patients with deletions in this intron. 
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I next set out to characterize enhancers in regions implicated in human-specific evolution. 

Four of the sixteen positive zebrafish enhancers identified in this region (Table 1 and Figure 5) 

were analyzed for enhancer activity in mice. These four sequences were positive mouse 

enhancers active in the brain, the otic vesicle, or eye (Figure 7). Interestingly, two of these 

enhancers (AEC10 and 21) show enhancer expression in the developing tectum, a region in the 

brain that is thought to control auditory and visual responses. 

 

2.4 Discussion 

Using MOs to knockdown auts2, I observed an overall phenotype of stunted 

development, making it difficult to characterize discrete phenotypes. The phenotypes observed in 

our knockdown, along with those from another group (Beunders et al., 2013), are summarized in 

Table 2. Using HuC, a neuronal marker, both groups observed a decrease in neuronal cells in the 

brain (Figure 2 and Figure 8), including in the cerebellum. The cerebellum is involved in 

cognitive and emotional function and has been repeatedly implicated in ASD (Pardo & Eberhart, 

2007).  

I showed morphant fish display increased apoptosis and cell proliferation in the brain, 

possibly as a result of morphant cells failing to differentiate into mature neurons, which matches 

the HuC results (Oksenberg et al., 2013). Although increased cell proliferation was observed in 

my study (Oksenberg et al., 2013), the other study described decreased cell proliferation 

(Beunders et al., 2013). The differences in this phenotype could be due to differences in the 

stains used (PCNA, which marks cells in early G1 and S phase versus phosphohistone-H3, a 

marker of cells in G2 and M phase). Both reports, however, found that auts2 knock-down cells 

show more replicating DNA, but fewer cells dividing into daughter cells. The craniofacial 
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phenotype of the morphant fish was also characterized in the other study, finding that they have 

micrognathia (undersized jaw) and retrognathia (receded jaw) (Figure 8C) (Beunders et al., 

2013). Given that migrating neural crest cells play an important role in craniofacial development 

(Gilbert, 2000), it is possible that this phenotype is a result of defects in neuronal cell 

development.  

Additionally, less movement was reported in morphant fish in my study, which could be 

caused by fewer motor neuron cell bodies in the spinal cord along with improperly angled and 

weaker projections, and/or fewer sensory neurons, both of which were observed in morphant fish 

(Oksenberg et al., 2013). In addition, the cerebellum plays a major role in motor control, and it is 

possible that the defects detected in cerebellar neurons could partially explain the reduced 

movement phenotype observed in morphant fish. It is worth noting that two individuals with 

AUTS2 structural variants had motor delay phenotypes (Figure 2, Chapter 1) (Talkowski et al., 

2012). 

While I observed an overall stunted development (Oksenberg et al., 2013), the other 

group reported a phenotype restricted to the brain and jaw (Figure 8C) (Beunders et al., 2013). A 

potential cause for the difference in this phenotype, along with the differences in cell 

proliferation phenotypes, could be due to the use of different morpholinos for these assays: an 

auts2 translational morpholino (Oksenberg et al., 2013) versus splicing morpholinos (Beunders 

et al., 2013). Both groups were able to rescue the morphant phenotype by injecting the full length 

human AUTS2 mRNA along with the morpholino (Beunders et al., 2013; Oksenberg et al., 

2013). Beunders et al. also rescued the phenotype by injecting the shorter, C-terminal isoform of 

AUTS2, suggesting that the final nine exons of AUTS2 contains the critical region of the gene, at 

least for the dysmorphic phenotype observed in knock-down fish. This is in line with the group’s 
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observation that dysmorphic features were more pronounced in individuals with 3’ AUTS2 

deletions (Beunders et al., 2013). My auts2 MOs were designed to disrupt auts2 activity on 

chromosome 10 (build Zv9). It is worth noting, that there is also a putative, less characterized 

version of auts2 with an incomplete coding sequence located on zebrafish chromosome 15 

(ENSDART00000012712). Knocking down this gene along with the auts2 gene that was assayed 

in our study may lead to more severe phenotypes. In order to better understand AUTS2 function, 

a conditional knockout mouse should be developed.  

 My enhancer search focused primarily on the first five introns due to the numerous 

reports of cognitive-related structural variations in that region (Ben-David et al., 2011; Girirajan 

et al., 2011; Glessner et al., 2009; Huang et al., 2010; Kalscheuer et al., 2007; Mefford et al., 

2010; Nagamani et al., 2013; Pinto et al., 2010; Schumann et al., 2011; Sultana et al., 2002; 

Talkowski et al., 2012), along with the region’s putative role in evolution. There could be 

numerous functional enhancers outside this region that we have not tested in this study. For 

example, there is an intragenic SNP (rs6961611) associated with processing speed (Luciano, 

Hansell, Lahti, Davies, & Medland, 2012) 1.6 mega bases downstream of AUTS2 which could be 

associated with a regulatory element for this gene. While the expression of my enhancers largely 

recapitulated Auts2 expression, it is possible that the enhancers we identified could regulate a 

neighboring gene. Future experiments such as chromatin interaction analyses (Fullwood et al., 

2010; Lieberman-Aiden et al., 2009) could be able to distinguish what promoters our enhancers 

are interacting with. 

Previous work has shown that human enhancer sequences can function as active 

enhancers in zebrafish, even without homologous sequences in zebrafish (Fisher, Grice, Vinton, 

Bessling, & McCallion, 2006; Mcgaughey et al., 2008; Navratilova et al., 2009). My results 
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confirm these findings for some of our enhancers. For example, AEC10, 13 and 29, which do not 

have homologous sequences in zebrafish, have similar enhancer expression patterns in zebrafish 

and mouse (Table 1). However, AEC21 and 27, which are conserved down to zebrafish, and 

AEC 24, which is conserved down to chicken, don’t have matching expression patterns in 

zebrafish and mice. 

I found three positive human enhancers in both zebrafish and mouse that reside within a 

33,519bp deletion detected in an individual with ASD, one of which, AEC32, is expressed in the 

cerebellum. This deletion was inherited from the individual’s mother who was not diagnosed 

with ASD (Pinto et al., 2010). ASDs are likely caused by multiple genomic aberrations in 

combination with environmental factors. While it is possible that in this individual, this deletion 

leads to ASD due to the loss of these enhancers and potentially other functional sequences, it is 

also possible that the loss of these enhancers is one of multiple “hits” (Poot, Smagt, Brilstra, 

Bourgeron, & van der Smagt, 2011) or that the deletion is not causative. With the constantly 

growing number of individuals with ASDs or other neurological phenotypes that have AUTS2 

mutations, some of which are purely noncoding, it is likely that improper regulation of this gene 

is involved in the progression of these disorders. 

I also characterized enhancers in locations associated with other neurological phenotypes. 

In an 84kb deletion in intron one of an individual with dyslexia, I identified four positive human 

enhancers in zebrafish (AEC3-6) (Table 1 and Figure 5), one of which is expressed in the 

midbrain. In addition, one of the candidates that was negative for zebrafish enhancer activity 

(AEC35) was a sequence that included the alcohol consumption associated SNP (rs6943555) 

(Schumann et al., 2011). It is possible that zebrafish is not a good model system for this 

region/phenotype or that the actual functional region/variant is further away from this tag SNP. 
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By characterizing the regulatory landscape of this region we have obtained a better 

understanding of the functional units within this gene, which now pose as candidates for 

mutation analysis in individuals with various neurological phenotypes. 

AUTS2 has been singled out as a gene that is rapidly evolving in humans in three 

different studies (Green et al., 2010; Pollard, Salama, King, et al., 2006; Prabhakar et al., 2006). 

Using zebrafish enhancer assays, I identified sixteen different enhancers that lie within regions 

that were implicated in human evolution, six of which show expression in the brain. I tested four 

of the enhancers in mice and two of them had midbrain enhancer activity. My enhancer results 

shed light on the tight regulation of this gene; however, other experiments should determine the 

targets of the AUTS2 protein, which is described in Chapter 3.  

2.5 Materials and Methods 

2.5a Whole-mount in situ hybridization  

Zebrafish embryos were collected from ABs or caspers (White et al., 2008) between 24 to 

120 hpf and fixed in 4% paraformaldehyde buffered with 1X PBS (PFA). The zebrafish auts2 

(Open Biosystems EDR1052-4681254) cDNA clone was used to generate digoxygenin labeled 

probes. Whole-mount in situ hybridizations were performed according to standard protocols 

(Thisse et al., 2004). 

2.5b Morpholino assays 

Two morpholino (MO) antisense oligonucleotides targeting auts2 were designed by 

Gene-Tools. One MO was designed to target the translational start site of auts2 

(GTGGAGAGTGTGTCAACACTAAAAT). The second was designed to target the splice 

junction between intron 2 and exon 3 of Ensembl Transcript ENSDART00000137928 
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(TCGACTACTGCTGTGAACAAAGAGA). A third 5 bp mismatch control for the translational 

MO (GTGGACACTGTGTGAAGACAAAAAT) was also designed. The MOs were diluted to 

1mM in deionized water and injected using standard techniques (Nasevicius & Ekker, 2000) into 

one cell-stage embryos. To rescue the morphant phenotypes, I transcribed full length human 

AUTS2 RNA (Open Biosystems MHS1010-9204165) using the T7 message machine (Ambion) 

and co-injected it along with the translational MO at a concentration of 168ng/ul. The HuC line 

was generously donated by Dr. Su Guo (UCSF). The Tg(mnx1:GFP) (AB) line (formerly known 

as hb9) was obtained from the Zebrafish International Resource Center (ZIRC; 

http://zebrafish.org/zirc/home/guide.php). Fish were injected with MOs as described above and 

annotated using the Leica M165 FC microscope. At least 50 translational MO injected fish and 

controls were compared in all zebrafish lines used.  

2.5c Immunohistochemistry on zebrafish sections  

AB zebrafish embryos injected with the auts2 translational MO or the 5bp control were 

fixed at 48 hpf in 4% PFA overnight at 4°C, then washed for 15 minutes at room temperature in 

PBS. Zebrafish were frozen into blocks using Tissue-Tek O.C.T.  (Sakura Finetek) then 

sectioned (10-20 microns) using a Leica CM1850 cryostat and stained with Nissl (FD 

NeuroTechnologies). Morphant and control sections represent comparable planes. Staining with 

PCNA (DAKO, Monoclonal Mouse PCNA clone PC10) was done according to the 

manufacturer’s protocol. Cell nuclei were visualized using DAPI (Invitrogen). Staining sections 

with TUNEL (Roche, In Situ Cell Death Detection Kit, TMR red) was done according to the 

manufacturer’s protocol.  Zebrafish sections were analyzed using the Leica M165 FC or the 

Nikon Eclipse E800 microscope. At least 25 fish were analyzed in each condition. Control and 

morphant pictures were taken with identical exposures and are representative of each condition. 

http://zebrafish.org/zirc/home/guide.php
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For TUNEL staining on sections, criteria for amount of cell death was based on the number of 

individual TUNEL positive cells identified in the midbrain and eye, indicative of cell death in 

those regions. For PCNA staining (cell cycle marker) on sections, criteria for amount of 

proliferation in the forebrain, midbrain and hindbrain was qualitatively evaluated due to the 

larger number of PCNA positive cells in morphants compared to controls. 

2.5d Zebrafish whole-mount immunohistochemistry 

Casper zebrafish embryos injected with the auts2 translational MO or the 5bp control 

were fixed at 48 hpf overnight at 4°C in 4% PFA. For TUNEL staining, embryos were 

transferred to methanol for 30 minutes followed by rehydration in methanol/PBST (PBS with 

0.1% tween). They were then placed in Proteinase K (10µg/ml) for 5 minutes and postfixed in 

4% PFA for 20 minutes. Embryos were later placed in prechilled ethanol:acetic acid (2:1) at -

20°C for 10 minutes and then washed in PBST for 20 minutes followed by TUNEL staining 

using the In Situ Cell Death Detection Kit, TMR red (Roche) according to the manufacturer’s 

protocol. Sensory neurons were analyzed using anti-HNK-1 (Sigma) followed by the goat anti-

mouse IgM HRP secondary antibody (abcam, ab5930) using previously described methods 

(Holder & Hill, 1991). HNK-1 positive cells where manually counted in 6 different control and 

morphant fish. Fish were analyzed using the Leica M165 FC or the Nikon Eclipse E800 

microscope. At least 25 fish were analyzed in each condition. Control and morphant pictures 

were taken with identical exposures and are representative of each condition. For TUNEL whole 

mount staining, criteria for amount of cell death was based on the number of viewable individual 

TUNEL positive cells in the forebrain, midbrain and hindbrain. For HNK-1 staining, criteria for 

amount of sensory neurons was based on the number of individual HNK-1 positive cells counted 

in equal lengths of the trunk. Motor neuron axons were analyzed using anti-znp-1 
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(Developmental Studies Hybridoma Bank) followed by anti-mouse IgG HRP (GE Healthcare) 

using previously described methods (Westerfield, 2007). 

2.5e Transgenic enhancer assays  

AUTS2 enhancer candidate (AEC) sequences were selected based on evolutionary 

conservation (sequences showing ≥70% identity for at least 100bp between human and chicken),  

E1A binding protein p300 (EP300) forebrain or hindbrain ChIP-Seq datasets (Visel et al., 2009), 

and nucleotide variants that define the human-Neanderthal sweep (Green et al., 2010) (Table S1). 

PCR was carried out on human genomic DNA (Qiagen) using primers designed to amplify the 

AEC sequences (Table 1). Primers were designed such that they will have additional flanking 

sequences to the conserved, ChIP-Seq or human-Neanderthal accelerated sequences based on 

previous experiments that have shown this to be a reliable method for obtaining positive 

enhancer activity (Pennacchio et al., 2006). PCR products were cloned into the E1b-GFP-Tol2 

enhancer assay vector containing an E1b minimal promoter followed by GFP (Q. Li et al., 2010). 

They were then injected following standard procedures (Nusslein-Volhard, 2002; Westerfield, 

2007) into at least 100 embryos per construct along with Tol2 mRNA (Kawakami, 2005), to 

facilitate genomic integration. GFP expression was observed and annotated up to 48 hpf. An 

enhancer was considered positive if at least 15% of all fish surviving to 48 hpf showed a 

consistent expression pattern after subtracting out percentages of tissue expression in fish 

injected with the empty enhancer vector. Notably, the empty vector showed particularly high 

background for heart and somitic muscle and as described all enhancer results were obtained 

after deducting its expression pattern. Thus, in order to call positive somitic muscle enhancer 

activity, over 26% (24hpf) or 40% (48hpf) of alive fish needed to show positive enhancer 

activity. To call a positive heart enhancer, 32% (24hpf) or 50% (48hpf) of alive fish needed show 
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positive heart activity. For each construct, at least 50 fish were analyzed for GFP expression at 

48 hpf. For the mouse enhancer assays, the same human genomic fragment used in zebrafish was 

transferred into a vector containing the Hsp68 minimal promoter followed by a LacZ reporter 

gene (Kothary R., Clapoff S., Brown A., Campbell R., 1988; Pennacchio et al., 2006) and 

sequence verified to ensure the insert matched the human reference sequence. Sequences having 

rare variants were changed to the reference human genomic sequence by site-directed 

mutagenesis (Mutagenex or Quickchange II, Stratagene) and sequence verified for having the 

reference sequence. Transgenic mice were generated by Cyagen Biosciences using standard 

procedures (Nagy A., Gertsenstein M. , Vintersten K., 2003). Embryos were harvested at E12.5 

and stained for LacZ expression using standard procedures (Pennacchio et al., 2006). Mouse 

embryos selected for sectioning were placed in an overnight cryoprotection stage using 30% 

sucrose in PBS. Mice were frozen into blocks using Tissue-Tek O.C.T.  (Sakura Finetek) then 

sectioned (20 microns) using a Leica CM1850 cryostat and stained with Nuclear Fast Red 

Solution (Sigma-Aldrich) for one minute. There is no human subjects work involved in this 

article. All animal work was approved by the UCSF Institutional Animal Care and Use 

Committee (protocol number AN084690). 
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Chapter 2 tables 

Table 1: AUTS2 enhancer candidates (AECs) selected for enhancer assays 

 

AEC 

# 

Chromosomal 

position (hg18) 

Zebrafish 

enhancer? 

Tissue ** Mouse 

Enhancer? 

◊ 

Tissue ◊◊ 

1 chr7:68,724,902-

68,728,333 

No Negative Not Tested   

2 chr7:68,812,867-

68,814,245 

No Negative Not Tested   

3 chr7:68,821,855-

68,823,820 

Yes Dots around 

caudal end of tail 

in somite area 

(18%, 24hpf) 

Not Tested   

4 chr7:68,825,835-

68,827,626 

Yes Notochord (31%, 

24hpf; 30%, 

48hpf) 

Otic vesicle 

(16%, 24hpf; 

28%, 48hpf) 

Not Tested   

5 chr7:68,841,424-

68,843,440 

Yes Midbrain (39%, 

24hpf; 27%, 

48hpf) 

Somitic Muscle 

plus dots at end 

of tail (60%, 

24hpf) 

Otic vesicle 

(15%, 48hpf) 

Somitic Muscle 

(16%, 48hpf) 

Not Tested   

6 chr7:68,875,482-

68,877,048 

Yes Pericardium 

(29%, 24hpf; 

34%, 48hpf) 

Eye (28%, 

48hpf) 

Not Tested   

7 chr7:68,908,734-

68,909,828 

No Negative Not Tested   
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8 chr7:68,922,864-

68,924,172 

No Negative Not Tested   

9 chr7:68,928,408-

68,929,934 

No Negative Not Tested   

10 chr7:68,963,804-

68,965,620 

Yes Midbrain (60%, 

24hpf; 58%, 

48hpf), 

Dots all over 

mostly above 

notochord (55%, 

24hpf; 39%, 

48hpf)  

Spinal cord 

(18%, 48hpf) 

Yes Midbrain 

(12/13, 

E12.5) 

Eye (6/13, 

E12.5) 

Proximal 

limb (6/13, 

E12.5) 

11 chr7:68,966,890-

68,968,624 

No Negative Not Tested   

12 chr7:68,996,372-

68,998,072 

Yes Epidermis (59%, 

24hpf; 50%, 

48hpf) 

Forebrain (39% 

24hpf; 34%, 

48hpf) 

Heart (15%, 

24hpf) 

Otic Vesicle 

(24%, 24hpf; 

34%, 48hpf) 

Not Tested   

13 chr7:69,036,983-

69,038,688 

Yes Otic Vesicle 

(19%, 48hpf) 

Yes (hs 

1660) 

Ear (5/8, 

E11.5) 

14 chr7:69,108,779-

69,109,947 

Yes Somitic Muscle 

(18%, 24hpf) 

Not Tested   

15 chr7:69,166,208-

69,168,337 

Yes Eye (19%, 

48hpf) 

Not Tested   

16 chr7:69,183,577-

69,186,403 

Yes Ventral Caudal 

region (25%, 

24hpf; 26%, 

48hpf) 

Not Tested   
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17 chr7:69,195,062-

69,196,938 

No Negative Not Tested   

18 chr7:69,200,457-

69,202,216 

Yes Spots on top or 

end of tail (18%, 

24hpf) 

Not Tested   

19 chr7:69,206,936-

69,208,600 

Yes Heart (42%, 

24hpf; 33%, 

48hpf) 

Hindbrain (23%, 

24hpf)  

Somitic Muscle 

(38%, 48hpf) 

Not Tested   

20 chr7:69,217,233-

69,219,228 

Yes Midbrain (22%, 

24hpf) 

Not Tested   

21 chr7:69,234,838-

69,236,265 

Yes Spinal Cord 

(15%, 48hpf) 

Yes (hs 

1425) 

Midbrain 

(4/6, E11.5) 

22 chr7:69,236,069-

69,238,171 

No Negative Not Tested   

23 chr7:69,274,050-

69,276,432 

Yes Somitic Muscle 

(50%, 24hpf; 

47%, 48hpf) 

Not Tested   

24 chr7:69,284,310-

69,286,965 

Yes Hindbrain (17%, 

24hpf) 

Spinal cord 

(66%, 24hpf; 

31%, 48hpf) 

Yes Eye (4/5, 

E11.5) 

25 chr7:69,312,912-

69,316,619 

Yes Blood islands-

yolk (18%, 

24hpf) 

Not Tested   

26 chr7:69,316,920-

69,317,888 

Yes Forebrain (45%, 

24hpf; 40%, 

48hpf) 

Otic Vesicle 

(23%, 48hpf) 

Not Tested   

27 chr7:69,340,167-

69,341,551 

Yes Somitic Muscle 

(30%, 48hpf) 

Yes (hs 

658) 

Midbrain 

(11/15, 

E11.5)  

Neural tube 

(9/15, 
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E11.5)  

28 chr7:69,343,769-

69,346,450 

No Negative Not Tested   

29 chr7:69,358,340-

69,359,796 

Yes Forebrain 

(olfactory organ) 

(15%, 48hpf) 

Heart (23%, 

48hpf) 

Yes Olfactory 

epithelium 

(3/6, E12.5) 

Eye (6/6, 

E12.5) 

30 chr7:69,359,964-

69,362,937 

No Negative Not Tested   

31 chr7:69,365,749-

69,367,561 

No Negative Not Tested   

32 chr7:69,369,740-

69,372,052 

Yes Midbrain (19%, 

48hpf) 

Hindbrain (18%, 

48hpf) 

Yes Midbrain 

(4/4, E12.5) 

Forebrain 

(4/4, E12.5) 

Hindbrain 

(4/4, E12.5) 

Eye (4/4, 

E12.5) 

33 chr7:69,374,313-

69,375,754 

No Negative Not Tested   

34 chr7:69,439,813-

69,441,520 

No Negative Not Tested   

35 chr7:69,443,563-

69,444,772 

No Negative Not Tested   

36 chr7:69,456,365-

69,457,073 

Yes Hindbrain (18%, 

24hpf) 

Not Tested   

37 chr7:69,458,163-

69,460,029 

No Negative Not Tested   
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38 chr7:69,479,431-

69,480,094 

Yes Epidermis, only 

on head (24%, 

24hpf) 

Not Tested   

39 chr7:69,534,927-

69,536,470 

No Negative Not Tested   

40 chr7:69,654,802-

69,656,119 

No Negative Not Tested   

 

 ** Zebrafish tissue data: the tissues specific expression of sequences positive for 

enhancer activity are mentioned along with the percent positive of total alive fish after 

subtracting out the empty vector followed by the hours post fertilization (hpf) of expression.  

◊ Mouse enhancer data for (hs 1425), (hs 658) and (hs 1660) were acquired from the 

VISTA enhancer browser: http://enhancer.lbl.gov/ 

◊◊ Mouse tissue data: the tissue specific expression of the sequences positive for 

enhancer activity out of the total LacZ stained mice along with the embryonic day (E) that they 

were assayed at.  

A more complete version of this table available using reference: (Oksenberg et al., 2013) 

  

http://enhancer.lbl.gov/


43 
 

Table 2: auts2 morpholino knock-down phenotypes. 

Assay  following 

morpholino 

injection 

Developmental phenotype 

Reference 

Whole mount 

Overall stunted development, including smaller 

head and eyes. Less movement when prodded. 

Microcephaly with no overall developmental 

delay. 

(Oksenberg et al., 

2013) 

 

 

(Beunders et al., 

2013) 

Alcian blue 

staining 

Micrognathia (undersized jaw) and retrognathia 

(receded jaw). 

(Beunders et al., 

2013) 

HuC-GFP 

zebrafish line 

Fewer developing neurons in the dorsal region of 

the midbrain, including the optic tectum, the 

midbrain-hindbrain boundary (including the 

cerebellum), the hindbrain and the retina 

(Oksenberg et al., 2013). 

(Oksenberg et al., 

2013) 

HuC/D staining 
Reduction in HuC/D-positive postmitotic neurons 

as well as a loss of bilateral symmetry. 

(Beunders et al., 

2013) 

TUNEL staining Increased apoptosis in the midbrain. 
(Oksenberg et al., 

2013) 

PCNA staining 
Increased cell proliferation in the forebrain, 

midbrain and hindbrain. 

(Oksenberg et al., 

2013) 

Phosphohistone 

H3 
Decreased cell proliferation in the brain. 

(Beunders et al., 

2013) 

Tg(mnx1:GFP) 

zebrafsih line 

Fewer motor neuron cell bodies in the spinal cord 

and weaker, improperly angled projections. 

(Oksenberg et al., 

2013) 

HNK-1 staining Fewer sensory neurons in the spinal cord. 
(Oksenberg et al., 

2013) 
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Chapter 2 figures 

 

Figure 1: auts2 expression and morphant phenotype 

 (A) Whole-mount in situ hybridization of auts2 shows that it is expressed in the forebrain (fb) 

(including olfactory organs), midbrain (mb), hindbrain (hb), spinal cord (sc), the caudal peduncle 

and eye at 24hpf. At 48hpf, auts2 is expressed in the brain, pectoral fin and eye. At 120 hpf 

expression is restricted to the brain, primarily the midbrain, and weakly in the eye. (B) Fish 

injected with the 5 bp translational MO mismatch control have indistinguishable morphology as 

wild type fish at 24, 48 and 120 hpf. (C) Injection of the auts2 translational MO results in fish 

with a stunted development phenotype that includes smaller heads, eyes, bodies and fins. (E) 

Injection of the auts2 splice-blocking MO shows a similar but less severe phenotype than the 

auts2 translational MO. (E) The auts2 translational MO phenotype is partially rescued by co-

injecting the full length human AUTS2. Note the longer body and larger brain compared to the 

translational and splicing morphant fish. MO injected fish in C, D, and E are scaled to the 5bp 

injected control fish in B. 



45 
 

 

 

Figure 2: auts2 48 hpf morphant phenotype. 

(A) Fish injected with the 5 base-pair translational MO mismatch control have similar 

morphology as wild type fish. Injection of the auts2 translational MO results in fish with a 

stunted development phenotype that includes a smaller head, eyes, body and fins. (B) HuC-GFP 
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fish injected with the 5bp control MO display normal levels of developing neurons in the brain. 

HuC-GFP translational MO injected fish display considerably less developing neurons in the 

optic tectum (ot), retina (ret), and cerebellum (ce). (C) 5bp mismatch control injected fish have 

little to non-observable apoptosis in the brain as observed by TUNEL staining, while 

translational MO injected fish display high levels of apoptosis, primarily in the midbrain (mb) 

and hindbrain (hb). (D) PCNA cell proliferation assay in the 5bp MO control injected fish shows 

lower levels of cell proliferation in the brain compared to the translational MO injected fish. (E) 

Tg(mnx1:GFP) fish injected with the 5bp MO control display normal levels of motor neurons 

versus the auts2 translational MO injected fish which have fewer motor neurons in the spinal 

cord (sc). In addition, motor neuron projections (mnp) are weaker and more perpendicular to the 

spinal cord. (F) Translational MO injected fish display fewer Rohon-Beard cells (arrowheads) in 

the spinal cord than morphants. All morphant fish are scaled to their 5bp control counterparts.  
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Figure 3: Histological phenotype of auts2 morphants  

(A) Nissl staining shows a reduction in neuron territory, primarily in the midbrain, of fish 

injected with the translational MO compared to 5bp mismatch controls at 48 hpf. (B) TUNEL 

stained sections show fewer apoptotic cells in the optic tectum (white arrowhead) and the retina 

(green arrowhead) in 48 hpf auts2 morphants versus the 5bp translational MO mismatch control. 

(C-E) Coronal sections stained with PCNA, DAPI and overlays show an increase in cell 

proliferation in the translational morphant fish compared to the 5bp mismatch control in the 

mesencephalon, diencephalon and retina. 
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Figure 4: znp-1 antibody on control and morphant fish 

The motor neurons axons of the morphant fish are different than the controls, signified by a 

drastic increase in the amount of branching (red arrow). 
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Figure 5: AUTS2 enhancer candidates (AECs) positive for enhancer activity in zebrafish 

A representative fish of each positive AEC enhancer is shown. The number in the top right of 

every image is the AEC number and the hours post fertilization (hpf) when the picture was taken 

is indicated in the bottom right. Their tissue-specific expression pattern is denoted in Table S1 

and http://zen.ucsf.edu.  

http://zen.ucsf.edu/
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Figure 6: Enhancers within an ASD-associated AUTS2 intronic deletion. 

Three positive enhancers (AEC27, 29, 32) show positive enhancer activity in zebrafish (24 or 48 

hpf) and in mice (E11.5 or 12.5). AEC27 shows enhancer expression in the somitic muscle in 

zebrafish, while in mouse at E11.5 (hs658; (Visel et al., 2007)) it is active in the midbrain, 

medulla, and neural tube at E11.5. The histological section below shows its enhancer activity in 

the pretectum and the pons. At E12.5, AEC29 shows enhancer activity in the olfactory 

epithelium (arrows in histological section) similar to zebrafish and in addition also displays 

enhancer expression in the eye. AEC32 recapitulates the zebrafish enhancer expression 

displaying strong enhancer activity in the midbrain (tectum) and hindbrain and in addition also 

displays enhancer expression in the forebrain at E12.5. Histological sections of AEC32 show 

enhancer activity in the mouse cerebellum (red arrowheads).  
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Figure 7: Four positive zebrafish and mouse enhancers in regions implicated in human 

evolution 

At E12.5, AEC10 shows zebrafish and mouse enhancer expression in the midbrain and eye. The 

histological section below highlights its expression in the tectum. AEC13, is expressed in the otic 

vesicle both in zebrafish and E11.5 mouse embryos (hs1660 ;(Visel et al., 2007)). AEC21 is 

expressed in the spinal cord in zebrafish, while in the mouse it showed midbrain expression at 

E11.5 (hs1425; (Visel et al., 2007)). Histological sections below show its expression in the 

pretectum of the midbrain. AEC24 was expressed in the spinal cord and hindbrain in zebrafish 

and in the eye in mouse at E12.5.  
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Figure 8: auts2 zebrafish knockdown phenotype 

(A) At 48 hours post fertilization (hpf), fish injected with a 5 base-pair auts2 morpholino (MO) 

mismatch control have similar morphology as wild type fish, whereas fish injected with a 

corresponding translational MO display a stunted developmental phenotype that includes a 

smaller head, eyes, body and fins. (B) At 48 hpf, HuC-GFP fish injected with a 5 base-pair auts2 

mismatch control MO display normal levels of developing neurons in the brain, while 

translational MO injected fish display less developing neurons in the cerebellum (ce), optic 

tectum (ot) and retina (ret). (C) At 120 hpf, fish injected with an auts2 splicing MO and stained 

with alcian-blue show a significant reduction in the distance between the Meckel (Mk) and 

ceratohyal cartilages (ch) (shown as a red line) compared to controls, indicating a reduced lower-

jaw size. (A, B) adapted from (Oksenberg et al., 2013), (C) adapted from (Beunders et al., 2013). 
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Chapter 3 – Genome-wide distribution of Auts2 binding localizes with active 

neurodevelopmental genes 

 

3.1 Abstract 

The autism susceptibility candidate 2 gene (AUTS2) has been associated with multiple 

neurological diseases including autism spectrum disorders (ASD). Previous studies showed that 

AUTS2 has an important neurodevelopmental function and is a suspected master regulator of 

genes implicated in ASD-related pathways. However, the regulatory role and targets of Auts2 are 

not well known. Here, by using ChIP-seq and RNA-seq on mouse embryonic day 16.5 

forebrains, I elucidated the gene regulatory networks of Auts2. I find that the majority of 

promoters bound by Auts2 belong to genes highly expressed in the developing forebrain, 

suggesting that Auts2 is involved in transcriptional activation. Auts2 non-promoter bound 

regions significantly overlap developing brain-associated enhancer marks and are located near 

genes involved in neurodevelopment. Auts2 marked sequences are enriched for binding site 

motifs of neurodevelopmental transcription factors, including Pitx3 and TCF3. Additionally, I 

characterized two functional brain enhancers marked by Auts2 near NRXN1 and ATP2B2, both 

ASD implicated genes. My results implicate Auts2 as an active regulator of important 

neurodevelopmental genes and pathways and identify novel genomic regions which could be 

associated with ASD and other neurodevelopmental diseases.  

 

3.2 Introduction 

AUTS2 has been increasingly implicated as an ASD candidate gene with over 50 

unrelated individuals with ASD or ASD-related phenotypes, such as intellectual disability or 
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developmental delay, having structural variants disrupting the AUTS2 region (Bakkaloglu et al., 

2008; Ben-David et al., 2011; Beunders et al., 2013; Cuscó et al., 2009; Girirajan et al., 2011, 

2013; Glessner et al., 2009; Huang et al., 2010; Jolley et al., 2013; Kalscheuer et al., 2007; 

Nagamani et al., 2013; Pinto et al., 2010; Talkowski et al., 2012; Tropeano et al., 2013). AUTS2 

structural variants have also been associated with other neurological phenotypes including 

epilepsy (Mefford et al., 2010), schizoaffective disorder (Hamshere et al., 2009), bipolar disorder 

(Hattori et al., 2009; Lee et al., 2012), ADHD (Elia et al., 2010), differential processing speed 

(Luciano et al., 2011), suicidal tendencies under the influence of alcohol (Chojnicka et al., 2013), 

and dyslexia (Girirajan et al., 2011). Additionally, a non-coding single-nucleotide polymorphism 

within AUTS2 (rs6943555) is significantly associated with alcohol consumption (Schumann et 

al., 2011). AUTS2 has also been implicated in human specific evolution (Green et al., 2010; 

Pollard, Salama, Lambert, et al., 2006; Prabhakar et al., 2006). 

The precise function of AUTS2 is not well known; however, zebrafish knock-downs as 

I’ve described in chapter 2 have shown auts2 to be critical in neurodevelopment. auts2 morphant 

fish display microcephaly with a decrease in neuronal cells in the brain (Beunders et al., 2013; 

Oksenberg et al., 2013), which may be caused by failure of cells to differentiate into mature 

neurons (Oksenberg et al., 2013). auts2 knock-down also leads to craniofacial abnormalities in 

zebrafish (Beunders et al., 2013) and reduced movement, possibly caused by fewer motor and/or 

sensory neurons (Oksenberg et al., 2013). Sequence analysis of AUTS2 identified a predicted PY 

motif (PPPY) at amino acids 515-519 (Sultana et al., 2002), a potential WW-domain-binding 

region involved in protein-protein interactions. This motif is thought to be involved in the 

activation of transcription factors, suggesting that AUTS2 may be involved in transcriptional 

regulation (Kalscheuer et al., 2007). 
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As described in the introduction in chapter 1, several proteins are suggested to affect the 

expression of AUTS2. T-box, brain, 1 (Tbr1), a transcription factor that has been implicated in 

ASD (O’Roak et al., 2012), regulates regional and laminar identity in postmitotic neurons 

(Bedogni, Hodge, Nelson, et al., 2010) and is critical for proper neocortex development 

(Bedogni, Hodge, Elsen, et al., 2010), interacts with the Auts2 promoter in the developing 

neocortex (Bedogni, Hodge, Elsen, et al., 2010). Tbr1 deficient mice have decreased levels of 

reelin (Bedogni, Hodge, Elsen, et al., 2010), a protein necessary for proper neuronal migration in 

developing brains that can be expressed at decreased levels in individuals with ASD (Fatemi et 

al., 2005). Auts2 expression is reduced in SATB homeobox 2 (Satb2) null mice, with Satb2 being 

a known regulator of Tbr1 expression in callosal projection neurons (Srinivasan et al., 2012). 

Auts2 has been reported to have a 1.33 fold change in cerebellar gene expression in methyl CpG 

binding protein 2 (Mecp2) null mice, a gene implicated in neurodevelopmental disorders 

including Rett syndrome and autism (Ben-Shachar et al., 2009). AUTS2 is a potential target of 

GTF2I repeat domain-containing 1 (GTF2IRD1), one of 26 genes deleted in neurodevelopmental 

disorder Williams-Beuren syndrome (O’Leary & Osborne, 2011; Young et al., 2008). Zinc finger 

matrin-type 3 (Zmat3, also known as wig-1) is a transcription factor regulated by p53 and plays 

an important role in RNA protection and stabilization. wig-1 down regulation leads to a 

significant reduction in Auts2 mRNA levels in the brains of BACHD mice, a Huntington’s 

disease mouse model (Sedaghat et al., 2012).  

AUTS2 is also thought to interact with other genes and pathways including the notch and 

ERK signaling pathways, PRC1, and SEMA5A (Molnar & de Celis, 2013; Oksenberg & Ahituv, 

2013). Notch signaling has been shown to be involved in neuronal migration through its 

interaction with Reelin (Hashimoto-Torii et al., 2008; Wang et al., 2004) and AUTS2 expression 
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was found to oscillate in phase with other notch pathway genes (Dequéant et al., 2006; William 

et al., 2007). Polycomb-group repressive complex 1 (PRC1), a polycomb-group gene often 

involved in transcriptional repression physically interacts with AUTS2, implicating a role for 

AUTS2 in developmental transcriptional regulation (Gao et al., 2012). The regulatory pathway 

for autism candidate gene semaphorin 5A (SEMA5A) contains rare copy number variations 

around ASD-associated genes, including AUTS2. Twelve regulators of SEMA5A-regulated genes 

were identified, including AUTS2, suggesting that AUTS2 is a master regulator in ASD-related 

pathways (Cheng et al., 2013). The drosophila melanogaster Tay bridge gene, which has 

homology with AUTS2 in the C-terminal region, is a component of the EGFR/Erk signaling 

pathway that antagonizes EGFR signaling and interacts with Erk. This suggests that AUTS2’s 

normal function in humans is involved in Erk signaling, playing a role in the differentiation and 

survival of cells during development (Molnar & de Celis, 2013). Combined, these interactions 

implicate AUTS2 in neurodevelopment pathways, including processes important for cell 

differentiation and ASD (Oksenberg & Ahituv, 2013). However, the actual downstream 

regulatory targets of AUTS2 still remain largely unknown. 

Given AUTS2’s suspected role in neurodevelopment and ASD, and that AUTS2 may be a 

master regulator in ASD-related pathways (Cheng et al., 2013), I explored the genomic targets of 

Auts2 in E16.5 mouse forebrains using chromatin immunoprecipitation followed by deep 

sequencing (ChIP-seq), RNA-seq and zebrafish enhancer assays. I found multiple lines of 

evidence that Auts2 is associated with promoters and distal enhancers of genes that are active 

during neurodevelopment. Additionally, motif analysis of Auts2 marked sites found enrichment 

for known motifs involved in neurodevelopment including paired-like homeodomain 3 (Pitx3), 

transcription factor 3 (TCF3), and forkhead box O3 (FOXO3). Finally, I identified two novel 



57 
 

brain enhancers marked by Auts2, which are located near neurexin 1 (NRXN1) and ATPase 

Ca++ transporting plasma membrane 2 (ATP2B2), two genes implicated in ASD.  

 

3.3 Results 

3.3a Overview 

I performed RNA-seq and ChIP-seq using an Auts2 antibody on E16.5 mouse forebrains. 

E16.5 was chosen because of the reported strong Auts2 expression in the forebrain (Bedogni, 

Hodge, Nelson, et al., 2010) and the established neurogenesis for many relevant brain structures 

at this time point (Finlay & Darlington, 1995). Through RNA-seq, I identified 8,897 transcripts 

expressed at this time point (quantified as FPKM>0.3). My Auts2 ChIP-seq found 1,930 marked 

sites, the majority of which (1,146=59%) do not overlap gene promoters (2,500bp upstream and 

500bp downstream of a TSS). Nonetheless, the 784 Auts2-marked promoters I detected are 

significantly more than expected by chance (p<0.001; permutation test), and most promoter 

peaks (602=31% of all peaks) directly overlap the TSS (Figure 1A).  

3.3b Promoters of actively transcribed neurodevelopmental genes are marked by Auts2 

I initially focused on the 784 Auts2 marked sites that reside within promoter regions. 

These promoter peaks correspond to 776 genes, as a few genes have multiple Auts2 marked sites 

within their promoter region. My RNA-seq analysis showed these genes display significantly 

higher expression levels at E16.5 than transcripts that were not marked by Auts2 (p<2.2e-16; 

Wilcoxon test) (Figure 1B). Consistent with their association with highly expressed genes, 88% 

of Auts2 marks at promoters (689/784) are also marked by the active promoter histone 

modification H3K4me3 in previously published ChIP-seq data generated from E14.5 whole brain 
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(Shen et al., 2012) (p<0.001; permutation test) (Figure 1C). These results indicate that the 

presence of Auts2 at promoters correlates with transcriptional activation.  

Using Ingenuity Pathway Analysis (IPA), I comprehensively analyzed pathways and 

networks of the 776 genes whose promoters overlap Auts2 marked sites, and therefore may be 

directly regulated by the Auts2 protein. I found that these genes are significantly enriched for 

diseases and biological functions related to neurodevelopment, including epileptic seizures, 

disorders of the basal ganglia, migration of neural precursor cells, axonogenesis, differentiation 

of neurons, morphology of the cerebral cortex, brain mass, and more (Figure 2A, Table 1). 

Interestingly, these genes are also enriched for processes involved in gene expression and cell 

cycle, including expression of RNA, transcription, proliferation of cells, splicing of RNA, 

expression of DNA, and cell death (Figure 2A). 

3.3c Non-promoter Auts2 marked regions function as enhancers 

I next analyzed the 1,146 Auts2 ChIP-seq marked sites that did not overlap promoters. 

Supporting the hypothesis that these distal peaks are functionally important genomic elements, 

74% are evolutionarily conserved (phastcons 30-way mammal conserved elements) (Siepel et al., 

2005), significantly more than expected by chance (p<0.001; permutation test). Further 

suggesting that Auts2 is primarily an activator, 26% (294/1,146) of Auts2 distal peaks overlap 

previously reported mouse E14.5 whole brain H3K27ac ChIP-seq peaks (Shen et al., 2012), an 

active enhancer mark, which is significantly more than expected by chance (p<0.001; 

permutation test). In contrast, only 2% (20/1,146) overlap E14.5 mouse forebrain H3K27me3 

peaks (Shen et al., 2012), a repressive mark (p=0.081; permutation test) (Figure 1C). Five Auts2 

marked sites were identified within the Auts2 gene itself, all of which overlap mouse E14.5 

forebrain H3K4me1 marks (Shen et al., 2012), and two that overlap H3K27ac marks (Shen et al., 
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2012), suggesting an auto-regulatory active role for Auts2. Combined, these results imply that 

many of the non-promoter Auts2 marked sites likely function as activate regulatory elements.  

I investigated the regulatory functions of the 1,146 non-promoter Auts2 marked sites 

using the gene ontology tool GREAT. These Auts2 marked non-promoter sites reside near genes 

involved in mouse brain development (Figure 2B) including corpus callosum size and neuron 

number, both of which have been implicated in ASD (Courchesne et al., 2011; Egaas, 

Courchesne, & Saitoh, 1995; Lainhart & Lange, 2011). Taken together, these data support a 

neurodevelopmental and gene expression role for genes associated with Auts2-marked regulatory 

regions. 

Given my observed correlation between Auts2 marked sites and enhancer marks, I next 

tested whether these sequences function as enhancers in vivo. Ten Auts2 marked enhancer 

candidates (AMECs) (Table 2) were tested for enhancer activity using a zebrafish transgenic 

enhancer assay. Candidates were selected based on proximity to ASD-related genes, 

conservation, and overlap with enhancer-associated histone modifications (Shen et al., 2012). 

Four of the ten candidates were positive enhancers at 24 or 48 hours post fertilization (hpf). 

AMEC1 lies in an intron of NRXN1 and showed positive enhancer activity in the heart and 

forebrain (olfactory epithelium) at 48 hpf (Figure 3A, Figure 4A). AMEC2, which lies ~56kb 

upstream of contactin 4 (CNTN4), displayed enhancer activity in the somitic muscles at 48 hpf 

(Figure 4B). AMEC5, which lies ~571kb upstream of the RNA binding protein fox-1 homolog 

(RBFOX1), had enhancer activity in the notochord at 48 hpf (Figure 4D). AMEC8, which lies in 

an intron of ATP2B2, showed enhancer activity in the midbrain and hindbrain (potentially in the 

trigeminal sensory neuron) and spinal cord at 24 hpf, and in somitic muscles at 48 hpf (Figure 
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3B, Figure 4D). These results show that Auts2 occupies functionally active enhancers, some of 

which drive expression in the developing brain.  

3.3d Additional genome wide pathway analyses confirm neurodevelopmental function 

I examined the function of nearby genes for all 1,930 Auts2 marked sites and the subset 

of 784 promoter marked sites using GREAT (Table 1) and observed an enrichment for gene 

expression in the mouse cerebral cortex (promoter sites) and in the lower jaw (all marked sites) 

(Table 1), which fits with previous auts2 morpholino knock-down phenotypes of smaller heads 

(Beunders et al., 2013; Oksenberg et al., 2013) and undersized and reduced jaws (Beunders et al., 

2013). GREAT disease ontology enrichment also identified motor neuron disease and hereditary 

degenerative disease of central nervous system (promoter marked sites) (Table 1), which also 

matches the auts2 knock-down phenotype of fewer motor neuron cell bodies in the spinal cord 

along with improperly angled weaker projections (Oksenberg et al., 2013). 

I also performed IPA analysis on all Auts2 marked sites and the subset of 1,146 non-

promoter Auts2 marked sites using the gene whose TSS was closest to the ChIP-seq peak (Table 

1). For both datasets, I found significant enrichment of many diseases and functions including 

multiple neurodevelopmental related categories (e.g., migration of neurons, differentiation of 

neurons, development of the cerebral cortex, disorders of the basal ganglia, Parkinson’s disease, 

schizophrenia, etc.) (Table 1). Additionally, I observed enrichment for genes involved in the 

axonal guidance signaling canonical pathway (p=4.6e-9; right-tailed Fisher Exact Test; for all 

Auts2 marked sites) (Figure 5, Table 1) and ERK/MAPK signaling canonical pathway (p=6.79e-

7; right-tailed Fisher Exact Test; for all Auts2 marked sites) (Figure 6, Table 1). 
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3.3e Motif analysis identifies transcription factors involved in neuronal development 

To identify known motifs present in Auts2 marked sites, I compared the sequences of 

those sites with position weight matrices of several hundreds of experimentally determined 

transcription factor binding sites using MEME-ChIP (Machanick & Bailey, 2011). I analyzed 

gene ontology terms linked to identified motifs with the gene ontology tool GOMO (Buske, 

Bodén, Bauer, & Bailey, 2010). In Auts2 marked promoter regions, we identified motifs 

involved in many functions including olfactory receptor activity, translation, transcription, 

neuron fate commitment, and structural constituent of ribosomes (Table 3). Among the neuro-

associated enriched motifs is a binding motif for Pitx3, a transcriptional regulator involved in the 

differentiation and maintenance of dopaminergic neurons during development (Chung et al., 

2005). A paralog of PITX3 with a similar binding motif is PITX1, which has been implicated in 

autism (Philippi et al., 2007). In Auts2 marked non-promoter regions, we identified motifs 

involved in many functions including calcium ion binding, translation, structural constituent of 

ribosomes, and olfactory receptor activity (Table 3). Among the known motifs enriched in non-

promoter marked regions is the T-cell acute lymphocyte leukemia/TCF3 heterodimer 

(TAL1::TCF3). Tcf3 is a transcriptional regulator expressed in the developing cerebral cortex 

involved in the regulation cell growth, differentiation, and commitment of multiple cell lineages 

including neurons (Gray et al., 2004; Massari & Murre, 2000; Slattery, Ryan, & McMorrow, 

2008). TAL1 and TCF3 are also associated with Acute Lymphoblastic Leukemia (ALL) (Barber 

et al., 2007; Kelliher, Seldin, & Leder, 1996), which has been associated with AUTS2 

(Oksenberg & Ahituv, 2013). Also enriched is FOXO3, a transcriptional activator involved in 

neuronal cell death (Xie et al., 2012) (Table 3). Using MEME and ChIPmunk, two de novo motif 

algorithms (Bailey & Gribskov, 1994; Kulakovskiy, Boeva, Favorov, & Makeev, 2010), I was 
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only able to identify motifs comprised of simple repeats, for instance 

[CA]ACA[CA]ACA[CA]ACA.  

 

3.4 Discussion 

My mouse E16.5 forebrain RNA-seq and ChIP-seq analysis lends further support to a 

neurodevelopmental role for Auts2. I showed that Auts2 is frequently and significantly localized 

near promoters of active genes, suggesting that Auts2 is involved in the activation or 

maintenance of gene expression. IPA and GREAT analyses identified significant associations 

with neurodevelopmental genes and pathways near Auts2 ChIP-seq peaks. Both GREAT and 

IPA found highly significant enrichment for genes involved in gene expression and ribosome 

related proteins. Interestingly, dynamic regulation of individual ribosomal proteins  control gene 

expression and mammalian development within vertebrate embryos (Kondrashov et al., 2011). 

Future experiments are needed to determine if and how AUTS2 and ribosomes work together to 

affect neurodevelopment. IPA analysis also identified axonal guidance signaling as a 

significantly enriched canonical pathway, which includes the SEMA5A gene and supports 

AUTS2’s role in SEMA5A related pathways including neurodevelopment and ASD progression 

(Cheng et al., 2013). 

My analyses identified several interesting genes that Auts2 may target. 

Glycerophosphodiester phosphodiesterase domain containing 1 (Gdpd1) contains an Auts2 mark 

at its promoter and is highly expressed in our RNA-seq dataset (FPKM=2.58). GDPD1 encodes 

a glycerophosphodiester phosphodiesterase and could be a candidate region linking AUTS2 to 

alcoholism given that other classes of phosphodiesterases are involved in alcohol seeking and 

consumption behaviors (Wen et al., 2012). GABA B receptor 1 (Gabbr1), which also contains an 
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Auts2 marked site at its promoter and is highly expressed in our dataset (FPKM=11.18), is a key 

component of GABAergic signaling important for synaptic regulation and is implicated in 

autism, epilepsy, and alcohol and cocaine addiction (Enoch et al., 2012; Fatemi, Folsom, 

Reutiman, & Thuras, 2009; Xi et al., 2011). Ubiquitin carboxyl-terminal esterase L1 (Uchl1) is 

very highly expressed in our dataset (FPKM= 43.36) and displays Auts2 localization at its 

promoter. Uchl1 is expressed specifically in neurons and is a strong Parkinson’s disease 

susceptibility gene (Maraganore et al., 2004), providing insight on a potential new role for 

AUTS2 in the progression of Parkinson’s disease. Another very highly expressed gene 

(FPKM=28.08) that has a promoter marked with Auts2 is neruocan (Ncan), a gene thought to be 

involved in axon guidance (Watanabe et al., 1995) that is implicated in bipolar disorder and 

schizophrenia (Cichon et al., 2011; Mühleisen et al., 2012). These genes represent possible 

connections between AUTS2 and a wide range of neurological disorders and provide a list of 

candidate interactions for further functional studies of the role of AUTS2 in neurodevelopment 

and disease.  

In addition to neurodevelopment, AUTS2 may play a role in cancer. Previous studies have 

linked AUTS2 with ALL (Oksenberg & Ahituv, 2013), matching my finding of enrichment of the 

TCF3 motif in Auts2 marked sites, since TCF3 is associated with ALL (Barber et al., 2007). 

Additionally, our GREAT results identified the MSigDB perturbation term “genes whose DNA 

methylation differ between primary ALL cells and peripheral blood samples” as significant 

(p=7.82e-6; Binomial Test; non-promoter marks). 

De novo motif analysis of Auts2 marked regions did not find any non-repetitive novel 

motifs, and the distribution of known motifs was not centrally enriched within the Auts2 marked 

regions, supporting the theory that Auts2 acts as a co-factor rather than by binding directly to 
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DNA. AUTS2 lacks identified DNA-binding motifs but contains several predicted protein-

protein interaction domains including an SH2, a PY, and 13 SH3 domains (Bedogni, Hodge, 

Nelson, et al., 2010; Oksenberg & Ahituv, 2013; Sultana et al., 2002). More research needs to be 

done to determine Auts2 binding partners and how they converge to bind DNA.  

Auts2 binding analysis revealed that non-promoter Auts2 marked sites overlap the 

enhancer mark H3K27ac significantly more than expected by chance, but not with the repressive 

H3K27me3 mark, suggesting that Auts2 binds to active enhancer regions throughout the 

genome. Taken together, this suggests that Auts2 also has an activating role in distant gene 

regulatory elements. I functionally characterized ten Auts2 marked sequences near genes 

implicated in ASD using a transgenic zebrafish enhancer assay. Four AMECs showed positive 

zebrafish enhancer expression, two of which were positive in the brain. AMEC1, which showed 

positive zebrafish expression in the olfactory epithelium, is in the intron of NRXN1, a gene 

involved in synapse formation and signaling that has been implicated in ASD and other 

neurological disorders (Ching et al., 2010; Missler & Südhof, 1998). Nrxn1 is also expressed in 

the olfactory epithelium at E14.5 (Diez-Roux et al., 2011), suggesting this enhancer could 

regulate Nrxn1. Several other lines of evidence, including our motif analysis, known expression 

patterns of Auts2 in mouse and zebrafish (Bedogni, Hodge, Nelson, et al., 2010; Oksenberg et 

al., 2013), and my IPA and GREAT analyses, further support an olfactory role for Auts2. 

AMEC8 lies in an intron of ATP2B2, which is implicated in ASD, likely due to altered Ca2+ 

signaling when ATP2B2 is defective (Carayol et al., 2011; Yang et al., 2013), This sequence 

showed positive zebrafish enhancer activity in trigeminal sensory neurons matching Atp2b2’s 

expression in the mouse trigeminal ganglion (Diez-Roux et al., 2011).  
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Using ChIP-seq and RNA-seq on mouse E16.5 forebrains I identified potential Auts2 

regulated regions and found that they mark active regulatory elements. I located 1,930 targets of 

Auts2, about 40% of which lie in promoter regions. Transcripts with Auts2-bound promoters had 

significantly higher expression levels than ones without Auts2 binding. Both the genes and 

regulatory sequences that are bound by Auts2 provide distinctive candidate regions to investigate 

nucleotide variation associated with neurodevelopmental disorders. AUTS2 is emerging as a 

critical regulator of active neurodevelopmental genes, and future studies such as mouse 

knockouts could confirm and increase our understanding of the neurodevelopmental function of 

this gene. 

 

3.5 Materials and Methods 

3.5a ChIP-seq: 

Mouse embryos were harvested from timed pregnant CD-1 females (Charles River) at 

E16.5. The forebrains were dissected in cold PBS and batches of 8 forebrains each were 

collected in a tube and washed twice with PBS. Forebrains were cut to <1mm size and 

crosslinked with 1% formaldehyde for 10 minutes. Chromatin from forebrain tissue was isolated 

and sheared using a Bioruptor (Diagenode) and immunoprecipitation was performed using 5 

micrograms of anti-AUTS2 antibody (HPA000390, Sigma Aldrich) (previously verified to be 

specific for the Auts2 protein) (Bedogni, Hodge, Nelson, et al., 2010). Chromatin from the same 

sample was processed for the input control. Illumina libraries were constructed from ChIP and 

input DNA by the UC Davis Genomics core and sequenced on a HiSeq2500 (Illumina). Auts2 

ChIP-seq data from this study is available in GEO (http://www.ncbi.nlm.nih.gov/geo/) [accession 

http://www.ncbi.nlm.nih.gov/geo/
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number TBD, currently SRA experiment SRX433885]. ChIP-seq reads were demultiplexed and 

aligned to the mouse genome (mm9) using Bowtie(Langmead, Trapnell, Pop, & Salzberg, 2009) 

allowing one mismatch per read and retaining only reads with a single reportable alignment 

(example command: bowtie -p 12 -m 1 -v 1 -S). Resulting SAM files were converted to BAM 

format for peak calling with MACS2 (version 2.0.10) (Y. Zhang et al., 2008). For peak calling, 

MACS2 extended the reads to 300bp and kept only peaks where FDR≤0.01 after normalizing 

relative to input DNA (example command: macs2 callpeak -f BAM -g mm --keep-dup 1 --

nomodel --extsize 300 -q 0.01).  

3.5b RNA-seq: 

Total RNA was extracted from two replicates of E16.5 mouse forebrain tissue and 

purified using the RNeasy Maxi Kit (Qiagen) and sent to Otogenetics for ribosomal RNA 

depletion, cDNA production using random primers, library preparation, and pair end sequencing 

(~100bp) using Illumina HiSeq2000. Resulting reads were demultiplexed and aligned to the 

mouse genome (mm9) using TopHat v2.0.7(Kim et al., 2013; Langmead et al., 2009; Trapnell, 

Pachter, & Salzberg, 2009). The two replicates where merged and read counts mapping to each 

transcript were obtained using HTseq (Anders et al., 2013). Expression of each transcript was 

quantified as fragments per kilobase of transcript per million fragments mapped (FPKM) by 

dividing the total number of reads mapping to each transcript by transcript length, and the total 

number of reads aligned to the genome divided by one million. The Wilcoxon test from the 

statistical toolkit R was used to calculate differences in gene expression between genes whose 

promoter contains an Auts2 marked site and all other genes. RNA-seq data from this study is 

available in GEO (http://www.ncbi.nlm.nih.gov/geo/) [accession number TBD, currently SRA 

experiment SRX433887]. 

http://www.ncbi.nlm.nih.gov/geo/
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3.5c Analyzing the genomic context near Auts2 peaks: 

Distance from Auts2 marked sites to nearest transcription start site (TSS) was assessed 

using genomic coordinates downloaded from the UCSC Genome Browser’s mm9 RefSeq Genes 

track. Histone modification ChIP-seq data from mouse E14.5 whole brain (Shen et al., 2012) was 

downloaded from UCSC Genome Browser (H3K4me3, H3K27ac, and H3K27me3). All datasets 

were downloaded in October 2013. BedTools’(Quinlan & Hall, 2010) intersectBed command 

was used to identify overlap between this study’s Auts2 marked sites and histone modification 

peaks from E14.5 mouse whole brain. A single base pair overlap was sufficient to consider two 

regions overlapping. Significance was calculated using a permutation p-test (1000 permutations). 

To determine how many Auts2 marked sites reside within each gene in the mouse genome, genes 

were defined by transcription start and end sites in mm9 RefSeq. BedTools’ windowBed 

command (with 1bp window) was used to count the number of Auts2 marked sites within each 

gene.  

3.5d Gene ontology, pathway, and motif analysis: 

Pathway analysis was performed using Ingenuity Pathway Analysis (IPA) (Ingenuity® 

Systems, www.ingenuity.com) by inputting a list of genes near Auts2 marked regions (one gene 

per Auts2 marked site, based on closest distance to TSS). Gene ontology analysis was performed 

using Genomic Regions Enrichment of Annotations Tool (GREAT) (McLean et al., 2010). To 

associate genomic regions with genes in GREAT, I used the “basal plus extension” setting, 

except when examining promoter marked sites, in which case “single nearest gene” was chosen. 

Background regions were defined using GREAT’s “whole genome” setting except when 

examining promoter marked sites, where we defined a promoter-specific background containing 

all promoter regions (2,500bp upstream and 500bp downstream of a TSS) plus a window the size 

http://www.ingenuity.com/
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of the largest Auts2 ChIP-seq peak (1,457bp). MEME and ChIPmunk (Bailey & Gribskov, 1994; 

Kulakovskiy et al., 2010) were used to search for de novo motifs within Auts2 marked sites. 

MEME-ChIP and GOMO (Buske et al., 2010; Machanick & Bailey, 2011) were used to identify 

experimentally characterized motifs and their gene ontologies.   

3.5e Transgenic enhancer assays: 

Enhancer candidate sequences were selected from Auts2 marked sites based on proximity 

to SFARI genes that had a gene score of 1-3 (corresponding to high confidence genes, strong 

candidates and genes with suggestive evidence),(Abrahams et al., 2013) evolutionary 

conservation (sequences showing ≥70% identity for at least 100 bp), and/or overlap with 

enhancer-associated histone marks (H3K27ac, H3K4me1), but not promoters (H3K4me3) from 

whole brain E14.5 ChIP-seq datasets (Shen et al., 2012). PCR was done on human genomic 

DNA (Qiagen) and products were cloned into the E1b-GFP-Tol2 enhancer assay vector 

containing an E1b minimal promoter followed by GFP (Q. Li et al., 2010) and verified by 

sequencing. Constructs were injected following standard procedures (Nusslein-Volhard, 2002; 

Westerfield, 2007) into at least 100 embryos along with Tol2 mRNA (Kawakami, 2005), to 

facilitate genomic integration. GFP expression was observed and annotated up to 48 hours post-

fertilization (hpf). An enhancer was considered positive if at least 15% of all fish surviving to 48 

hpf showed a consistent expression pattern after subtracting out percentages of tissue expression 

in fish injected with the empty enhancer vector. For each construct, at least 50 fish were analyzed 

for GFP expression at 48 hpf. All animal work was approved by the UCSF Institutional Animal 

Care and Use Committee (protocol number AN100466). 
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Chapter 3 tables 

Table 1: Complete IPA and GREAT data: All data from both IPA and GREAT (including 

all Auts2 marked regions, promoter Auts2 marked regions, and non-promoter Auts2 

marked regions). 

 Due to the size of this table, it will only be available through download of the excel file 

once the paper is released. Table name: Table S1. Manuscript name: Genome-wide distribution 

of Auts2 binding localizes with active neurodevelopmental genes 
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Table 2: Auts2 marked enhancer candidates selected for enhancer assays 

A

M

E

C mm9 

hg19 

(inj seq) 

Nearby 

gene 

Distance 

to ASD 

gene 

(TSShg19) 

Whole brain 

E14.5 marks 

(mm9)** Enhancer results 

1 chr17:91,

051,949-

91,054,2

30 

chr2:50,

791,381-

50,793,7

65 

Nrxn1 Intron   Forebrain (17.6%, 

48hpf) 

Heart (21.9%, 48hpf) 

2 chr6:105,

553,911-

105,556,

644 

chr3:2,0

82,346-

2,084,26

1 

Cntn4 56kb   Somitic muscle 

(19%, 48hpf) 

3 chr4:65,2

71,249-

65,273,6

28 

chr9:119

,455,679

-

119,459,

219 

Astn2 Intron H3K4me1+ 

(H3K4me3 -) 

Negative 

4 chr5:132,

299,103-

132,302,

306 

chr7:69,

848,219-

69,849,9

44 

Auts2 Intron H3K4me1+ 

(H3K4me3 -) 

H3K27ac + 

Negative 

5 chr16:5,4

31,204-

5,435,25

1 

chr16:5,

494,064-

5,498,31

0 

Rbfox1 571kb   Notochord (21.9% 

48hpf) 

6 chr5:21,7

67,725-

21,768,9

28 

chr7:103

,530,668

-

103,533,

035 

Reln Intron   Negative 

7 chr5:22,1

81,802-

22,192,9

61 

chr7:103

,946,391

-

103,948,

122 

Reln 316kb   Negative 
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8 chr6:113,

804,242-

113,807,

961 

chr3:10,

503,994-

10,507,1

02 

Atp2b2 Intron H3K4me1+ 

(H3K4me3 -) 

H3K27ac + 

Hindbrain (15.7%, 

24hpf) 

Midbrain (24.1%, 

24hpf) 

Spinal cord (18.1%, 

24hpf) 

Somitic muscle 

(19%, 48hpf) 

9 chr6:14,7

69,541-

14,771,3

73 

chr7:113

,626,516

-

113,628,

368 

Foxp2 300kb   Negative 

# chr6:45,4

38,657-

45,445,7

55 

chr7:146

,302,256

-

146,305,

323 

Cntnap

2 

Intron   Negative 

 

** Shen, Y. et al. (2012) A map of the cis-regulatory sequences in the mouse genome. Nature 

488, 116–20 
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Table 3: MEME-ChIP and GOMO results: Known motifs enriched in our datasets and 

their related gene ontology. 

 Due to the size of this table, it will only be available through download of the excel file 

once the paper is released. Table name: Table S3. Manuscript name: Genome-wide distribution 

of Auts2 binding localizes with active neurodevelopmental genes 
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Chapter 3 figures 

 

 

Figure 1: Analysis of Auts2 ChIP-seq peaks  

(A) Distance distribution of the 1,930 Auts2 marked sites to the nearest TSS shows preferential 

binding near TSSs. Histogram displays bins of 5kb. (B) FPKM transcript expression scores 

(FPKM>0.3) for genes whose promoters localized with Auts2 display significantly higher 

expression than those that do not (p˂2.2e-16; Wilcoxon test). (C) Overlaps of Auts2 marked sites 

with histone modifications show significant localization of Auts2 at promoters (H3K4me3) and 

active enhancers (H3K27ac) (p<0.001; permutation test) but not repressed regions (H3K27me3) 
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(p value =0.081; permutation test). Histone data was acquired from previously reported ChIP-seq 

for mouse E14.5 whole brain (Shen et al., 2012). 
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Figure 2: Pathway analysis and gene ontology of Auts2 marked sites 

 (A) IPA pathway analysis of genes whose promoters contain an Auts2 marked site; the figure 

shows selected significant neurological, gene expression, and cell cycle related disease and 

biological functions. (B) GREAT (McLean et al., 2010) gene ontology analysis of non-promoter 

Auts2 marked sites; the figure shows all significant neurological related mouse phenotypes. 
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Figure 3: Auts2 marked enhancers 

(A) A UCSC Genome Browser snapshot of the Nrxn1 locus in mm9, including tracks for the 

RefSeq gene, Auts2 ChIP-seq, whole brain E14.5 H3K27ac/H3k4me1/H3kme3 ChIP-seq,(Shen 

et al., 2012) and the Auts2 marked enhancer candidate  (AMEC) 1. A representative picture of 

AMEC1 shows positive enhancer activity in the zebrafish heart and forebrain (olfactory 

epithelium (red arrow)) at 48 hours post fertilization (hpf) is shown below. (B) UCSC browser 

snapshot of the Atp2b2 region including RefSeq and ChIP-seq tracks. Below, a representative 24 

hpf embryo shows enhancer activity of AMEC8 in the midbrain (red arrow) and hindbrain 

(trigeminal sensory neurons). 
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Figure 4: Positive zebrafish enhancers 

(A) AMEC1 lies in the intron of NRXN1, and is positive for enhancer activity in the forebrain 

(red arrow) and heart (blue arrow) at 48 hours post fertilization (hpf). (B) AMEC2 is located 

~56kb upstream of CNTN4, and is positive in the somitic muscle (red arrow) at 48 hpf. (C) 

AMEC5 resides ~571kb upstream of to RBFOX1, and is positive in the notochord (red arrows) at 

48 hpf. (D) AMEC8, located in an intron of ATP2B2, was found to be positive for enhancer 
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activity in the hindbrain (blue arrow) and the midbrain (red arrow) at 24 hpf and in somitic 

muscles (red arrows) at 48 hpf. AMEC: Auts2 marked enhancer candidate. 
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Figure 5 IPA canonical pathway: Axonal guidance signaling.  

Highlighted in grey are genes whose TSS are nearest to an Auts2 marked site. 
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Figure 6: IPA canonical pathway: ERK/MAPK signaling 

Highlighted in grey are genes whose TSS are nearest to an Auts2 marked site. 
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Chapter 4 – Conclusions and future directions 

Over the past several years, AUTS2 has emerged as critical neurodevelopmental gene that 

has been implicated as a causative gene in ASD and ASD related phenotypes in dozens of 

individuals. In the near future, mutations around AUTS2 may act as a diagnostic, but first we 

must determine what makes a CNV in or around AUTS2 causative or benign and for what 

disorders (e.g. ID, DD, ASD, ASD with ID/DD, etc).  

Knockdown of auts2 leads to stunted development and a reduction in motor and sensory 

neurons in the spinal cord and developing neurons in regions that include the midbrain and 

cerebellum. The overall stunted development of these zebrafish makes it difficult to determine 

the precise function of this gene.  

My search for enhancers of AUTS2 focused primarily on the first five introns due to the 

numerous reports of cognitive-related structural variations in that region (Ben-David et al., 2011; 

Girirajan et al., 2011; Glessner et al., 2009; Huang et al., 2010; Kalscheuer et al., 2007; Mefford 

et al., 2010; Nagamani et al., 2013; Pinto et al., 2010; Schumann et al., 2011; Sultana et al., 

2002; Talkowski et al., 2012), along with the region’s putative role in evolution. While the 

expression of our enhancers largely recapitulated Auts2 expression, it is possible that the 

enhancers we identified could regulate a neighboring gene. Future experiments such as 

chromatin interaction analyses (Fullwood et al., 2010; Lieberman-Aiden et al., 2009) could be 

able to distinguish what promoters our enhancers are interacting with. I found three positive 

human enhancers in both zebrafish and mouse that reside within a 33,519bp deletion detected in 

an individual with ASD, one of which, AEC32, is expressed in the cerebellum. With the 

constantly growing number of individuals with ASDs or other neurological phenotypes that have 

AUTS2 mutations, some of which are purely noncoding, it is likely that improper regulation of 
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this gene is involved in the progression of these disorders. By characterizing the regulatory 

landscape of this region I have obtained a better understanding of the functional units within this 

gene. 

AUTS2 has been singled out as a gene that is rapidly evolving in humans in three 

different studies (Green et al., 2010; Pollard, Salama, King, et al., 2006; Prabhakar et al., 2006). I 

identified sixteen different enhancers that lie within regions that were implicated in human 

evolution, six of which show expression in the brain. I tested four of the enhancers in mice and 

two of them had midbrain enhancer activity. My enhancer results, combined with the observation 

that human-specific neurological disorders are associated with mutations in this gene, suggest 

that AUTS2 has an important role in the evolution of human cognitive traits. Future experiments 

should dissect what effects these nucleotide changes have on transcription factor binding and 

regulatory function.  

My mouse E16.5 forebrain RNA-seq and ChIP-seq analysis lends further support to a 

neurodevelopmental role for Auts2. Auts2 is frequently and significantly localized near 

promoters of active genes, suggesting that Auts2 is involved in the activation or maintenance of 

gene expression. IPA and GREAT analyses identified significant associations with 

neurodevelopmental genes and pathways near Auts2 ChIP-seq peaks. It would be interesting to 

investigate Auts2 binding at different time points and tissues to reveal a better understanding of 

the temporal and spatial regulatory effects of this protein.  

De novo motif analysis of Auts2 marked regions did not find any non-repetitive novel 

motifs, and the distribution of known motifs was not centrally enriched within the Auts2 marked 

regions, supporting the theory that Auts2 acts as a co-factor rather than by binding directly to 

DNA. AUTS2 lacks identified DNA-binding motifs but contains several predicted protein-
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protein interaction domains including an SH2, a PY, and 13 SH3 domains (Bedogni, Hodge, 

Nelson, et al., 2010; Oksenberg & Ahituv, 2013; Sultana et al., 2002). More research needs to be 

done to determine Auts2 binding partners and how they converge to bind DNA. Future 

experiments should take a closer look at potential Auts2 binding partners to determine the 

mechanism by which the protein affects neurodevelopment. Experiments showing protein-

protein and protein-DNA interactions such as EMSAs would be critical for accomplishing this. 

Auts2 binding analysis revealed that non-promoter Auts2 marked sites overlap the 

enhancer mark H3K27ac significantly more than expected by chance, but not with the repressive 

H3K27me3 mark, suggesting that Auts2 binds to active enhancer regions throughout the 

genome. This suggests that Auts2 has an activating role in distant gene regulatory elements. I 

functionally characterized ten Auts2 marked sequences near genes implicated in ASD using a 

transgenic zebrafish enhancer assay. Four AMECs showed positive zebrafish enhancer 

expression, two of which were positive in the brain. AMEC1, which showed positive zebrafish 

expression in the olfactory epithelium, is in the intron of NRXN1, a gene involved in synapse 

formation and signaling that has been implicated in ASD and other neurological disorders (Ching 

et al., 2010; Missler & Südhof, 1998). AMEC8 lies in an intron of ATP2B2, which is implicated 

in ASD, likely due to altered Ca2+ signaling when ATP2B2 is defective (Carayol et al., 2011; 

Yang et al., 2013). This sequence showed positive zebrafish enhancer activity in trigeminal 

sensory neurons matching Atp2b2’s expression in the mouse trigeminal ganglion (Diez-Roux et 

al., 2011).  

In summary, AUTS2 is emerging as both a critical neurodevelopmental gene and a 

regulator of active neurodevelopmental genes. The next crucial experiment to perform is an 

Auts2 mouse knockout. This will help elucidate the function of this gene in a mammalian model. 
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The combination of mouse knock out along with an RNA-seq to determine what genes are 

affected by improper function of Auts2 will yield interesting potential mechanisms of gene 

function, especially if this data is paired with my ChIP-seq and RNA-seq data described above.  
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