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ABSTRACT 

RELN AS A CANDIDATE GENE FOR AUTISM SPECTRUM DISORDER (ASD) 

Dawn Brianna Lammert 

Dissertation Sponsor: Brian W. Howell 

Autism spectrum disorder (ASD) affects approximately 1 in 45 people, and is 

characterized by deficits in social communication and repetitive behaviors. Sequencing 

advancements have enabled the identification of numerous candidate genes, but precisely 

how these genes contribute to ASD remains largely unknown. RELN is consistently 

implicated as a candidate gene for autism. The encoded secreted glycoprotein, Reelin is 

important for proper brain developmental and postnatal synapse function. Here we 

examine the molecular and cellular consequences of the de novo RELN mutation 

R2290C. This mutation falls in a conserved arginine-amino acid-arginine (RXR) motif 

that is found within the Reelin subrepeat structure. Several other ASD patient mutations 

fall with in this consensus and all examined reduce Reelin secretion. Based on this we 

tested two hypothesis: (1) that the mutations reduce Reelin signaling and (2) that they 

have a gain-of-function consequence, such as ER stress. Using an engineered cell line 

with a heterozygous RELN R2290C mutation and the RELN Orleans (Orl) mouse line that 

produces nearly full length Reelin that is defective for secretion, we found evidence for 

both increased Dab1 and increased PDIA1 expression.   

Since, like most genes implicated in ASD RELN likely acts in a multifactorial manner, 

we investigated whether second site mutations might contribute to ASD-related 
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behaviors. Towards this end we crossed the heterozygous Orl and Shank3b mice to model 

two hits that are present in at least one ASD proband. We found that the resulting double 

heterozygous mice had impaired socialization and altered ultrasonic vocalizations. 

Furthermore, forebrain and cerebellar lysates showed increased PSD-95, identifying a 

potentially common mechanism and therapeutic target for ASD. These studies are the 

first to investigate the biological relevance of RELN coding mutations in ASD. 
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Howell BW. (2016). Front Cell Neurosci 10:84. doi:10.3389/fncel.2016.00084. Under 

the Frontiers Terms and Conditions, authors retain the copyright to their work, 

currently distributed under the terms of the Creative Commons Attribution 

License. 



2 
 

Chapter 1. Introduction: A brief history of RELN gene candidacy in ASD 

1.1 Defining Autism Spectrum Disorder 

Leo Kanner’s seminal 1943 paper describing a syndrome of “inborn autistic disturbances 

of affective contact” laid the framework for today’s continued investigation of autism 

spectrum disorder (ASD) (Kanner 1943). Although Kanner’s patients are notably severe, 

the core features resonate with the current Diagnostic and Statistical Manual of Mental 

Disorders Edition 5 (DSM-V) ASD criteria – including disturbances of social 

communication, social interaction, and repetitive or stereotyped behaviors (Blacher & 

Christensen 2011). One year later, in 1944, Hans Asperger described four similar 

children with the exception of typical intellectual abilities and speech – also using the 

term “autism” to describe his patients (Blacher & Christensen 2011). Since then, ASD 

has emerged as a neurodevelopmental disorder in which genetics likely plays an 

important role. Heritability estimates range widely, but a recent meta-analysis reports 

almost perfect monozygotic twin concordance (Tick et al. 2016).  

Today, 1 in 45 children is affected by ASD according to the most recent estimates of 

ASD prevalence from the CDC, and this rate is similar to that of other monitoring 

networks (Zablotsky et al. 2015). A small percentage (<20%) of ASD known as 

‘‘syndromic autism’’ is attributable to monogenetic diseases, the two most common 

being fragile X syndrome and tuberous sclerosis complex (Miles 2011, Persico & 

Napolioni 2013). Other monogenetic disorders that have a high frequency of ASD but are 

less prevalent in the general population include Prader-Willi/Angelman, 15q 

microduplication, Rett, Smith-Lemli-Opitz, and Timothy syndromes. The remaining 80% 
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of ASD cases are considered ‘‘non-syndromic autism’’ and are the focus of high 

throughput sequencing efforts. 

In an effort to better understand specific gene contributions to ASD, the International 

Molecular and Genetic Study of Autism Consortium (IMGSAC) undertook an extensive 

linkage analysis beginning in 1998 (IMGSAC 1998). From this initial study, 

chromosome 7q emerged as the most significant risk locus with a multipoint LOD score 

of 3.55, consistent with other smaller independent group findings. Subsequent analyses 

continued to add patients and their families, and these studies continued to find 7q as a 

significantly linked region (IMGSAC 2001a, IMGSAC 2001b). Closer analysis of 7q for 

potential candidate genes focused on those genes implicated in brain function and 

development. Not surprisingly, it was not long before RELN, located at 7q22, was 

postulated as an ASD gene (DeSilva et al. 1997). 

1.2 Reelin and neurodevelopment 

Although the RELN gene, which encodes the Reelin protein, was not identified until 1995 

(D'Arcangelo et al. 1995), the RELN null mouse was known for decades for its peculiar 

reeling gait and brain architectural abnormalities (Falconer 1951). Homozygous deletion 

of RELN leads to defects in motor coordination, ataxia, and tremors in these mice. 

Histologically, homozygous RELN null mice display hallmark lamination defects in the 

hippocampus and cerebellum (Tissir & Goffinet 2003). Similar findings have also been 

reported in rats and sheep (Suarez-Vega et al. 2013, Kikkawa et al. 2003).   

During development, Reelin is secreted by Cajal-Retzius cells in the cortical marginal 

zone as well as the hippocampus (Derer et al. 2001, Ikeda & Terashima 1997). In 



4 
 

addition, glutamatergic cerebellar granule cells secrete Reelin (Sinagra et al. 2008). 

Reelin target cells include pyramidal cells forming future cortical layers II-VI, pyramidal 

cells of the hippocampus, dentate granule cells, and Purkinje cells of the cerebellum 

(Rice et al. 1998, Sheldon et al. 1997, Howell et al. 1997). Reelin is a critical signaling 

molecule for proper migration and position of these neurons. In the cerebellum, absence 

of Reelin not only leads to Purkinje cell malposition, but Purkinje cells fail to 

reciprocally support granule cell neuron proliferation, leading to hypoplasia of the 

cerebellum (Miyata et al. 1997). In contrast, the heterozygous RELN null mouse appears 

largely histologically normal. However, Purkinje cell number in the male heterozygous 

RELN null mouse cerebellum is decreased (Hadj-Sahraoui et al. 1996).  

Few cases of homozygous null RELN mutations have been described in human patients. 

In all cases, patients harbor autosomal recessive alleles inherited through consanguineous 

unions (Hong et al. 2000, Chang et al. 2007). Affected children displayed congenital 

lymphedema, myopia, nystagmus, generalized seizures, profound developmental delay, 

and little or no language skills. Radiographic imaging showed mild lissencephaly with 

remarkable cerebellar hypoplasia, consistent with findings in animal models.  

1.3 Brain architecture and ASD 

Studies of brain architecture abnormalities in ASD have implicated both the cerebellum 

and cortical organization – two areas with important pre- and postnatal Reelin expression.  

One of the most consistent anatomic findings in ASD is a decrease in cerebellar Purkinje 

cells and decreased volume of the vermis (Fatemi et al. 2012, D'Mello et al. 2015, 

Hampson & Blatt 2015). In the most recent stereologic study, Skefos and colleagues 
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found that Purkinje cells were decreased in ASD individuals (Skefos et al. 2014). 

Compared to previous studies, this group included ASD patients with cognitive delay and 

epilepsy, showing that this defect is widespread across ASD. The role of Purkinje cells 

and their ability to drive ASD behaviors as seen in tuberous sclerosis complex, has been 

recently demonstrated in a mouse model (Tsai et al. 2012b). This study used a 

conditional knock-out of TSC1 in Purkinje cells to show that dysfunction in these cells 

was sufficient to decrease interest in novel mouse social interaction, increase grooming, 

and increase ultrasonic vocalizations—behaviors consistent with other ASD mouse 

models (Silverman et al. 2010). 

With improvements in computer processing and software, eye-tracking has become a 

popular tool for clinical ASD research. Although it is difficult to separate the relative 

contribution of brain regions necessary to complete this task, saccade accuracy is strongly 

dependent on cerebellar function (Mosconi et al. 2015). When presented with a video of a 

person seated facing and talking into the camera, children and adolescents with ASD are 

more likely to look at non-social aspects of the background than the speaker [reviewed in 

(Falck-Ytter et al. 2013)]. The ability to track a person or object develops early in infants, 

and saccade accuracy improves on a predictable developmental trajectory. Therefore, 

eye-tracking could someday be used as an early diagnostic indicator in infants as young 

as 6 months old. ASD patients display decreased saccade accuracy and abnormalities in 

saccade velocity and duration, consistent with findings of decreased volume of the 

cerebellar vermis (Schmitt et al. 2014).  

Cortical laminar architecture has also been investigated in ASD. One of the largest 

studies of postmortem ASD tissues looked at gene expression using a panel of 25 genes 



6 
 

involved in cortical layer specification, cell type identification, or presumptive ASD 

pathogenesis (Stoner et al. 2014). They found in the prefrontal cortex or temporal lobes 

of all but one ASD patient focal areas of decreased gene expression without loss of cell 

density. Due to study design, the authors could only speculate on mechanisms responsible 

for these focal changes in gene expression, but the authors did conclude that these 

findings represent patches of disorganization of the neocortex in ASD.  

1.4 Canonical Reelin signaling and brain development 

Given the profound defects in brain development (lissencephaly with cerebellar 

hypoplasia), investigation of Reelin signaling and function has largely focused on this 

role. Major breakthroughs in deciphering components of the Reelin signaling pathway 

have come from recognition that genetic deletion of pathway components phenocopy the 

RELN null mouse lamination defects (D'Arcangelo et al. 1995, Howell et al. 1997, 

Sheldon et al. 1997, Trommsdorff et al. 1999, Kuo et al. 2005).  

Reelin is secreted into the extracellular matrix, where it is proteolytically processed and 

dimerizes or oligomerizes [Figure 1.1; (Jossin et al. 2004, Lambert de Rouvroit et al. 

1999)]. Binding of Reelin to its canonical receptors Very Low Density Lipoprotein 

Receptor (VLDLR) and Apolipoprotein E Receptor 2 (APOER2) leads to receptor 

clustering and recruitment of disabled-1 (Dab1) to the receptors’ cytoplasmic tails 

(Strasser et al. 2004, Hiesberger et al. 1999, Trommsdorff et al. 1999). Dab1 activates 

Src Family Kinases (SFK), specifically Src and Fyn, which then reciprocally 

phosphorylate and activate Dab1 (Howell et al. 1999, Bock & Herz 2003, Arnaud et al. 

2003, Kuo et al. 2005). Dab1 then interacts with a number of SH2 domain-containing 
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signaling molecules, including but not limited to Lis1, Crk, Nckβ, and Dab2IP [reviewed 

in (D'Arcangelo 2014)]. Precisely how these pathways directly regulate cortical plate 

formation and neuronal migration continues to be investigated. 

One of the more well-explored signaling pathways involves phosphatidylinositol 3-kinase 

(PI3-K) and Akt signaling. The p85α regulatory subunit of PI3-K associates with 

phosphorylated Dab1, allowing a conformational change that enables the catalytic p110 

subunit to phosphorylate phosphatidylinositol 4,5 bisphophate (PtdIns(4,5)P2; PIP2) to 

PtdIns(3,4,5)P3 (PIP3)  (Bock et al. 2003). PIP2 and PIP3 can bind Dab1 at its PTB 

domain concurrent with its receptors. Akt then associates with PIP3 and is 

phosphorylated by an activating kinase, including PDK1 or mTORC2 (Manning & 

Cantley 2007). Activation of Akt leads to phosphorylation and inhibition of GSK3β, a 

kinase which phosphorylates the microtubule associated protein tau (Jossin & Goffinet 

2007, Beffert et al. 2002). In line with this pathway is the observation that RELN null 

mice show increased tau phosphorylation (Hiesberger et al. 1999). Reelin-activated Akt 

also phosphorylates and inhibits TSC1/2, leading to disinhibition of Rheb GTPase and 

activating mTOR signaling (Jossin & Goffinet 2007). Although the investigations that 

deciphered this signaling pathway attempted to explain the defects seen in cortical 

migration, direct evidence of this top-down pathway is lacking. GSK3β inhibitors do not 

rescue the reeler phenotype, GSK3β-/- mice do not appear to have a cortical migration 

phenotype, and rapamycin does not cause a reeler-like cortical phenotype. Instead, 

Reelin-Akt-mTOR signaling is presumably important for dendrite formation, as 

evidenced by the ability of various pathway inhibitors to block in vitro dendritogenesis 

(Jossin & Goffinet 2007). New evidence investigating the effects of TSC2 conditional 
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knock-out on mice, however, suggests that a more complicated feedback mechanism 

involving Cul5 degradation of Fyn and phospho-Dab1 may be important in vivo that does 

in fact regulate cortical migration and lamination (Moon et al. 2015).  

1.5 Reelin and Dendritogenesis 

RELN null mice display ectopic cells with misoriented and malformed dendritic arbors. 

Early experiments showed that application of Reelin to neurons derived from RELN null 

mice increased dendrite growth (Niu et al. 2008, Niu et al. 2004). In vitro and ex vivo 

studies since have supported the model that Reelin participates in neuronal polarization. 

In cultured hippocampal neurons as well as migrating pyramidal cells of the cortex, 

Reelin directs the stabilization of the apical dendrite (O'Dell et al. 2015, O'Dell et al. 

2012, Niu et al. 2008, Niu et al. 2004). Our lab has shown that Reelin orchestrates 

polarization through Dab1-dependent signaling that acts to deploy the Golgi apparatus 

into the nascent apical dendrite, and that this signaling cascade works in opposition to an 

axonogenic LKB1/STRAD-Stk25-GM130 pathway (Matsuki et al. 2010).  

1.6 Reelin at the Synapse 

Investigations of the role of Reelin in synaptic function have extended its role from brain 

development to include postnatal neuron function. Components of the canonical Reelin 

signaling cascade have been identified at both the pre- and post-synaptic terminals (Bal et 

al. 2013, Beffert et al. 2005). Although the heterozygous RELN null mouse brain 

architecture is mostly undisturbed, haplo-insufficiency is important at the level of the 

dendrite. Heterozygous RELN null mice show decreased mature dendritic spine density 

and dysregulation of the post-synaptic density components PSD-95 and NR2A (Niu et al. 
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2008); however, adult mice have near normal dendritic spines but continued alterations of 

post-synaptic components (Ventruti et al. 2011).  

Although Reelin stimulation does not change baseline synaptic signaling, addition of 

recombinant Reelin does increase hippocampal neuron response to glutamate (Chen et al. 

2005, Weeber et al. 2002). VLDLR and ApoER2 knock-out mice showed defects in 

hippocampal LTP and context-dependent fear-conditioned learning (Weeber et al. 2002). 

Reelin signaling components, including Dab1, ApoER2, PSD-95, and NMDAR subunits 

are localized to synaptosomal fractions, and PSD-95, NR2A, NR2B, PTEN, and 

APOER2 co-immunoprecipitate (Beffert et al. 2005, Ventruti et al. 2011). Reelin 

signaling leads to formation of this post-synaptic signaling complex, which presumably 

brings SFK in proximity to the NMDAR and leads to NR2A or B subunit 

phosphorylation and increased ion influx. Whereas Dab1 binds to the NPxY motif of 

Reelin receptors, PSD-95 binds to the encoded residues of exon 19 in ApoER2, an exon 

that emerged with the evolution of mammals and is differentially spliced in an activity-

dependent manner. ApoER2 exon 19 is necessary for Reelin-mediated LTP potentiation 

but not cortical migration, although both processes are dependent on Reelin-Dab1-SFK 

signaling (Beffert et al. 2005).  

Reelin-ApoER2-PI3-K signaling has also recently been shown to have pre-synaptic 

signaling consequences, although possibly in a Dab1-independent manner. Reelin 

application to hippocampal cultures mobilizes VAMP7 synaptic vesicles in a calcium-

dependent manner and leads to enhanced spontaneous neurotransmission (Bal et al. 

2013). 
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1.7 Autism Network Analysis 

Given the role of RELN in neurodevelopment, postnatal synaptic signaling, and its 

location at chromosome 7q22, RELN quickly emerged as a candidate gene and is now 

consistently cited as a candidate gene for non-syndromic ASD (Persico & Napolioni 

2013). Numerous studies (>15) have investigated the occurrence of ASD risk-associated 

single nucleotide polymorphism (SNPs) in RELN (DeSilva et al. 1997, Persico et al. 

2001, Krebs et al. 2002, Zhang et al. 2002). These and other studies had mixed results, 

possibly due to varying study designs, ethnic populations, and mathematical 

interpretations. A recent meta-analysis considered three known SNPs in RELN, and 

concluded that one rs362691 was significantly associated with an increased risk of ASD 

(Wang et al. 2014). 

Many ASD candidate genes suffer from ambiguous risk SNP analyses. Recently, the 

bioinformatics field has taken a different approach to understanding how so many 

disparate genes can converge on a similar phenotype. By grouping candidate genes into 

networks, researchers have proposed cellular processes that might be driving ASD. 

Network analysis continually implicates synaptic function and dysregulated protein 

translation, particularly at the synapse (Gilman et al. 2011, De Rubeis et al. 2014, 

Sanders et al. 2012, Ebert & Greenberg 2013). Not only is RELN expression consistent 

with ASD, but the Reelin signaling pathway intersects these two prominent ASD protein 

networks (Figure 1.1). 

As just mentioned, structurally, ApoER2, NMDAR, and PSD-95 form a complex at the 

post-synaptic density in a Reelin-dependent manner [Figure 1.1; (Ventruti et al. 2011)]. 
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Neurexins and neuroligins, pre- and post-synaptic cell adhesion molecules respectively, 

organize the synapse, and each has been implicated in ASD (Dean & Dresbach 2006). 

Neuroligins interact with PSD-95, which in turn is anchored to the cytoskeleton through 

SHANK proteins (Ebert & Greenberg 2013). SHANK3 mutations often lead to Phelan-

McDermid syndrome, which frequently presents with ASD (Grabrucker et al. 2011). 

PSD-95 expression is also regulated by fragile X mental retardation protein (FMRP), the 

protein implicated in fragile X syndrome [OMIM #300624; (Tsai et al. 2012a)]. 

Hypermethylation of a trinucleotide expansion leads to decreased expression of FMRP 

and subsequent augmented synaptic mRNA translation.  

In addition to the synapse, Reelin intersects protein translation control, the second major 

candidate gene network and a hallmark of fragile X and tuberous sclerosis syndromes. 

Tuberous sclerosis (OMIM #191100 & #613254) is caused by mutations in either TSC1 

or TSC2 genes, which leads to hyperactivation of mTORC1 and subsequent increases in 

protein translation (Crino 2011). Phosphatase and tensin homolog (PTEN), a phosphatase 

which acts to suppress Akt signaling, has been identified to associate with post-synaptic 

density components including ApoER2, and Reelin haplo-insufficiency was shown to be 

associated with decreased levels of PTEN in the post-synaptic density (Ventruti et al. 

2011). PTEN is associated with Cowden Syndrome, which includes ASD and 

macrocephaly, but PTEN is also considered a high confidence gene by the SFARI gene 

database for idiopathic ASD (OMIM #158350; https://gene.sfari.org). These findings, 

combined with the aforementioned intersection of the Reelin and Akt-mTOR signaling 

pathway link RELN to the ASD protein translation control gene network in addition to 

synaptic proteins.  

https://gene.sfari.org/
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1.8 Reelin expression in ASD patients 

Clinically-relevant evidence for RELN involvement in ASD is the observation of 

decreased expression of RELN transcript and encoded protein in ASD patients. Decreased 

Reelin was detected in the cerebellum of ASD subjects as compared to controls (Fatemi 

et al. 2005, Fatemi et al. 2001) and in the superior frontal cortex (Fatemi et al. 2005). 

RELN mRNA in these areas was decreased, as was the Dab1 transcript. VLDLR mRNA 

levels were increased.  

1.9 Reelin methylation 

Part of the elusiveness of ASD etiology is the likelihood of gene-environment 

interactions. Maternal stressors during gestation have been shown to alter RELN 

expression through promoter methylation (Giovanoli et al. 2014). MeCP2, the gene 

implicated in Rett and MeCP2 duplication syndromes, which share features of ASD, 

shows increased binding to the RELN promoter in human ASD cerebella (Zhubi et al. 

2014). This binding corresponds with decreased RELN mRNA expression, consistent 

with the aforementioned reduced RELN expression in ASD tissue samples. 

1.10 Reelin Missense Mutations in ASD 

In the same way that science stresses transitioning from the bench to the bedside, we 

must also start to move gene candidates from the computer to the bench. RELN is now 

well positioned to make such a transition in ASD research. 

With the advent of more efficient and affordable sequencing technologies, whole-exome 

sequencing (WES) has become a new, popular approach for identifying candidate genes. 
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WES identifies probable disease-contributing mutations that disrupt protein function. The 

average rate of mutation for the human genome is 1.2 × 10
−8

 per nucleotide. Over the 

entire genome, Kong et al. (2012) detected 63.2 de novo mutations per trio studied, but 

only 2% of the human genome is actually coding sequence (Kong et al. 2012). Therefore, 

in agreement with these findings, each exome has approximately only a single de novo 

protein-changing allele (Gratten et al. 2013). Focusing then on only detected de novo 

events is a way to streamline candidate gene discovery.  

Initial expectations were that individuals with yet unsolved complex disorders would 

have increased indels, CNVs, and frameshift, nonsense, and missense mutations 

compared to controls. While findings support that nonsense mutations may be more 

frequent in ASD than controls, the general finding is that there is not a dramatic overall 

increase in de novo mutation rates in ASD (Samocha et al. 2014, Sanders et al. 2012, 

Neale et al. 2012). Furthermore, de novo mutations do not make up a large enough 

proportion of cases to explain the elusive genetics of ASD, and likely represent less than 

5% of the overall ASD risk (Neale et al. 2012). Currently more than two de novo 

mutations in a gene support its candidacy, although this threshold will increase with 

increasing patients to control for multiple testing. RELN currently has eight unique 

documented de novo ASD-associated mutations [Table 1.1; (Neale et al. 2012, De Rubeis 

et al. 2014, Iossifov et al. 2014, Yuen et al. 2015, Stessman et al. 2017)]. Furthermore, 

RELN was 1 of 22 genes with a false discovery rate of < 0.05 in a study of nearly 4000 

ASD patients (De Rubeis et al. 2014). A new targeted sequencing approach using single 

molecule molecular inversion probes (smMIPs) to interrogate 208 candidate 
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neurodevelopmental disorder-related genes recently verified RELN as a candidate ASD 

gene based on significant de novo mutation numbers (Stessman et al. 2017). 

De novo mutations, while directly explaining very few cases, are likely to contribute, at 

least in part, to disease in the proband in whom they were discovered. Given the repeated 

implication of particular gene signaling networks in ASD, understanding how a single de 

novo mutation influences this system at the molecular level will help explain a much 

larger number of ASD cases (Gratten et al. 2013). Large and small scale WES studies of 

ASD individuals consistently identify missense and nonsense mutations in RELN, leading 

researchers to emphasize its importance in ASD (De Rubeis et al. 2014, Stessman et al. 

2017). 

There are currently over 40 unique RELN variants identified in ASD probands that are 

absent in controls [Figure 1.2; (Bonora et al. 2003, Neale et al. 2012, Koshimizu et al. 

2013, De Rubeis et al. 2014, Iossifov et al. 2014, Yuen et al. 2015, Zhang et al. 2015)]. 

These mutations have not been functionally characterized; however, strong predictions 

regarding their consequences can be deduced based on Reelin structure and function.  

Reelin, a large 410 kDa protein, comprises eight Reelin repeat domains (D'Arcangelo et 

al. 1995, Nogi et al. 2006, Yasui et al. 2007, Panteri et al. 2006). Each Reelin repeat 

domain is composed of two subrepeat domains (A and B) linked by an EGF-like domain 

that share highly conserved sequences and are structurally similar. Reelin binds its 

receptors ApoER2 and VLDLR through two lysine residues on subrepeat 6A (Yasui et al. 

2010). The first prediction from structure-function analysis is that any nonsense mutation 

that truncates Reelin before the receptor-binding domain will be loss-of-function. In this 
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instance, the transcript would either be degraded by nonsense-mediated decay or it would 

produce a protein product unable to initiate canonical signaling. Three mutations with 

this characteristic have been identified—two de novo mutations Q417X and R1576X and 

a frameshift mutation that disrupts Reelin after E221 (De Rubeis et al. 2014, Stessman et 

al. 2017). All of these mutations occur before the receptor binding residues K2359 and 

K2466 [mouse equivalents K2360, K2467; (Yasui et al. 2010)]. Whether these mutations 

could also contribute to a possible gain-of-function, perhaps through a non-canonical 

Reelin pathway is unclear, since the receptor-ligand domain is unknown (Lee et al. 

2014). Alternatively, one may predict that mutations may interfere with conserved 

domains, altering Reelin function in a way that contributes to the ASD phenotype. 

Aligning the subrepeat sequences of Reelin (Clustal Omega) and plotting the mutations 

identified in ASD genetic studies, we have found that Reelin is enriched in mutations that 

lie within an RXR consensus sequence that occurs once in each subrepeat [Figure 1.2; 

(Bonora et al. 2003, De Rubeis et al. 2014, Iossifov et al. 2014)]. Of the identified 

variants, seven unique mutations fall within the RXR consensus sequence—a much larger 

percentage than would be expected by chance (R1742W, R1742Q, R2290C, R2290H, 

R2292C, R2639H, R2833S). R2290C, a mutation falling within the RXR consensus 

sequence, was discovered as a de novo variant originating on the paternal chromosome 

(Iossifov et al. 2014). This RXR consensus region is highly conserved across evolution, 

suggesting a particular functional relevance for this region that is linked to ASD 

pathogenesis. 

Each subrepeat is composed of an 11-stranded beta- jelly roll fold, and the RXR 

consensus sequence is found at the beginning of the 10th beta sheet (Nogi et al. 2006). 
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Arginine is important structurally for hydrogen bonding with the protein backbone 

(Borders et al. 1994). Disruption at this position could compromise protein folding, 

exposing the hydrophilic pore and enabling novel interactions. Alternatively, considering 

that Reelin may serve as an extracellular matrix (ECM) molecule, these closely spaced 

arginines and their neighboring tryptophan residues may be important for 

glycosaminoglycan binding (Panteri et al. 2006).  

Clustering of mutations within this RXR consensus sequence argues against random 

mutations leading to complete loss-of-function. Presumably many mutations throughout 

the 3460 amino acids of Reelin could disrupt function. Therefore, a mutational hotspot 

might suggest a particular mode of loss-of- or gain-of-function, the details of which need 

to be determined experimentally (see Chapter 2). 

Animal models of RELN mutations may ultimately be necessary to parse out the link 

between RELN and ASD. Thus far, simple loss-of-function alleles have not provided 

overwhelming evidence that heterozygous RELN mutations in the mouse produce overt 

or consistent behavioral phenotypes reminiscent of ASD (Moy & Nadler 2008). 

Similarly, the human genetics of RELN mutations suggests that a second hit, either 

environmental or genetic, may be necessary for ASD. Parents of patients with LCH are 

heterozygous for RELN loss-of-function alleles but do not have ASD (Hong et al. 2000, 

Chang et al. 2007). Approximately half of the ASD-associated mutations identified in 

RELN, including truncating and RXR mutations, are inherited from normal parents. In 

addition, following the same method of characterizing mutations in controls from ASD 

studies, here too there are examples of a nonsense mutation truncating RELN before the 
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receptor binding domain (Q849X) and RXR consensus mutations (R1198H, R2104H, and 

R2292H) (Bonora et al. 2003, De Rubeis et al. 2014). 

For RELN and many of the other candidate genes, a single mutation may not be sufficient 

to cause overt ASD phenotypes, and gene-gene or gene-environment interactions will 

need to be considered. Since RELN is particularly susceptible to environment-driven 

epigenetic changes, one can hypothesize that perhaps a single mutation, which decreases 

Reelin abundance, combined with environmental down-regulation of Reelin production, 

could drive RELN expression below a critical threshold in the brain. Or, perhaps another 

modifying gene allele in trans provides this added susceptibility (see Chapter 3). One 

likely contributing factor is sex. RELN mutations occur in approximately four times as 

many male as female probands (CDC 2014). And indeed, testosterone and estrogen have 

differing effects on RELN expression and heterozygous RELN null phenotypes (Hadj-

Sahraoui et al. 1996, Absil et al. 2003, Biamonte et al. 2009, Macri et al. 2010).  

Adding to the excitement and promise of deciphering the role of RELN in ASD is 

evidence that RELN supplementation or increased production could potentially reverse 

behavioral consequences of decreased RELN signaling [Appendix V; (Hethorn et al. 

2015, Rogers et al. 2011, Rogers et al. 2013)]. As mutations in RELN continue to be 

identified in genetic studies and the molecular mechanisms of these mutations are 

elucidated, we will better understand the role of RELN in neuronal signaling, 

development, and ASD.  

1.11 Experimental Aims of this Dissertation 
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The subsequent experimental chapters investigate two of the hypotheses just proposed 

regarding RELN involvement in ASD. Chapter 2 addresses the questions of whether 

R2290C and other RXR mutations have a functional consequence and whether they result 

in loss- or gain-of-function defects. Chapter 3 explores the idea that multiple hits in two 

separate genes that are part of the same functional gene network, here synaptic proteins 

(RELN & SHANK3), can combine to drive ASD-like behaviors. Together, this body of 

work builds on RELN as a candidate gene and positions Reelin as a candidate protein in 

ASD pathogenesis by providing biochemical, cell biological, and behavioral evidence 

towards the role of RELN in ASD.  
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Figure 1.1 Reelin signaling and ASD-associated proteins at the synapse. Autism 

spectrum disorders (ASD) candidate genes cluster into functional networks, and the two 

most prominent are synapse structure/function and protein translational control. The 

Reelin-signaling pathway intersects both of these networks. Reelin binds its receptors 

ApoER2 and very-low-density-lipoprotein receptor (VLDLR). The adapter protein Dab1 

binds the cytoplasmic NPXY motif of the receptors and is phosphorylated by Src family 

kinases. This reciprocally activates Src (SFK), which leads to phosphorylation of the 

NMDA receptor (NMDAR) as well as downstream AKT/PI3K signaling that intersects 

the mTOR pathway. 
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Figure 1.1 Reelin signaling and ASD-associated proteins at the synapse 
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Table 1.1 De novo RELN mutations 

De Novo RELN Mutations identified in ASD 

Mutation Citation 

Q417* Neale et al. (2012). Nature 

R2290C Iossifov et al. (2014). Nature 

F2522S DeRubeis et al. (2014). Nature 

S1985Y Yuen et al. (2015). Nat Med 

S1673N Iossifov et al. (2014). Nature 

D2656N Stessman et al. (2017). Nat Genet 

R1576* Stessman et al. (2017). Nat Genet 

Q2467* Stessman et al. (2017). Nat Genet 
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Figure 1.2 RELN missense mutations identified in ASD. The structure of Reelin is 

diagrammed with conserved domain boundaries mapped (NCBI Conserved Domain 

Database). (A) Missense, nonsense, and frameshift mutations that are absent in controls 

and thus more likely to contribute to ASD are indicated (*Bonora et al., 2003; @Neale et 

al., 2012; +Koshimizu et al., 2013; #De Rubeis et al., 2014; ∧Iossifov et al., 2014; ~Yuen 

et al., 2015; =Zhang et al., 2015). Specifically, mutations identified by Bonora et al. 

(2003) and De Rubeis et al. (2014) as occurring in isolated controls from case-control 

studies, even if they overlap with mutations identified in other studies, are not pictured. 

This process did not remove any RXR mutations identified in ASD probands; however, 

three RXR mutations were identified in controls: R1198H, R2104H, and R2292H. 

Missense mutations are colored based on PolyPhen2 predictions (green, benign; orange, 

possibly damaging; red, probably damaging). Nonsense and frameshift mutations are 

indicated in black. (B) Clustal Omega alignment of the sub-repeat domains is annotated 

with the corresponding missense mutations from (A). The RXR consensus sequence is 

indicated below the aligned repeat sequence. Note: corrections to annotations for 

missense mutations from supplementary file S4 of De Rubeis et al. (2014) are as follows: 

R3439Q to R3441Q, G254V to G2737V, R156H to R2639H. 
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Figure 1.2 RELN missense mutations identified in ASD 
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CHAPTER 2 

 

The de novo Autism Spectrum Disorder RELN R2290C 

Mutation Reduces Reelin Secretion and Increases 

Protein Disulfide Isomerase Expression 
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Abstract 

Despite the recent identification of over 40 missense heterozygous RELN mutations in 

ASD, none of these has been functionally characterized. Reelin is an integral signaling 

ligand for proper brain development and postnatal synapse function – properties likely 

disrupted in ASD patients. We find that the R2290C mutation, which arose de novo in an 

affected ASD proband, and other analogous mutations in RXR domains reduce protein 

secretion. Closer analysis of RELN R2290C heterozygous neurospheres reveals 

upregulation of Protein Disulfide Isomerase A1, best known as an ER-chaperone protein, 

which has been linked to neuronal pathology. This effect is recapitulated in a 

heterozygous RELN mouse mutant that is characterized by defective Reelin secretion. 

These findings suggest that both a deficiency in Reelin signaling and pathologic 

impairment of Reelin secretion may contribute to ASD risk. 
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2.1 Introduction 

Autism spectrum disorder (ASD; OMIM 209850) is characterized by deficits in verbal 

and nonverbal communication, as well as socialization and behavioral deficits (American 

Psychiatric Association. & American Psychiatric Association. DSM-5 Task Force. 2013). 

According to the most recent estimates, as many as 1 in 45 children were diagnosed with 

ASD in 2014 in the United States, which represents a 10-fold increase in prevalence over 

the past 40 years (Zablotsky et al. 2015). Despite this prevalence, at best, only 20% of 

cases are caused by defined monogenetic disturbances such as fragile X syndrome or 

tuberous sclerosis complex (Persico & Napolioni 2013). Early linkage analysis studies to 

identify genetic causes of idiopathic ASD identified 7q22 as the first autism susceptibility 

locus (AUTS1) (IMGSAC 2001, IMGSAC 1998, Autism Genome Project et al. 2007). 

Since then over 15 linkage studies examining RELN as a risk factor for ASD have been 

published with mixed results, consistent with locus heterogeneity (Anney et al. 2012). A 

recent meta-analysis did, however, find evidence that at least one RELN SNP likely 

segregates with ASD (r362691) (Wang et al. 2014b).  

More compelling suggestions that RELN has a role in the disease have come from exome 

sequencing of ASD families. These studies have identified several inherited and de novo 

RELN mutations in patients (Bonora et al. 2003, Iossifov et al. 2014, Neale et al. 2012, 

De Rubeis et al. 2014, Koshimizu et al. 2013, Yuen et al. 2015, Zhang et al. 2015, 

Lammert & Howell 2016).  Based on the RELN 416X nonsense allele, the false discovery 

rate for RELN in ASD is estimated at <0.05 (De Rubeis et al. 2014). Further evidence for 

a role in ASD is the decrease Reelin protein expression in the blood and brain of ASD 

patients (Fatemi et al. 2005, Fatemi et al. 2002, Fatemi et al. 2001). Consistent with a 



34 
 

role in ASD, RELN is expressed and functionally important for the developing cerebral 

cortex and cerebellum, which are two areas with anatomical findings in ASD patients 

(Fatemi et al. 2012, Wang et al. 2014a, Tsai et al. 2012, Butts et al. 2014, Stoner et al. 

2014).  

The Reelin protein is a ligand for LDL-superfamily receptors ApoER2 and VLDLR. Its 

binding to the receptors leads to recruitment and tyrosine phosphorylation of the 

cytoplasmic adaptor protein Dab1, which ultimately regulates cellular behavior to 

influence neuron positioning in the developing brain and n-methyl-d-aspartate receptor 

(NMDAR) activity (Bock et al. 2004, Howell et al. 1997, Rice & Curran 2001, 

Hiesberger et al. 1999, D'Arcangelo et al. 1999, Jossin & Cooper 2011, Beffert et al. 

2002, Hoe et al. 2006). The intersection of the Reelin-Dab1 signaling pathway with both 

NMDAR function and mammalian target of rapamycin (mTOR) signaling positions it at 

the intersection of two major ASD protein networks and emphasizes the importance of 

understanding how RELN participates in the etiology of ASD (Lammert & Howell 2016). 

Despite mounting evidence linking RELN and ASD, there is no experimental evidence 

supporting a mechanism for the role of Reelin in ASD.  Homozygotic deficiency in 

RELN is uncommon and is associated with lissencephaly with cerebellar hypoplasia 

(Hong et al. 2000, Zaki et al. 2007). The heterozygous mutations that are identified in 

ASD probands thus far have not been characterized, and only a few mutations are clearly 

loss-of-function for the canonical pathway, since they would not produce protein that 

binds the receptors (Lammert & Howell 2016).  
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Here, we test the hypothesis that the de novo RELN R2290C mutation is not a benign 

polymorphism and has characteristics that may contribute to ASD. This mutation falls in 

a class of mutations that map to a conserved arginine-amino acid-arginine (RXR) motif 

(Lammert & Howell 2016). We find R2290C and the other RXR mutations reduce Reelin 

secretion. In addition, protein disulfide isomerase A1 (PDIA1) expression is increased in 

neurospheres that are heterozygous (+/-) for RELN R2290C as well as in the cerebella of 

RELN Orleans (Orl) +/- mice, which also have reduced Reelin protein secretion. PDIA1 

is best known as an ER resident chaperone that assures correct disulfide bond formation 

in nascent proteins (Parakh & Atkin 2015), but its overexpression may contribute to 

neuropathology (Perri et al. 2017, Zeeshan et al. 2016). These results suggest that at least 

a subset of RELN mutations that are found in ASD patients are not exclusively loss-of-

function, but also cause other cellular perturbations. 

2.2 Materials and Methods 

Animals  

Animals were used in compliance with approved protocols by the Animal Care and Use 

Committee for SUNY Upstate Medical University following NIH guidelines. Timed 

pregnant Swiss Webster dams were purchased from Taconic. RELN Orleans (Orl) mice 

were kindly provided by Dr. Patricia Phelps (UCLA, USA) and were maintained on the 

BALB/c background. RELN null-allele mice were maintained on a C57BL6 background 

and were from Jackson Laboratories. 

Alignments and Structures  
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Clustal Omega was used to generate the alignment of Reelin sub-repeat domains using 

boundaries specified by NCBI Conserved Domains for GenBank: AACS1105.1. UCSF 

Chimera was used to generate the rendering of RCSB Protein Data Bank PDB 2E26. 

Constructs 

To eliminate the confusion of comparing mouse, human, full-length, and fusion protein, 

the numbering of the residue in the human full-length Reelin protein was used 

throughout. The pcDNA3 full-length wild-type mouse RELN construct pcRL was 

graciously provided by Dr. Gabriella D’Arcangelo (Rutgers, USA) (D'Arcangelo et al. 

1997). To generate the point mutations in full-length RELN the region of interest was 

subcloned in pBS and the mutations were introduced by QuikChange mutagenesis 

(Agilent Technologies) and then re-cloned into pCRL (detailed method available upon 

request). Wild-type version of the Reelin repeat fusion protein (RRfp) and Reln56SD 

fusion constructs were generated by gene synthesis (GeneArt), cloned into pCDNA, and 

mutations were introduced as above. All mutant constructs were validated by 

bidirectional sequencing. The PA-tagged WT RELN construct was a generous gift from 

Dr. Junichi Takagi (Osaka University, Japan) (Fujii et al. 2014). 

Antibodies  

Anti-Reelin (G10; Millipore; AB_565117), anti-Flag (Sigma; AB_262044), anti-

phosphotyrosine (4G10; Upstate; AB_916370), anti-β-actin (Sigma-Aldrich; 

AB_476744), anti-PA tag (WAKO; AB_10920577), anti-BIP (Abcam; AB_732737), 

anti-PERK (AB_10831515), anti-PDI (against PDIA1; AB_2156433), anti-Ero1-Lα 

(AB_823684), anti-phospho-eIF2α (AB_10692650), and anti-total-eIF2α (Cell Signaling; 
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AB_330951), and anti-V5 (Invitrogen; AB_2556564). Anti-Dab H1 antibody was a 

generous gift from Dr. Andre Goffinet (University of Louvain, Belgium). 

Cell Culture  

HeLa cells and HEK293 cells were grown in Dulbecco’s Modified Eagle Medium 

(DMEM; Thermo Fisher) supplemented with 10% Fetal Bovine Serum and 1% 

Penicillin-Streptomycin. All cell cultures were maintained at 37°C at 5% CO2. Stable 

HEK293 wild-type (WT) Reelin-expressing cells were the kind gift of Dr. Eckart Förster 

(Zelluläre Neurobiologie, Hamburg) (Forster et al. 2002). Stable cell lines of HEK293 

cells secreting full-length R2290C or R2290H Reelin were generated in the same manner. 

Transfections were performed using X-tremeGENE HP following the manufacturer’s 

protocols (Sigma). Cortical neuronal cultures were isolated from embryonic (E) day 15 or 

16 and grown in neurobasal media supplemented with 2% B27 (Invitrogen) and 1% Pen-

Strep. Cells were plated at a density of 3x10
5
/cm

2
 on poly-L-lysine coated polystyrene 

dishes. One quarter of culture media was replaced every 2-3 days. 

Genomic Editing  

P19 embryonal carcinoma cells (McBurney et al. 1982) were edited using CRISPR/Cas9 

and a single-stranded template (ssODN) with nucleotide sequence to alter Arg 2290 

(R2291 in mouse) to Cys as previously described (Ran et al. 2013). Guide (sg) RNA 

sequences proximal to the codon for R2290 were generated based on the Zhang lab 

CRISPR Design tool (http://crispr.mit.edu/). Each guide sequence was then inserted into 

a vector designed to express the guide and wild-type Cas9 [pSpCas9(BB)-2A-Puro 

(PX459); Addgene; (Ran et al. 2013)]. One guide (F1; 

http://crispr.mit.edu/
https://www.addgene.org/62988/
https://www.addgene.org/62988/
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CAGATGGCTGCCACCAGCGG) was selected based on its effectiveness at generating 

indels in P19 cells (not shown). P19 cells were transfected with F1 sgRNA-containing 

Cas9 vector and a single-stranded oligonucleotide (ssODN) template using X-

tremeGENE HP (Sigma).  The ssODN template extended 50 bp on either side of the 

R2290 codon and had at its core (TCGACAtGtCTCaGa) mutations (lower case) to 

change the R2290 codon, introduce a PciI site and prevent the F1 guide from functioning 

(complete sequence available on request). Twenty-four hours after transfection, cells 

were split and selected in puromycin (1µg/mL) for 48 hours. Edited P19 cell colonies 

were identified by PCR amplification of the target area followed by PciI digest and 

forward and reverse strand sequencing. Heterozygous line 21 was propagated from a 

single cell to ensure clonality and the wild-type control line was processed identically.  

P19 Cell Differentiation  

We found that P19 cells grown as aggregates and treated with retinoic acid (RA) (10µM; 

Sigma) for 48 h in 50% MED-II media and 50% DMEM, 10% FBS, 1% Penicillin-

streptomycin, 0.5% GlutaMAX (Gibco) differentiated into neuron-specific class III β-

tubulin positive, Reelin-producing cells by 2-4 DIV and had robust Reelin expression by 

8 days of differentiation (Figure 2.2B and Appendix II). Cells differentiated with this 

protocol do not augment Dab1 phosphorylation in response to Reelin stimulation (data 

not shown). MEDII media, previously used to influence the differentiation of stem cells, 

refers to HepG2 cell-conditioned media (Rathjen et al. 1999). After the first 48 h media 

was replaced every 2 days with no RA. 

Reelin Stimulation Assay  
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Reelin stimulation was done essentially as described with modifications (Howell et al. 

1999). Reelin-conditioned media (RCM) was collected from stably transfected cells in 

neurobasal media with 1% penicillin-streptomycin (Thermo Fisher) for three days and 

pooled, after which it was concentrated 10-fold with a 100kD Amplicon (Millipore) filter 

(Matsuki et al. 2010). Control-conditioned media (CCM) was generated in the same 

manner by collecting media from untransfected 293 cells. Concentration of Reelin was 

normalized based on Western blot densitometry. Cortical neuron cultures (DIV 5 or 6) 

were rinsed with PBS and treated for 20 minutes with wild type, R2290C, or R2290H 

RCM, neurobasal (NB) media, or CCM. To stop the reaction, media was removed, cells 

were washed (1x with PBS) and then lysed in RIPA (0.15M NaCl, 1% NP40, 1% sodium 

deoxycholate, 0.1% SDS, 50mM NaF, 2mM EDTA, 1 mM phenylarsinine oxide, 

protease inhibitor [complete mini, EDTA-free; Roche], phosphatase inhibitor cocktail 1 

[Sigma]) by sonication. Western blots were imaged by near-infrared fluorescence 

(Odyssey CLx, LI-COR Biosciences). 

Western Blotting  

Lysates and media were collected at 48 hours post transfection, cleared by centrifugation 

at 15,000g x 20 minutes and resolved by SDS PAGE, prior to immunoblotting with 

indicated antibodies. Blots were developed with ECL chemiluminescence substrate 

(Thermo Scientific) and visualized on the Chemidoc (Biorad). Protein bands were 

analyzed by densitometry using ImageJ (NCBI). Lysate values are normalized to actin. 

For mouse experiments, cerebella from both male and female mice were collected and 

frozen. Samples were homogenized in RIPA buffer and processed as above for Western 

blotting. The extracellular Reelin ratio is reported as the fraction of Reelin media signal 
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to Reelin lysate signal. Graphing and statistics were generated using Prism Graphpad 

software and Microsoft Excel (n≥3 for all experiments). Groups were compared using t-

test or 1-way ANOVA with Dunnett’s posthoc test, and significance reported as p<0.05 

or lower. 

Immunocytochemistry  

For differentiated P19 cells, spheres were fixed in 4% PFA in PBS for 5 minutes, washed 

3 times in PBS, then stored in 20% sucrose (Sigma) in PBS overnight. Cells were stained 

with methylene-blue then mounted in OCT, cryosectioned at 12µm thickness, and melted 

directly onto glass slides. Slides were allowed to dry, washed with PBS, then cold 

absolute methanol for 10 minutes, followed by a PBS wash. Slides were blocked for 1 

hour at room temperature in PBST (2% w/v BSA, 0.5% Triton X 100, PBS). Primary and 

secondary antibody stains were carried out in PBST. Coverslips were prepared with 

Vectashield (Vector Laboratories) containing DAPI. Images were taken on a Zeiss 

Imager.A2 with Nikon Elements Software package. Images were formatted and compiled 

with Adobe Photoshop.  

Pulse-Chase Assay  

For experiments with full-length Reelin, HEK239 stable cell lines (WT, R2290C, or 

R2290H) were plated at 2x10
6
 cells per well in collagen-coated 12-well polystyrene 

dishes. On the labeling day, cells were methionine-starved for 30 min in pulse-labeling 

(P-L) media (DMEM without methionine, 10% FBS, 50mM HEPES, 200mM glutamine, 

1% pen-strep) then treated with P-L media (500µL) containing 0.2mCi/mL 
35

S L-

methionine (EasyTag; Perkin Elmer) for 1 hour. The cold chase was commenced by 

removing radioactive media, washing with warmed PBS, and then incubating in P-L 
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media containing cold methionine [1x Methionine (Sigma)]. Culture media and lysates 

were collected at 5 minutes (0 h) and every hour thereafter. Lysates were collected in 

RIPA; DNA was sheared using a 22G needle and clarified by centrifugation (13,000 g). 

Samples (200µL) were immunoprecipitated with  anti-Reelin (1µg; G10) for full-length 

Reelin, followed by addition of Protein A-G plus Sepharose beads (Santa Cruz) at 4°C 

for 4 hours and 4 serial washes with RIPA buffer. Samples were resolved by SDS-PAGE 

as above, dried, and visualized by phosphorimaging (Molecular Imager; Biorad). Reelin 

counts for lysates (CL) and media (CM) were normalized to the sample’s corresponding 0 

hour lysate sample (C0). Averages were plotted and non-linear regression line 

automatically fitted. Significance was determined using 2-way ANOVA with Dunnett’s 

posthoc test and significance reported as p<0.05. 

Real time (Q)-PCR 

P19 neurospheres at 8 days of differentiation were collected and rinsed with PBS. RNA 

was isolated using RNEasy Mini Kit (Qiagen) and cDNA synthesized using QuantiTect 

Reverse Transcription Kit (Qiagen). Spliced XBP-1 Q-PCR was performed with primers 

as previously described (van Schadewijk et al. 2012). Actin and TBP were used as 

controls. Results were analyzed with Biorad CFX manager and significant differential 

expression determined using delta delta Cq and t-test.   

RNAseq  

RNA was extracted from three 6-week old male RELN Orl or wild-type cerebella using 

the RNeasy Mini Kit (Qiagen). Samples were given a number and all processing was 

done in a double-blinded fashion. Libraries were prepped using the Stranded Total RNA 
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kit (Illumina) and validated on the 2100 Bioanalyzer (Agilent). The libraries were run on 

the Illumina NextSeq 500 instrument using the NextSeq 75 cycle High Output Reagent 

kit. Seventy-five base pair single end reads were performed with libraries loaded at 

1.9pM with 1% Phi X control. Reads were aligned using the TopHat2 application in 

BaseSpace (Illumina). This procedure involved first filtering out mitochondrial and 

ribosomal sequences, followed by trimming of 2 bases from the 5’ end of each read, and 

alignment to the Mm10 build of the mouse genome using the Bowtie 1 aligner. After 

alignment, quantification of transcript abundance was performed using Cufflinks for all 

annotated reference genes and transcripts that were detected in the samples, with data 

reported as Fragments Per Kilobase of exon per Million fragments (FPKM) values. 

Differential expression was then performed with Cuffdiff 2.1.1, with results reported as 

log2 (Heterozygous/Wildtype), and p values adjusted using the False Discovery Rate 

(FDR). For this report, we describe only expression changes in genes with FDR-adjusted 

q values < 0.15, and analyze those involved in the UPR (unfolded protein response) 

network or Simons Foundation Autism Database (AutDB) (Table 2.2, Appendix I, GEO 

accession GSE97281). Due to correction for multiple testing done in the RNAseq 

analysis, we may have false negatives or type two errors in our analysis, and therefore, 

may have overlooked an ER stress gene that is differentially expressed in our samples. 

Statistical Analysis 

Pairwise comparisons were done by Student’s t-test (e.g. Figure 2.2E, 2.2F). When more 

than two samples were compared, we used 1-way or 2-way ANOVA with Dunnett’s post 

hoc test for comparing one or more measurements, respectively (e.g. Figure 2.1E vs. 
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2.1G). See the relevant methods sections for details. Data analysis was done in Microsoft 

Excel and GraphPad Prism 7.  

2.3 Results  

The de novo RELN R2290C Mutation Falls in an RXR Protein Consensus Element 

that is Mutated in Other ASD Patients 

Reelin is a large (440kDa) protein composed of an N-terminal F-spondin homology 

domain, a unique region, and 8 highly homologous Reelin repeat domains (D'Arcangelo 

et al. 1995, Panteri et al. 2006, Yasui et al. 2010, Yasui et al. 2007, Nogi et al. 2006). 

Each repeat is divided further into homologous A and B sub-repeats that are separated by 

a hinge-like EGF domain. Each sub-repeat contains primarily β-sheets oriented in an 11-

stranded jelly roll containing a hydrophilic pore (Figure 2.1A). 

The RELN R2290C mutation maps to an RXR consensus element that is revealed by 

aligning the 16 Reelin subrepeats (Lammert & Howell 2016). Interestingly, thus far, 9 

ASD patients have been found with mutations in the RXR domain and 7 of these are 

distinct, representing at least 7 founder mutational events (Figure 2.1C, Table 2.1). The 

RXR sequence at the beginning of the β-sheets and the Arg residues are oriented towards 

the preceding sub-repeat (Figure 2.1A, 2.1B). In the B sub-repeats, these Arg residues are 

positioned on the surface of the jelly roll’s hydrophilic pore, whereas in the A sub-repeats 

they are oriented towards the previous repeat. No other group of RELN mutations 

identified in ASD patients align in a consensus element (Lammert & Howell 2016).  We 

reasoned, therefore, that the RXR mutations are the most likely of the annotated 

mutations to have an effect relevant to ASD. 
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RXR Mutations Reduce Reelin Secretion 

To study the de novo RELN R2290C mutation and other patient mutations in the RXR 

consensus element, we generated mutations at the murine equivalent of R1742 and 

R2290. These patient mutations represent the first Arg of the RXR motif in sub-repeats 

4A and 5B, and were changed to Trp or Gln and Cys or His, respectively. Therefore, 

mutations in both the A and B sub-repeat domains were represented, and all four of these 

mutations occur within the Reelin repeat 3-6 fragment, a naturally occurring proteolytic 

fragment competent for signaling (Nogi et al. 2006, Jossin et al. 2004). These full-length 

constructs were transfected into cells and Reelin levels in the media and cell lysates were 

compared by anti-Reelin immunoblotting (Figure 2.1D, 2.1E). All three naturally 

occurring, N-terminal proteolytic fragments were visible by Western blotting the media 

of wild-type Reelin transfected cells. Reelin was, however, significantly decreased in the 

media from cells transfected with each of the R1742 and R2290 mutants compared to 

wild-type. Similar results were obtained with a fusion protein containing the minimal 

repeats 5 and 6 signaling domain (Reln56SD) (Figure S2.1A), which had an exogenous 

nidogen secretion signal. The Reln56SD R2290C and R2290H transfected cells produced 

barely detectable extracellular Reelin, whereas the wild-type version of the fusion protein 

was highly expressed in the media (Figure S2.1B, S2.1C).  

To better investigate the consequences of an RXR mutation under endogenous Reelin 

regulation, we used CRISPR-Cas9 gene editing to generate neurons with a heterozygous 

R2290C mutation (Figure 2.2A, 2.2B, and data not shown). Residue R2290 is particularly 

close to the receptor binding region sub-repeat 6A (Figure 2.1A, residues K2361 and 

K2468) (Yasui et al. 2007). Furthermore, the R2290C mutation is of particular interest 
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since it arose de novo in an ASD proband (Iossifov et al. 2014) and has not been observed 

in control samples in ASD sequencing projects or in over 60,000 case-control sequences 

archived in the ExAC collection (Table 2.1). The mutation was introduced into 

pluripotent P19 cells (McBurney 1993), that we found can be differentiated into Reelin-

secreting cells by growing them as aggregates in the presence of retinoic acid and HepG2 

cell-conditioned media (Figure 2.2B and data not shown). After 8 days of differentiation, 

R2290C+/- P19 neurospheres expressed significantly less Reelin into the media  and 

tended to express more in the cellular lysates than their wild-type counterparts (Figure 

2.2D, 2.2E), demonstrating that under physiologic conditions this mutation selectively 

compromises Reelin biosynthesis of secreted Reelin protein. The apparent accumulation 

of intracellular Reelin, though not statistically significant, is consistent with a deficiency 

in Reelin R2290C secretion (Figure 2.2D, 2.2E). 

To investigate if reduced extracellular levels of full-length mutant Reelin proteins were 

due to altered secretion, we performed pulse-chase experiments using stable cell 

populations expressing Reelin WT, R2290C, or R2290H (Figure 2.1F) and Reln56SD 

WT or R2290C (Figure S2.1D). Transfected cells were exposed to a pulse of 
35

S-

methionine for 1 hour, which was then chased with excess cold methionine up to 4 hours. 

35
S labeled wild-type full-length Reelin and Reln56SD were found in the media within 1 

hour (Figure 2.1H, S2.1E). This was accompanied by a corresponding decrease in labeled 

Reelin in the cell lysates (Figure 2.1G, S2.1E). Mutant full-length Reelin (R2290C and 

R2290H) and mutant Reln56SD (R2290C) were inefficiently secreted into the media 

(Figure 2.1H, S2.1E). Consistent with these results, cell lysate levels for mutant Reelin 

were relatively unchanged over this time. This suggests that the full-length R2290C and 
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R2290H mutant Reelin are secreted only about 25% as efficiently as wild-type (Figure 

2.1F-H). The R2290C mutant form of the shorter Reln56SD fusion protein was secreted 

less efficiently than the full-length Reelin mutants, which may be a consequence of the 

exogenous secretion signal or the absence of other Reelin domains.  

To assay the consequence of the remaining RXR mutations on extracellular accumulation 

of Reelin, we generated fusion proteins with each of the affected Reelin repeat domains 

in the wild-type and mutant forms. These Reelin repeat fusion protein (RRfp) constructs 

were designed to facilitate further biochemical analyses and contained a nidogen 

secretion signal, 3xFlag tag, and the respective Reelin repeat domain, followed by a C-

terminal HA tag (Figure 2.3A). The mutant RRfp and the corresponding wild-type 

fusions were compared for expression in cell lysates and media by Western blotting 

(Figure 2.3B, 2.3C). For each Reelin repeat (4, 5, 6, and 7), the wild-type RRfp was 

present in both the media and the cell lysate. In media samples, each RRfp showed an 

upward molecular weight shift as compared to the lysate, consistent with glycosylation 

known for Reelin. For all mutant RRfps, the ratio of expression in media versus total cell 

lysate was significantly reduced compared to the respective wild-type control.   

RELN RXR Mutations are Not Dominant Negative       

RXR mutations in patients are present as heterozygous mutations. Therefore, we 

examined whether the Reelin generated from the mutant alleles might interfere with WT 

Reelin. To determine whether secretion-defective Reelin mutants had a dominant-

negative effect on extracellular wild-type Reelin, N-terminal PA-tagged wild-type Reelin 

was co-transfected with either wild-type, R2290C, or R2290H untagged Reelin. Western 
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blot with anti-PA tag antibody showed no effect of mutant RXR RELN expression on 

secretion of wild-type PA-tagged Reelin (Figure 2.4A, 2.4B). These findings indicate that 

the mutant forms of Reelin do not inhibit secretion of wild-type Reelin. We repeated this 

experiment with the Reln56SD fusion proteins, which are tagged with a V5 epitope. 

Wild-type full-length Reelin was secreted as efficiently with co-expression of Reln56SD 

wild-type, R2290C, or R2290H fusion proteins (Figure S2.1F, S2.1G). 

Since the full-length RXR proteins are secreted, albeit at reduced levels compared to 

wild-type, it is possible that they interfere with the normal signaling function of Reelin. 

Residue R2290 is proximal to the receptor-binding domain on 6A (Figure 2.1A); 

therefore, we determined whether the R2290 mutations affected Reelin binding to its 

receptor, and ultimately signaling function, by monitoring the induction of Dab1 tyrosine 

phosphorylation [Figure 2.4C; (Howell et al. 1999)].  

Media collected from wild-type and mutant Reelin-producing cells was concentrated and 

normalized for total Reelin levels. Primary cortical neuron cultures were then treated with 

these normalized Reelin-conditioned media (RCM), control-conditioned media (CCM) or 

neurobasal (NB) for 20 minutes before lysates were collected and analyzed for Dab1 

tyrosine phosphorylation (Figure 2.4C-E). Wild-type and the mutant RCM significantly 

induced Dab1 tyrosine phosphorylation over CCM and NB (Figure 2.4D). Importantly 

neither mutant appeared to be deficient for signaling under these conditions compared to 

CCM. Therefore, the R2290C and R2290H mutant proteins are effective ligands, and 

they are unlikely to interfere with wild-type Reelin signaling.  

Impaired Reelin Secretion Upregulates Protein Disulfide Isomerase A1  
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The inability to efficiently secrete mutant Reelin may lead to an increase in intracellular 

Reelin and ER stress-related effects in the Reelin-producing cell. Therefore, we first 

examined if Reelin accumulates in intracellular aggregates. Differentiated P19 

R2290C+/- or WT neurospheres and HeLa cells transfected with R1742Q, R1742W, 

R2290C, and R2290H or wild-type Reelin were stained with anti-Reelin and anti-BIP, an 

ER resident protein (Figure 2.2G; data not shown). In all instances, Reelin co-localized 

with BIP, as expected for a secreted protein and consistent with previous reports (Campo 

et al. 2009, D'Arcangelo et al. 1997). No obvious mislocalization or aggregates were 

detected in cells producing mutant Reelin.   

Build-up of proteins in the ER can initiate an unfolded protein response (UPR). This is 

initiated by one or more sensor proteins IRE1, PERK, and ATF6, all of which eventually 

lead to coordinated changes in gene expression to regulate chaperones, ER-associated 

degradation (ERAD) components, and cell survival and apoptosis signaling molecules 

(Wang et al. 2009). Therefore we examined by immunoblotting whether RELN RXR 

mutants caused upregulation of ER stress markers compared to wild-type. R2290C +/- 

neurospheres did not show significant changes in PERK, BIP, Ero1-Lα or phospho-eIF2α 

as compared to equivalent wild-type P19 cultures (Figure 2.2H, 2.2I). Activation of IRE1 

during ER stress leads to the removal of a 26-nucleotide intron from XBP-1 mRNA 

(Wang et al. 2009). In contrast, we found decreased XBP-1 splicing as compared to wild-

type (Figure 2.2F). There was, however, a significant increase in protein disulfide 

isomerase A1 (PDIA1; also known as prolyl 4-hydroxylase β) (Figure 2.2H, 2.2I). 

Since a RELN RXR mutant mouse model is not currently available, we instead utilized a 

spontaneous RELN mutant mouse known as Orleans (RELN Orl) (de Bergeyck et al. 
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1997). A 220bp deletion in the mRNA generates a truncated protein at the 8
th
 EGF-like 

domain that fails to be secreted, possibly due to protein misfolding, since the C-terminus 

is not essential for secretion (Nakano et al. 2007). Therefore, the RELN Orl allele 

provides an in vivo model of a secretion defect. Since autistic patients with RELN 

mutations are heterozygous, we used RELN Orl +/- mice to model the disease.  

We chose the cerebellum as the focus for our analysis for several reasons. First, the 

cerebellum has recently been shown to have a large role in cognition and behavior and is 

a central player in ASD (Wang et al. 2014a, Tsai et al. 2012, Butts et al. 2014). 

Combined behavioral and neuroimaging studies of children with isolated perinatal 

cerebellar damage suggest that the occurrence of such damage may be the most 

significant acquired risk factor for a positive ASD diagnosis yet defined, with affected 

children showing more than a 35-fold increased risk of ASD-like features (Wang et al. 

2014a, Limperopoulos et al. 2007). Furthermore, cerebellar granule cell neurons are the 

most abundant neuron in the cerebellum and it is the site of highest postnatal RELN 

expression in the brain (GENSAT.org). Thus, if a failure to secrete mutant Reelin 

adversely affects the Reelin-producing cell, it would most likely be detectable in the 

cerebellum.  

We examined ER stress markers in the cerebellum as we did in the P19 derived 

nerospheres to determine if there would be consistent findings between the two models 

and any indication of ER stress. Similar to the neurosphere results, PDIA1 expression 

was much higher in the cerebella from RELN Orl +/- mutants compared to wild-type mice 

(Figure 2.5A, 2.5B). Unfortunately, Ero1-Lα expression was below the detection limit of 

our blots (data not shown). During ER stress, PERK phosphorylation of eIF2α leads to 
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decreased protein translation, reducing the load on the ER (Wang et al. 2009). 

Interestingly, phospho-eIF2α levels were reduced, which would increase protein 

translation (Figure 2.5A, 2.5B). Total eIF2α protein levels tended to be reduced as well, 

but this was not significant.  

To determine if changes in PDIA1 were caused by accumulation of intracellular RELN or 

were an effect of reduced Reelin protein, we examined expression of PDIA1 and other 

stress markers in RELN +/- null allele mice. The levels of PDIA1 as well as well as 

PERK, BIP, phospho-eIF2α and total eIF2α were unchanged between wild-type and 

RELN +/- null allele mice (Figure 2.5C, 2.5D). This suggests that there are phenotypic 

differences in the cerebella between mice that carry a RELN allele that fails to produce a 

protein (null allele) and those that make a protein that fails to be secreted (Orl allele).  

Each of the three major ER stress pathways ultimately leads to changes in gene 

transcription. Thus, we compared wild-type and RELN Orl +/- mice cerebellum by 

RNAseq. Analysis was performed on 3 heterozygous and 3 wild-type cerebella. For 

RNAseq, samples averaged 37 million reads each (with 97% alignment and 99.5% strand 

specificity). Comparison of the expression levels in heterozygous versus wild-type mice 

indicated a total of 72 annotated genes with false discovery rate (FDR) q values < 0.15 

(Appendix I).  No UPR or ER-stress response genes, including the key factors ATF4 and 

CHOP were significantly changed at this threshold (Table 2.2). Although PDIA1 levels 

were increased in heterozygous cerebella at the protein level, there was not an increase in 

the mRNA level between samples, suggesting that the change was not caused by 

increased transcription in the RELN Orl +/- mutants. 



51 
 

Dab1 protein levels increase in RELN Orl +/- cerebella 

Previously it has been shown that in RELN deficient animals Dab1 protein levels are 

increased (Rice et al. 1998, Howell et al. 1999). Once Dab1 is tyrosine phosphorylated in 

response to Reelin stimulation, it is degraded by the proteasome pathway (Arnaud et al. 

2003). In postnatal animals it is more difficult to detect Dab1 tyrosine phosphorylation 

and its levels are similar between WT and mutant animals in the neocortex (Howell et al. 

1999).  However, here we observe that in the cerebellum there is a significant increase in 

Dab1 protein level in the RELN Orl +/- animals compared to wild-type (Figure 2.5A, 

2.5B), suggesting that reduced Reelin signaling has an impact on this tissue.  

2.4 Discussion  

This study provides the first experimental evidence that heterozygous RELN mutations 

from ASD patients, and particularly the de novo RELN R2290C mutation, alter biological 

function. Previously RELN had been implicated in ASD by whole genome linkage 

analysis, identification of potentially damaging mutations, including de novo mutations in 

patients, and the observation of reduced RELN gene and protein expression in the general 

ASD population (IMGSAC 2001, IMGSAC 1998, Wang et al. 2014b, Fatemi et al. 2005, 

Fatemi et al. 2002, Fatemi et al. 2001, Lammert & Howell 2016). Focusing on de novo 

mutation R2290C and studying a subset of analogous RELN mutations that are enriched 

in an RXR consensus sequence of the Reelin sub-repeat domains (Figure 2.1A-C), we 

found that these mutations lead to reduced protein secretion and reduced extracellular 

accumulation (Figure 2.1D-H, 2.3, S2.1). Furthermore RELN R2290C +/- neurospheres 

had higher expression of the endoplasmic reticulum foldase PDIA1 than wild-type 
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controls (Figure 2.2H, I). Similarly, PDIA1 expression was increased in the cerebella of 

mice with defective Reelin secretion, i.e., RELN Orl +/- mutants, compared to wild-type 

(Figure 2.5A, B). These mice also had higher levels of Dab1 expression than controls, 

suggesting that Reelin-signaling efficacy was reduced (Figure 2.5A, B). Together it 

appears that at least a subset of RELN mutations in ASD patients, particularly R2290C, 

cause reduced Reelin secretion, reduced signaling, and an elevated chaperone protein 

PDIA1 expression, which may have combinatorial effects in the disorder. 

Consistent with our findings that RXR mutant Reelin causes a partial loss-of-function, 

two RELN mutations (Q416X and E221fs) either truncate the Reelin protein before the 

receptor-binding surface on repeat 6A or lead to nonsense-mediated RNA decay 

(Lammert & Howell 2016, De Rubeis et al. 2014, Neale et al. 2012). Furthermore, it has 

also been shown that Reelin is decreased in the blood and brain of ASD patients (Fatemi 

et al. 2005, Fatemi et al. 2002, Fatemi et al. 2001), possibly as a result of differential 

RELN promoter methylation in ASD patients (Lintas et al. 2016, Zhubi et al. 2014). This 

has also been observed in maternal-stress/infection mouse models of ASD (Palacios-

Garcia et al. 2015). Therefore, reduced RELN expression may also play a role in a 

broader population of ASD individuals who do not carry RELN mutations. 

In addition to loss-of-function, PDIA1 protein expression was increased in both 

R2290C+/- neurospheres and RELN Orl +/- cerebella as compared to controls, 

suggesting a problem in the Reelin-producing cells. Interestingly, the RELN null allele, 

which makes no protein, did not elevate PDIA1 expression in heterozygotes as compared 

to wild-type littermates. PDIA1 functions as an ER chaperone, which, like many other 

chaperones, is often upregulated in response to ER stress. However, we did not find any 
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other evidence of ER stress (Figure 2.2H, 2.2I, 2.5B, Table 2.2, Appendix 1). PDIA1 

mRNA was not increased in the RELN Orl +/- cerebella, nor were other known UPR 

genes upregulated (Appendix I).  Opposite of what is expected in ER stress, XBP-1 

splicing and eIF2α phosphorylation were decreased in R2290C+/- neurospheres and 

RELN  Orl +/- cerebella, respectively (Figure 2.2F, 2.5B). These disparate findings might 

suggest that elevation of PDIA1, and perhaps other chaperones not analyzed here, is 

sufficient to restore proteostasis such that ER stress was successfully resolved leaving 

only a few remaining indications of it. Alternatively, PDIA1 might be elevated in 

response to another pathway; for instance, the reticulon family has been shown to 

redistribute and activate PDIA1 in an ER stress-independent manner (Bernardoni et al. 

2013, Yang et al. 2009). 

Although PDIA1 is generally thought to have positive effects, in neurons its increased 

expression increases redox signaling, generating reactive oxygen species and has been 

linked to neurodegenerative disorders (Perri et al. 2015, Zeeshan et al. 2016). Thus 

PDIA1 may have detrimental effects in the Reelin-producing cells that are additive with 

the loss-of-function effects from reduced secretion. Therefore, mutations that prevent 

secretion may have more than one injurious effect, and this may explain the propensity of 

RELN RXR mutations in ASD patients. For instance, if both the reduction of Reelin 

signaling and increased expression of PDIA1 had additive effects in the disorder, we 

would expect individual mutations that caused both to be more likely to appear in the 

patient population.  

These findings make it tenable to determine how RELN mutations might contribute to 

ASD. At this time, three potential mechanisms are apparent: 1. Neuronal positioning, 
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since this is regulated by RELN (D'Arcangelo et al. 1995, Hong et al. 2000), and recently 

it has been shown that a subset of ASD patients have focal regions of neuronal lamination 

defects (Stoner et al. 2014). It would thus be interesting to determine if patients with 

heterozygous RELN mutations have similar neuronal ectopias. 2. Synaptic function, since 

Reelin has also been implicated in synapse physiology postnatally with roles in the 

presynapse to regulate spontaneous neurotransmitter release (Bal et al. 2013) and the 

postsynapse to regulate NMDAR phosphorylation (Beffert et al. 2005, Chen et al. 2005, 

Groc et al. 2007, Campo et al. 2009, Ventruti et al. 2011). The synapse has become a 

central focus in ASD research with the realization that several mutations found in patients 

map to key regulatory genes (De Rubeis et al. 2014). 3. Reelin is linked to mTOR 

signaling, since Reelin has been shown to regulate this pathway (Jossin & Goffinet 

2007). Furthermore the Reelin pathway is altered by mutations in the upstream regulator 

of mTOR, TSC2 (Moon et al. 2015). Dysregulation of translation and mTOR are thought 

to be central to ASD in fragile X and tuberous sclerosis patients, respectively 

(Laggerbauer et al. 2001, Davis et al. 2015).  

In pursuing a mechanism, it is important to keep in mind that in conjunction with RELN 

mutations, the male genotype is a contributing risk factor, as ASD affects 4 to 5 times as 

many males as females. Of the 8 ASD patients with RXR mutations and known sex, 7 are 

male (Table 2.1) (Bonora et al. 2003, Iossifov et al. 2014, De Rubeis et al. 2014). Other 

genetic mutations and/or environmental factors likely contribute to an ASD diagnosis in 

patients carrying RELN mutations, including the RXR mutations, since some of the 

mutations are found in parents and in the ExAC database (Table 2.1). This database 

represents cases and controls from other sequencing projects including psychiatric 
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conditions but not ASD. Thus, at least for some RELN alleles, it appears that other 

genetic and environmental factors exist that contribute to the presentation of the disorder.  

In sum, our findings provide the first evidence that heterozygous mutations identified in 

ASD probands have functional consequences in neurons and are not benign 

polymorphisms. The de novo R2290C mutation in RELN leads to decreased Reelin 

secretion and elevated PDIA1 expression. Since increased PDIA1 expression can be 

detrimental to neurons, it will be interesting to determine if it has a role in ASD, in 

patients with missense mutations in RELN, and other genes encoding proteins that pass 

through the ER.   
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Figure 2.1 The RELN R2290C and other ASD mutations reside in a conserved RXR 

consensus and impair Reelin secretion. (A) Rendering of Reelin repeat 5 and 6 crystal 

structure (PDB 2E26; Chimera). The positions of the R2290C and R2292C mutations in 

the RXR motif of 5B are shown facing into the hydrophilic pore of RELN repeat 5. The 

corresponding locations of the RXR motif in an A repeat are also indicated. (B) 

Alignment of the conserved region of the Reelin sub-repeat domains (Clustal Omega). 

The RXR consensus element is boxed and indicated below. (C) Schematic of Reelin 

structure showing an F-spondin homology domain, an N-terminal domain unique to 

Reelin, and 8 Reelin repeat domains. Each Reelin repeat domain contains an A and B 

sub-repeat domain (blue ovals) connected by an EGF domain (green ovals). ASD-

associated mutations are indicated above their respective repeat. (D) Less Reelin was 

detected in media of HeLa cells transfected with full-length mutant (R2290C, R2290H, 

R1742Q, or R1742W) as compared to wild-type (WT) Reelin by Western blotting (anti-

Reelin G10), whereas equal or greater amounts were observed in the cell lysates. One 

full-length (>400 kD), smeared Reelin band was observed in the cell lysates and three 

products (full length and two cleavage products: 410, 380, and 180 kD) were observed in 

the media, as expected. (E) The ratio of Reelin signal in the media (M) to Reelin lysate 

signal (L) was significantly greater for WT than mutant Reelin (n=4, error bars + SEM, 

and * p value < 0.05 by 1-way ANOVA with Dunnett’s post hoc test). (F) WT Reelin 

metabolically labeled with 
35

S- methionine was most abundant in 293 cell lysates at the 

beginning of a cold chase, but by two hours the majority was detected in the cell media. 

In contrast, the majority of radiolabeled R2290C and R2290H mutant RELN remained in 

cell lysates over a 4h time course, as detected by phosphor imaging of 
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immunoprecipitated Reelin (anti-G10). (G) In the 293 cell lysate the Reelin counts (CL) 

at times indicated relative to counts at time 0 (C0) decreased more rapidly for WT Reelin 

than the R2290C and R2290H mutants (n=3, error bars + SEM, * p<0.05 R2290C, 
#
 

p<0.05 R2290H by 2-way ANOVA with Dunnett’s post hoc test). (H) In the media the 

Reelin counts (CM) at indicated times relative to lysate counts at time 0 (C0) increased 

more rapidly for WT than R2290C or R2290H (n=3, error bars + SEM, * p<0.05 

R2290C, 
#
 p<0.05 R2290H by 2-way ANOVA with Dunnett’s post hoc test). 
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Figure 2.1 The RELN R2290C and other ASD mutations reside in a conserved RXR 

consensus and impair Reelin secretion. 
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Figure 2.2 Decreased extracellular Reelin expression by R2290C+/- compared to 

wild-type neurospheres. (A) A heterozygous R2290C P19 cell line was generated by 

CRISPR-Cas9 genome editing and verified by sequencing that showed the expected 

mutation and silent changes indicated below. Silent mutations inactivate the PAM 

sequence and prevent further Cas9 cleavage in a P19 cell clone.  (B) P19 cells grown as 

neurospheres in MEDII media produce extracellular Reelin by 8 days of differentiation. 

Restriction digest by PciI demonstrates the heterozygous R2290C mutation. (C) 

Neurospheres were cryosectioned and stained for Reelin (anti-Reelin, G10 antibody) or 

Tuj1, a neural-specific marker. (D) Neurosphere lysates and media were collected and 

analyzed by Western blot for Reelin (G10). (E) R2290C+/- neurospheres expressed 

significantly more Reelin in cell lysates (lysate/actin) and the fraction of Reelin in the 

media (media/lysate) was decreased compared to wild-type neurospheres (n=4, error bars 

= SEM, *p value <0.05 by t-test). (F) Q-PCR showed decreased XBP-1 splicing in 

R2290C+/- neurospheres compared to WT. (G) Western blot of ER stress markers 

comparing WT and R2290C+/- neurosphere lysates. (H) PDI was significantly increased 

in R2290C+/- lysates compared to control (n=4, error bars = SEM, *p value <0.05 by t-

test). 
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Figure 2.2 Decreased extracellular Reelin expression by R2290C+/- compared to 

wild-type neurospheres. 
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Table 2.1 ASD Patient RELN mutations by sex. Mutations identified in the RXR 

consensus sequence in ASD probands are listed along with patient gender, either male 

(M), female (F), or no report available (N/A). Exome Aggregation Consortium (ExAC) 

database allele count is listed for each variant (exac.broadinstitute.org). This database 

includes sequence information from 60,706 unrelated individuals from several case-

control studies, excluding ASD, but including schizophrenia and bipolar patients. 

Disease Mutation Sex Reference 

ExAC 

frequency 

R1742Q M, M 

Bonora et al.,  

De Rubeis et al.  

 

31 

R1742W N/A Bonora et al. 2 

R2290C M Iossifov et al. 0 

R2290H F, M Bonora et al. 0 

R2292C M De Rubeis et al. 5 

R2639H M De Rubeis et al. 2 

R2833S M De Rubeis et al. 0 
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Figure 2.3 Reelin repeat fusion proteins (RRfps) with ASD RXR mutations are less 

abundant in the media as compared with their wild-type counterparts. (A) 

Schematic of RRfps designed to test all ASD-associated RXR mutations identified in 

genetic studies thus far. The fusion protein is composed of a nidogen secretion signal, an 

N-terminal 3xFlag tag, a C-terminal HA tag and either wild-type or mutant versions of 

Reelin repeat 4, 5, 6, or 7. (B) Representative Western blot of RRfp 5AB for wild-type 

and mutant constructs. All the RXR mutants are expressed and easily detected in the cell 

lysates of transfected HeLa cells at comparable levels to the WT counterpart. However, 

in cell media the mutant proteins are under-represented and barely detectable by Western 

blotting (anti-Flag tag). (C) All ASD mutant RRfps showed decreased extracellular 

Reelin ratios (media/lysate) than their respective wild-type controls (n>3, error bars + 

SEM, * p value < 0.05 by 1-way ANOVA with Dunnett’s post hoc test). 
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Figure 2.3 Reelin repeat fusion proteins (RRfps) with ASD RXR mutations are less 

abundant in the media as compared with their wild-type counterparts. 

 

 

  



69 
 

Figure 2.4 RXR mutations do not impair wild-type secretion and encoded proteins 

are capable of inducing Dab1 tyrosine-phosphorylation. (A) Untagged mutant Reelin 

(R2290C, H) did not reduce the media accumulation of PA-tagged wild-type Reelin from 

co-expressing HeLa cells. Western blots show the anti-PA (WT Reelin) and actin levels. 

(B) Quantification of A (n=3, error bars + SEM; 1-way ANOVA with Dunnett’s post hoc 

test, not statistically different, n.s.). (C) Dab1 tyrosine phosphorylation (4G10; p-Y) was 

induced to an equal extent by normalized amounts of WT, R2290C, or R2290H mutant 

Reelin, in stimulated primary neuronal cultures. (D) Densitometry measurements were 

quantified by dividing 4G10 signal by total Dab1 for each sample and values reported 

relative to neurobasal (NB). The stoichiometry of Dab1 tyrosine phosphorylation was 

augmented by WT and mutant Reelin treatment to approximately the same extent (n=4, 

error bars + SEM, * p< 0.05, 1-way ANOVA with Dunnett’s post hoc test). There was no 

significant difference between R2290C, R2290H and wild-type (WT) Reelin-conditioned 

media (RCM), but all were statistically different from control-conditioned media (CCM) 

in pairwise comparisons. CCM was not statistically different from NB media. 
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Figure 2.4 RXR mutations do not impair wild-type secretion and encoded proteins 

are capable of inducing Dab1 tyrosine-phosphorylation. 
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Figure 2.5 Heterozygous Reeler Orleans (RELN Orl) mice, a model of impaired 

Reelin secretion, show impaired Reelin signaling and increased PDI expression in 

the cerebellum. (A) Western blot of 6-week-old, male RELN Orl mice cerebella from 

wild-type and heterozygous (Orl+/-) mice for Reelin, total Dab1, and ER stress markers. 

Reelin expression (anti-G10) is reduced and total Dab1 expression (anti-DabH1) is 

augmented in 6-week-old RELN Orl +/- cerebellum as compared to wild-type (+/+). (B) 

Quantification of A. Reelin was significantly decrease, while Dab1 was significantly 

increased in Orl+/- cerebella. PDIA1 was significantly increased in Orl+/- cerebella (n=3, 

error bars + SEM, * p< 0.05, t-test). (C) RELN +/- null allele mice cerebellar lysates were 

analyzed by Western blot for ER stress markers. (D) Quantification of C. No statistically 

significant differences were seen between the wild-type and RELN +/- null allele 

cerebella (n=4-5, error bars + SEM). 
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Figure 2.5 Heterozygous Reeler Orleans (RELN Orl) mice, a model of impaired 

Reelin secretion, show impaired Reelin signaling and increased PDI expression in 

the cerebellum. 
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Table 2.2 Differentially expressed genes in the heterozygous RELN Orl mouse 

cerebellum. 

Levels of expression of heterozygous RELN Orl cerebellum were compared to that of 

wild-type. Expression levels and subsequent analysis were determined using Cufflinks 

and Cuffdiff2.1.1, respectively. RNAseq data for 6-week-old male RELN Orl mice 

cerebella versus wild-type was compared against the Simons Foundation Autism 

Database for genes that were differentially expressed (bold*). Genes are reported with a 

false discovery rate (FDR) adjusted q value of <0.15. 

FDR<0.025 0.025<FDR<0.05 0.05<FDR<0.1 0.1<FDR<0.15 

AA467197, Fam65a, 

Zbtb16*, RELN*, 

Apba3, Akt1s1, Fbln7, 

Zcchc12, Mrpl14, 

Gm10845, Gcnt1, 

Snhg11, Eomes, 

4930470H14Rik, Nr4a2, 

Gm17821, Olfr613, 

Zfp488, 

A130077B15Rik, 

Kcnq1ot1, 

A630089N07Rik, 

Ap1s3, Clic6, Col27a1, 

Olfr856-ps1, Enpp2, 

Nr4a3, Ccdc135, 

Slc4a5, 

1500015O10Rik, Kl, 

Car12, Gm3893, Ttr, 

Tmem72, Cldn2, F5, 

Cldn1, Sostdc1, Kcne2, 

Vmn1r58, Cntnap5b, 

Lbp, Col8a1 

Slc7a3*, Chac1, 

Prune2*, 

D8Ertd82e, 

Rreb1, Abca4, 

Zfp277, Tle2, 

Cdh3, Prlr, Ddn 

Gm17644, Grk4, 

Hist1h1e, 

Ccdc82, 

9030025P20Rik, 

Sfrs18, 

4930511M06Rik 

Mll2, Chpf2, Flnb, 

Aqp1, Hist1h1d, 

Bmp1, BC026585, 

6720401G13Rik, 

Postn, Gm6313 
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Figure S2.1 RELN R2290C mutant 5-6 signaling domain (56SD) fusion protein is 

not efficiently secreted. (A) Schematic of Reln56SD fusion protein containing a nidogen 

secretion signal, FKBP12 inducible dimerization domain, a V5-tag, a His-tag and Reelin 

repeats 5 and 6, the smallest reported functional Reelin signaling domain. (B) Wild-type 

Reelin was highly expressed in the media of HeLa cells 48h post-transfection. In contrast 

R2290C and R2290H Reelin were barely detectable in the media despite equivalent or 

greater expression in the cell lysates. (C) The ratio of Reelin in the media (M) divided by 

the normalized cell lysate (L) was significantly greater for WT than mutant Reelin (n=3, 

error bar=SEM, and * p<0.05). Lysates were normalized by dividing the lysate signal by 

the corresponding actin for each sample. (D) Phosphor image of lysates and media of 
35

S 

L-methionine pulse-labeled wild-type or R2290C Reln56SD-expressing cells at indicated 

times after transfer to cold methionine. (E) The Reln56SD counts (CL) in the cell lysate 

(anti-V5 immunoprecipitation) relative to counts at time 0 (C0) decreased more rapidly 

for WT than for the R2290C mutant (n=3, error bars = SEM). The counts (CM) in the 

media relative to lysate counts at time 0 (C0) increased more rapidly for WT than for 

R2290C. (F) Equal amounts of untagged full-length Reelin (transfected in all lanes) were 

detected in the lysates and media by anti-Reelin (G10) immunoblotting, irrespective of 

co-expression of WT or mutant Reln56SD fusion proteins (as indicated above blot). 

Reln56SD fusion proteins were detected by anti-V5 immunoblotting. (G) Quantification 

of full-length Reelin in media compared to lysates from F showed no difference between 

samples.  
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Figure S2.1 RELN R2290C mutant 5-6 signaling domain (56SD) fusion protein is 

not efficiently secreted. 
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CHAPTER 3 

 

RELN and SHANK3 gene mutations cooperate to drive 

autism spectrum disorder (ASD)-like behaviors and 

increased PSD-95 protein expression in mice 

 

 

 

 

 

 

This chapter represents data that has not been previously published.  

Application for letters of patent for the double heterozygous Orleans and Shank3b 

mouse model was filed under U.S. Serial No. 62/487,340 on April 19
th

, 2017. 
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Abstract 

Advancements in sequencing have identified a myriad of Autism Spectrum Disorder 

(ASD) candidate genes; however, the mechanisms explaining how these genes contribute 

to ASD remains uncertain. ASD candidate genes cluster into major functional networks, 

the most prominent of which is comprised of genes that encode synaptic proteins. One 

mutation in a synaptic protein may not be enough to manifest as ASD, but instead at least 

two mutations in separate synaptic genes may cooperate to destabilize the synapse and 

reach a threshold for clinically significant ASD. Here we investigate this “two-hit” 

hypothesis through the interaction of RELN and SHANK3, two genes in which a single 

ASD-proband has been identified with simultaneous heterozygous mutations. 

Heterozygosity for the RELN Orleans (Orl) allele, which produces but does not secrete 

Reelin, is analogous to ASD-associated mutations previously identified in RELN. 

Characterizing the double heterozygous RELN Orl and Shank3b mutant mouse reveals 

behavioral abnormalities in sociability and ultrasonic vocalizations (USVs) consistent 

with other ASD-gene mouse models. These changes are accompanied by increased PSD-

95 in forebrain and cerebellum lysates, possibly suggesting altered PSD-95 protein 

turnover – a process also seen in fragile X syndrome. 
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3.1 Introduction 

Although mutations in RELN have been suggested to directly increase the risk of autism 

spectrum disorder (ASD) (R2290C; Chapter 2), many of the mutations identified were 

inherited from a parent who also harbors the mutation (De Rubeis et al. 2014). 

Furthermore, although the homozygous RELN null state results in lissencephaly with 

cerebellar hypoplasia and a reeler phenotype in humans and mice, respectively, the 

haploinsufficient state has not been directly associated with ASD (Hong et al. 2000, 

D'Arcangelo et al. 1995). Therefore, mutations in RELN may require a second hit – either 

environmental or genetic – which further decreases the threshold for ASD penetrance.  

As previously described (Chapter 1), Reelin has been shown to be involved in 

hippocampal LTP, particularly through its receptor ApoER2 and modulation of NMDA 

receptor phosphorylation (Beffert et al. 2005, Chen et al. 2005, Weeber et al. 2002, 

Rogers et al. 2013). Network clusters of candidate ASD genes repeatedly implicate 

synapse-associated proteins (De Rubeis et al. 2014). Therefore, the presence of a 

heterozygous RELN mutation that decreases Reelin production and signaling, combined 

with a second heterozygous mutation in another synaptic gene may together disrupt the 

synapse in such a way that directly contributes to at least some aspect of the ASD 

syndrome. 

SH3 and multiple Ankyrin repeat domains 3 (SHANK3) is the major gene involved in the 

neurological phenotype of Phelan-McDermid Syndrome (OMIM #606232), or 22q13 

deletion syndrome (Wilson et al. 2003). Patients with Phelan-McDermid Syndrome 

generally show accelerated growth, hypotonia, increased pain tolerance, dysplastic 

features, tendency to overheat, and abnormal chewing behavior. However, the most 
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common symptoms include developmental delay and absent or delayed speech (Wilson et 

al. 2003). Therefore, over 50% of Phelan-McDermid Syndrome patients meet the clinical 

diagnosis of ASD (Oberman et al. 2015).  

The Shank3/ProSAP family of proteins function as master scaffolding proteins at the 

post-synaptic density of excitatory synapses in the brain, and the Shank proteins contain a 

number of conserved protein binding domains. Binding of GKAP/SAPAP to the PDZ 

domain of Shank3 links Shank3 to PSD-95 and NMDAR, while binding of Homer to the 

proline-rich region of Shank3 links Shank3 to type 1 metabotropic glutamate receptors 

(mGluRs) (Kim et al. 1997, Naisbitt et al. 1999, Tu et al. 1999). Shank3 is also capable 

of binding mGluR directly through its PDZ domain (Tu et al. 1999). Shank3 binds 

AMPARs directly (Uchino et al. 2006), but PSD-95 can also bind AMPARs indirectly 

through Stargazin (Bats et al. 2007). Therefore, Shanks may couple mGluR, AMPAR, 

and NMDAR signaling at the post-synaptic density.   

In addition to implicating SHANK3 in Phelan-McDermid syndrome, a syndromic form of 

ASD, SHANK3 has been independently implicated in idiopathic ASD (De Rubeis et al. 

2014, Leblond et al. 2014). Therefore, we sought to determine whether or not SHANK3  

haploinsufficiency combined with a RELN heterozygous mutation might result in an 

ASD-like phenotype that is not otherwise present in the single heterozygous condition for 

either gene in mice. Although both the Shank3b and RELN Orleans (Orl) mouse models 

may have subtle phenotypes, these likely are not individually robust or reliable enough to 

serve as ASD models for therapeutic development. However, in mice, as in humans, a 

recognizable behavioral phenotype may necessitate two or more genetic insults from the 

shared synaptic protein network. 
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The RELN Orl mouse has been minimally studied, especially at the behavioral level. 

However, one study concluded that heterozygous RELN Orl mice were indistinguishable 

from wild-types for spontaneous alternation T-maze, a battery of motor tests, open field, 

and water maze (Lalonde et al. 2004). The heterozygous RELN null mouse, on the other 

hand, is more studied but also more controversial. Early studies concluded that the 

heterozygous RELN null mouse was not different than wild-type and did not support a 

gene-dosage behavior phenotype. Since then, however, the heterozygous RELN null 

mouse has been reported to have increased, decreased, and unaffected numbers of 

ultrasonic vocalizations; sensorimotor gating deficits; and context-dependent fear 

conditioning deficits (Laviola et al. 2009, Michetti et al. 2014, Romano et al. 2013, 

Laviola et al. 2006, Rogers et al. 2013). 

SHANK3 has three major splice forms (α, β, γ), and most mouse models are incomplete 

knock-outs with persistence of one or more splice forms. The Shank3b mouse, in which 

the deletion targets the PDZ domain, leads to deletion of Shankα and β with a significant 

decrease in γ as well (Peca et al. 2011). In the initial studies, the homozygous animal 

displayed a readily discernable phenotype, while the heterozygous was presumably 

relatively normal (Peca et al. 2011, Zhou et al. 2016). Of note, however, both patients 

with Phelan-McDermid and idiopathic ASD are heterozygous for disruptions in SHANK3 

(Leblond et al. 2014, Wilson et al. 2003, Oberman et al. 2015). 

Here we undertook a preliminary analysis of the consequences of compound 

heterozygosity of RELN and SHANK3 disruption, with particular emphasis on the RELN 

Orl mutant mouse, which has impaired Reelin secretion. We investigated both behavioral 

and biochemical effects of these combined genetic perturbations. 
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3.2 Materials and Methods 

Animals. Animals were used in compliance with approved protocols by the Animal Care 

and Use Committee for SUNY Upstate Medical University following NIH guidelines. 

RELN Orleans (Orl) mice were kindly provided by Dr. Patricia Phelps (UCLA) and were 

maintained on the BALB/c background. B6.129-Shank3
tm2Gfng

/J mice (Shank3b) were 

purchased from The Jackson Laboratory and maintained on the C57B6 background. All 

mice used in this study were a mixed background with 50% BALB/c and 50% C57B6 

contribution.  

Behavior. For all tests, mice were left to acclimate in the testing room for at least 30 

minutes. Mice were housed on a dark-adapted cycle, with lights off from 6:30 am-4:30 

pm. Behavior tests were done during the dark cycle, under low red light unless otherwise 

stated. Video of mice performing 3-Chamber or OFT behavioral tasks were recorded 

using a Logitech c930e webcam and ANY-maze Behavioural Tracking Software 

(Stoelting Company, UK). Graphs and statistics were carried out using Microsoft Excel, 

GraphPad Prism 7 (San Diego, CA), and StatView 5.0.1 (SAS Inc., Cary, NC). G*Power 

(http://www.gpower.hhu.de/en.html) a priori sample size analysis for 1-way ANOVA to 

achieve 80% power with an α of 0.05 across 4 haplotypes for a given effect size is as 

follows: 0.25 (small): 180 mice (45 mice per group), 0.5 (medium): 48 mice (12 mice per 

group), 0.8 (large): 24 mice (6 mice per group). These numbers are often not met in the 

following preliminary studies, and therefore, results may suffer from type II error.  

Ultrasonic Vocalization. Mice were toe clipped and tailed at postnatal day 6 (P6). On 

P7, mice were removed from the litter randomly one at a time and placed in a sound 
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attenuating Styrofoam box equipped with an overhead microphone (Avisoft Bioacustics) 

placed 23 cm above the pup. Calls were recorded using the Avisoft Bioacustics Sound 

Avisoft-RECORDER software at a 250kHz sampling rate in 16-bit format for 10 

minutes. The toe identifier for each mouse was then recorded along with the .wav file 

number. Files were analyzed blind to genotype consistent with previous reports (Scattoni 

et al. 2008). Briefly, a spectrogram was generated using fast Fourier transformation 

(FFT) at 1024 points with a 100% Frame and Hamming window, 75% overlap, and a 

frequency cut-off set at 15kHz. Call detection was done using automatic parameter 

measurements with a single threshold and hold time of 0.01 seconds. Individual cut .wav 

files were organized into folders by mouse, then analyzed using VOICE USV (Burkett et 

al. 2015, Fraley et al. 2016). Sonograms were assigned into one of 10 recognized 

patterns. Sonograms without a horizontal component were designated “miscellaneous.” 

VOICE category “double” corresponds to the previously-defined “composite” pattern, 

and no calls were designated as “triple” in the VOICE platform, as this does not coincide 

with any of the 10 pre-defined sonograms. After all mouse files were processed, folders 

were un-blinded, sonogram patterns for each genotype tallied, angular transformation was 

performed, and Roy’s Greatest Root MANOVA with Games-Howell post-test of 

individual ANOVAs used to assess significant differences across genotypes (*p<0.05). 

3-Chamber Sociability. Sociability was tested as previously described with minor 

modifications (Peca et al. 2011). The 3-chamber apparatus consisted of 3 identical 

chambers (56cm x 56cm x 28cm) with openings between chambers (19cm x 19cm). The 

mouse was left to acclimate for 5 minutes in the center chamber. A BALB/c stranger 

mouse was placed in a box with holes allowing the subject mouse to smell and see, but 
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minimally interact with the stranger mouse. Cardboard siding extending to the top of the 

apparatus prevented the subject mouse from climbing on the stranger mouse box. An 

identical, empty box set-up was placed on the alternate side chamber. After the initial 5 

minute acclimation, the mouse was allowed to explore all three chambers for 5 minutes. 

Preference index was calculated by subtracting time spent in the chamber with the empty 

box from time spent in the chamber with the stranger mouse. Difference in genotype 

from the WT/WT mouse was assessed by 1-way ANOVA with Dunnett’s post hoc 

multiple comparison’s test (*p<0.05).  

Open Field Testing (OFT). Open field testing was performed as previously described 

with minor modifications (Bailey & Crawley 2009). The OFT apparatus consisted of a 80 

cm x 80 cm box divided into 4 identical 40 cm x 40 cm test chambers. A subject mouse 

was placed into the 40cm x 40cm chamber and recorded for 20 minutes on two 

consecutive days, and day two videos were analyzed for total distance travelled and 

anxiety measures using 1-way ANOVA. 

Buried Food Test. The buried food test was used to assess mouse olfaction (Yang & 

Crawley 2009). Mice were given a Fruit Loop (Kellogg’s) in their home cage for 2-3 

consecutive days before testing. Mice were then food-deprived from 8:30am-4:30pm (8 

hours) on the day of testing. A cage identical to the mouse’s home cage (35cm x 20cm x 

13cm) was filled with 3cm of bedding (Alpha Dry + Plus; Shepherd Specialty Papers). A 

fruit loop was buried 1.5cm into the bedding. The mouse was placed in the cage, and the 

time to unbury and bite the fruit loop was measured by a stop watch and recorded with 

the observer blind to genotype. Mice were given 10 minutes to find the fruit loop, and a 

failed test was recorded as 600 seconds. The mouse’s toe number was recorded, and 
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genotypes were reassigned at time of analysis. Latency to locate food by genotype was 

analyzed by 1-way ANOVA.   

Rotarod. Animals were placed on an accelerating Rotarod (Panlab Harvard Apparatus 

Rota-rod/RS) and latency to fall was recorded. The rotarod accelerated from 4 

revolutions/minute to 40 revolutions/minute over 300 seconds (5 minutes). Mice were 

tested three times per day for five consecutive days. For each mouse, the three daily trials 

were averaged. Mice were then grouped by genotype and daily group averages plotted 

over 5 days. Latency to fall by genotype was analyzed by Repeated Measures ANOVA. 

No comparisons reached a significance of p<0.05. Error bars are omitted for aesthetics 

and clarity (Figure 3.6). However, a priori sample size estimation using G*Power3.1 

indicates that with an assumed small effect size of 0.25, α of 0.05, correlation among 

representative measures of 0.5, and nonsphericity correction ε of 1 to achieve 80% 

power, at least 6 mice per group would need to be analyzed to detect within-between 

factor significance. Therefore, sample size is too small and results may suffer from type 

II error.  

Synaptosome Preparation. Brain lysates and crude synaptosome fractions were 

prepared as previously described with minor modifications (Niu et al. 2008, Zhou et al. 

2016). Mice were euthanized by isofluorane and brains removed. Forebrain and 

cerebellum were isolated and frozen on dry ice. One half each forebrain and cerebellum 

was homogenized for 1 minute with a handheld pellet pestle motor homogenizer (Kontes) 

in 1mL and 500µL of Buffer 1 (4mM HEPES (Invitrogen), 0.32M sucrose (Sigma), 

EDTA-free protease cocktail inhibitor (Roche), 1mM phenylarsineoxide (PAO; Sigma), 

and 1mM phosphatase inhibitor cocktail 1 (Sigma)). Cerebellum (50µL) or forebrain 
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(100µL) lysate was reserved for Western blotting. The remaining lysate was centrifuged 

for 15 minutes at 900g and 4°C. Supernatant was saved and centrifuged again for 15 

minutes at 900g and 4°C. Supernatant was then spun for 15 minutes at 18,000g and 4°C. 

The pellet was resuspended in 100µL (forebrain) or 50µL (cerebellum) buffer 2 (50mM 

HEPES, 2mM EDTA, EDTA-free protease cocktail inhibitor (Roche), 1mM 

phenylarsineoxide (PAO; Sigma), and 1mM phosphatase inhibitor cocktail I (Sigma)). 

For forebrain samples, pellet re-suspension was then mixed with 14.24µL 20%SDS, 

43.94µL 9M urea, and 150µL 2x Sample Buffer; cerebellum samples were analogously 

prepared in a ratiometric manner. All samples were then boiled 10 minutes at 95°C. 

Western Blotting  

Samples were resolved by SDS PAGE, prior to immunoblotting with indicated 

antibodies. Blots were developed with ECL chemiluminescence substrate (Thermo 

Scientific) and visualized on the chemidoc (Biorad). Protein bands were analyzed by 

densitometry using ImageJ (NCBI). Lysate values are normalized to actin. The 

proportion of each protein at the synapse is reported as the fraction normalized crude 

synaptosome expression to normalized total lysate expression for the given protein. 

Graphing and statistics were generated using Prism Graphpad software and Microsoft 

Excel (n≥3 for all experiments). Groups were compared using M ANOVA or 1-way 

ANOVA as indicated in the figure legends. 

Antibodies. Antibodies purchased from NeuroMab (UC Davis) included anti-Shank3, 

anti-GluR2, anti-NR2A. Anti-Homer (Millipore). Anti-Synaptophysin (Chemicon). Anti-

PSD-95 (Anti-Reelin G10 (Millipore). Anti β-actin (Sigma). Anti-Dab H1 antibody was a 

generous gift from Dr. Andre Goffinet (University of Louvain, Belgium). 
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Real Time (Q)-PCR. Trizol RNA extractions from forebrain and cerebellum 

hemispheres matched to Western blot samples were performed by Karen Gentile at the 

SUNY Molecular Analysis Core (SUNYMAC). cDNA was synthesized using QuantiTect 

Reverse Transcription Kit (Qiagen). Primers for PSD-95 gene expression were as 

follows: DLG4-Forward TGAGATCAGTCATAGCAGCTACT; DLG4-Reverse 

CTTCCTCCCCTAGCAGGTCC; TBP and Actin were used as controls. Results were 

analyzed with Biorad CFX manager and significant differential expression determined 

using delta delta Cq and 1-way ANOVA. 

3.3 Results 

Identification of an ASD proband with shared RELN and SHANK3 gene mutations 

In order to investigate the question of cooperative synaptic derangement, we analyzed 

patients identified with inherited RELN mutations in the DeRubies et al. 2014 dataset for 

additional mutations in the same patients [Figure 3.1A, (De Rubeis et al. 2014)]. In one 

patient 03HI2440A, the mutation c.103163929G>A (p.Q2467*) in RELN is accompanied 

by c.51160646G>A (p.R1464H) in SHANK3. The Reelin receptor-binding site is 

particularly small, being primarily composed of two lysine residues, K2359 and K2466, 

each of which point outward from individual loops on Reelin repeat 6A (Yasui et al. 

2007). The nonsense mutation Q2467* in Reelin truncates the protein immediately 

adjacent to the second receptor-binding lysine residue, likely, but not necessarily, 

disrupting the Reelin receptor binding site, if the protein is not otherwise degraded 

(Figure 3.1B). 
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Mutation R1464H in SHANK3 does not fall in a conserved, functional domain [Figure 

3.1B; (De Rubeis et al. 2014)]. However, the pathologic potential can be predicted by 

observing the mutation’s frequency in a control population and anticipating its effect on 

protein structure. The Exome Aggregation Consortium (ExAC) database combines 

mutations from 60,706 unrelated patients from various studies as control summary data 

(http://exac.broadinstitute.org/). Meanwhile, Polyphen-2 predicts missense damage 

probability based on the properties of the mutated amino acid and the conservation of that 

residue across species (http://genetics.bwh.harvard.edu/pph2/). R1464H is not found in 

the ExAC database, is highly conserved across species, and the PolyPhen-2 prediction for 

R1464H is probably damaging with a score of 1.0. Therefore, it is possible that R1464H 

could be complete loss of function or seriously disrupt some binding partners of Shank3 

with proximal binding domains. 

Based on these findings, we chose to investigate whether compound heterozygosity of 

RELN and SHANK3 alleles in mice could lead to behaviors not seen in the wild-type or 

single heterozygous allele genotypes. 

Ultrasonic vocalization is affected in a sex-specific manner in the Orl
+/-

;Shank3b
+/-

 

double heterozygous male mice  

Social deficits in ASD are characterized by both verbal and nonverbal communication 

deficits, including language delay. Ultrasonic vocalizations (USVs) in mice, particularly 

retrieval calls emitted by pups separated from their mother, likely serve a communication 

role [reviewed in: (Brudzynski 2010)] and have been extensively used to characterize 

mouse models for the study of ASD (Silverman et al. 2010, Scattoni et al. 2008, Tsai et 
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al. 2012b, Roy et al. 2012, Michetti et al. 2012, Wohr 2014). At postnatal day 7, around 

the peak of USV calling, pups were separated one at a time from their mother and calls 

recorded for 10 minutes. Since adult calls are a well-established sexually dimorphic trait, 

and male pups have been shown to be more likely to be retrieved based on calls, we 

investigated whether changes in USVs were sex-specific (Bowers et al. 2013). Total calls 

were not statistically different across genotypes in either sex (Fig 3.2A, B). However, call 

duration was significantly longer for double heterozygous RELN Orl/Shank3b (Orl
+/-

;Shank3b
+/-

) males compared to wild-type (WT) or single heterozygous males (Orl
+/-

 or 

Shank3b
+/-

). In order to further interrogate the effect of genotype on USVs, we analyzed 

call structures using the Vocal Inventory Clustering Engine (VoICE) designed by the 

White lab at UCLA (Burkett et al. 2015, Fraley et al. 2016). Females did not show 

significant differences in sonogram patterns across genotypes (Fig 3.2B). Interestingly, 

though, males showed significant differences in percent of downward calls emitted. 

Percentages of calls in males showed trends based on genotype, with single heterozygous 

mice displaying only a slight difference from WT, while Orl
+/-

;Shank3b
+/-

 call type 

percentages were more different than WT. Overall, double heterozygous Orl
+/-

;Shank3b
+/- 

male mice display altered USVs, emitting significantly longer calls and an altered call 

repertoire compared to single heterozygous or WT mice (Fig 3.2A).  

Orl
+/-

;Shank3b
+/-

 double heterozygous mice display a social preference deficit 

compared to WT mice 

ASD is defined by deficits in social interaction, with particular emphasis on language 

delay, as well as repetitive or stereotyped behaviors. In order to test social interaction in 

mice we utilized the well-described three chamber sociability assay (Crawley 2007, Peca 
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et al. 2011, Moy et al. 2004). Adult mice of all four possible genotypes were tested, and 

time spent in each chamber was quantified (Figure 3.3A, B). Wild-type mice preferred to 

spend time in the chamber with the novel mouse, consistent with previous reports 

(Crawley 2007, Moy et al. 2004, Peca et al. 2011). Single heterozygous mice, either Orl
+/-

 

or Shank3b
+/-

 mice trended towards an intermediate, decreased sociability profile. 

Double-heterozygous Orl
+/-

; Shank3b
+/-

 mice displayed trend towards a more robust 

decrease in the time spent with the novel mouse. Both males and females for each cross 

demonstrated similar sociability profiles; therefore, preference index was calculated for 

all animals from each genotype (Figure 3.3C). Wild-type mice showed a robust 

preference for the chamber with the novel mouse compared to the chamber containing an 

empty box (Figure 3.3C, D). Shank3b
+/-

 showed a similar trend to Orl
+/-

 mice with 

reduced time spent with the novel mouse, but did not reach significance (Figure 3.3C). 

Orl
+/-

;Shank
+/-

 mice, on the other hand, displayed a significant preference for the chamber 

containing the empty box (Figure 3.3C, D). Therefore, while Orl
+/-

 and Shank3b
+/-

 show 

altered social preference compared to WT, mice with both mutations (Orl
+/-

;Shank3b
+/-

) 

display a more extreme social deficit. 

Differences in social preference could be analogous to social deficits seen in ASD, but 

could also stem from defects in olfaction or anxiety (Moy et al. 2004). Reelin is also 

expressed postnatally in the olfactory bulb (Alcantara et al. 1998). Therefore, we tasked 

mice with the buried food assay to assess their olfaction through ability to locate food by 

smell. There were no significant differences between genotypes in the ability to find food 

(Figure 3.4A) and no effect of sex on test performance (Figure 3.4B, C), suggesting 

defects in sociability are not secondary to impaired sense of smell. To test for differences 
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in locomotion or anxiety, which could confound conclusions from the 3-chamber 

sociability, mice were challenged with the open field test (OFT). Mice did not display 

any significant differences in distance travelled (locomotion) or time in center (anxiety) 

(Figure 3.5A, B).  Consistent with these findings, mice of all four genotypes spent similar 

amounts of time in the center chamber of the sociability task, which can also be used as a 

measure of anxiety (Moy et al. 2004). Therefore, the finding that Orl
+/-

;Shank3b
+/-

 mice 

spend on average more time in the chamber with the empty box than with the novel 

mouse suggests that Orl
+/-

;Shank3b
+/-

 mice display a unique social deficit compared to 

either WT or single heterozygous mice (Figure 3.3C).  

Orl
+/-

;Shank3b
+/-

 mice do not show significantly altered Rotarod abilities 

In addition to the olfactory bulb, Reelin shows high expression postnatally in cerebellar 

granule cell neurons, which make up the bulk of neurons in the cerebellum (Sinagra et al. 

2008). Mice homozygous for the RELN Orl allele develop an abnormal, “reeling” gate 

reminiscent of the homozygous null RELN mice (de Bergeyck et al. 1997). Male mice 

heterozygous for the null RELN allele show a decrease in the number of Purkinje cells in 

the cerebellum (Hadj-Sahraoui et al. 1996). Therefore, we sought to evaluate a measure 

which relies at least partly on coordination, and consequently, can be affected by changes 

in cerebellar pathology. Mice were challenged with the Rotarod assay for 5 consecutive 

days and time plotted as a function of test day. There were no statistically significant 

differences between genotypes (Figure 3.6A). Further analysis of effect of genotype by 

sex also did not show any statistically significant differences, although the number of 

mice per group after separating by sex was small (Figure 3.6B, C). Despite this, male 
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Orl
+/-

;Shank3b
+/-

 mice trended towards decreased latency to fall from the Rotarod (Figure 

3.6B), which may represent a real effect after larger sample size testing.  

Orl
+/-

;Shank3b
+/- 

male mice display altered forebrain PSD-95 protein expression 

compared to WT  

In order to gain an understanding of the molecular pathways possibly responsible for the 

sociability deficit and USV differences in mice harboring a mutation both in SHANK3 

and RELN, we looked for biochemical changes in proteins implicated in overlapping 

RELN and SHANK3 signaling pathways (Figure 1.1). The Shank3b mouse biochemical 

and cytoarchitectural investigations have been largely focused on the striatum (Peca et al. 

2011). Meanwhile, most studies of Reelin function, particularly its role in synaptic 

function or dendritic structure, have been focused on the hippocampus and cortical 

pyramidal neurons. Therefore, we analyzed the expression of proteins likely to be altered 

in the forebrain for each of the four possible genotypes in both male and female adult 

mice. One half of each forebrain was reserved for transcriptional studies (see below), 

while the other half was processed for total lysate and the synaptosome protein fraction 

by Western blot. The ratio of relative expression of each candidate protein in the 

synaptosome fraction to relative expression in forebrain lysate was used to determine 

relative expression of the candidate protein at the synapse.  

Male forebrain lysates showed a significant increase in PSD-95 expression in Orl
+/-

;Shank3b
+/-

 compared to all other genotypes (Figure 3.7A, B). In the synaptosome 

fraction, Orl
+/-

, Shank
+/-

, and Orl
+/-

;Shank3b
+/-

 mice all showed significant decreases in 

GluR2 (Figure 3.7C, D). Homer was significantly decreased in the synaptosome fraction 
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of Orl
+/-

 mice compared to wild-type (Figure 3.7C, D). The proportions of Homer, NR2A, 

PSD-95, GluR2, Synaptophysin, and Shank3 at the synapse were not significantly 

different in mutant genotypes compared to WT (Figure 3.7E).    

Female forebrain samples showed very few significant differences in relative expression 

of either the forebrain lysate or crude synaptosome fraction of Homer, NR2A, PSD-95, 

GluR2, Synaptophysin, or Shank3 (Figure 3.8A-D). Similar to the findings in male mice 

cortices, no significant differences in the proportion of candidate proteins expressed at 

the synapse were seen in the female Orl
+/-

;Shank3b
+/- 

mice compared to WT (Figure 

3.8E).  

PSD-95 expression is increased in the cerebella of male and female Orl+/-

;Shank3b+/- mice  

Reelin is highly expressed in the adult mouse cerebellum, and the cerebellum has been 

implicated in the generation of ASD behaviors (Tsai et al. 2012b, Wang et al. 2014, 

Buckner 2013, Becker & Stoodley 2013). In fact, damage to the cerebellum is the 

greatest acquired risk factor for developing ASD. Therefore, we investigated the effect of 

the RELN Orl allele and Shank3b mutation on expression of synaptic proteins in the 

cerebellum. Male and female mice cerebella were processed for total lysate and 

synaptosome fractions analogous to the aforementioned forebrain experiments.  

Male mice cerebella showed significantly increased PSD-95 levels in the Orl
+/-

;Shank3b
+/- 

genotype compared to wild-type (Figure 3.9). The PSD-95 level in Orl
+/-

;Shank3b
+/- 

mice cerebella was also significantly higher than that of the Orl
+/-

 single 

heterozygous genotype alone. However, relative expression of PSD-95 in the crude 
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synaptosome fraction was relatively unchanged for all genotypes compared to WT 

(Figure 3.9C, D). In fact, no significant differences were seen in the crude synaptosome 

fraction expression of Homer, NR2A, PSD-5, GluR2, Synaptophysin, or Shank3 in Orl
+/-

;Shank3b
+/- 

compared to WT mice (Figure 3.9C, D). The expression of Homer at the 

synpase, was significantly higher in Shank
+/-

 mice compared to WT, while the fractions 

of PSD-95 at the synapse for Shank3b
+/-

 and Orl
+/-

;Shank3b
+/-

 were decreased (Figure 

3.9E).    

In female cerebella, as in males, PSD-95 expression was increased in Orl
+/-

;Shank3b
+/-

 

mice compared WT (Figure 3.10A, B). Shank
+/-

 female mice also showed increases in 

GluR2 in cerebellum lysate. In the synaptosome fraction, GluR2 relative expression was 

significantly decreased in Orl
+/-

;Shank3b
+/- 

compared to Orl
+/-

 (Figure 3.10C, D). Shank3 

relative expression in the synaptosome fractions from all genotypes was decreased 

compared to WT  but did not reach significance.  Consistent with the findings in male 

cerebella, the relative expression of PSD-95 in the synaptosome of female mice cerebella 

was not significantly different across genotypes (Figure 3.10D). Comparing the 

synaptosome fraction to cerebellar lysates, few significant differences were detected in 

the proportion of investigated proteins at the synapse (Figure 3.10E). However, 

proportion of Shank3 at the synapse was decreased in all genotypes compared to WT. 

Increased PSD-95 protein expression in the forebrain and cerebellum lysates is not 

driven by changes in gene transcription.  

In order to better understand the level at which PSD-95 overexpression in the forebrain 

and cerebellum is being regulated, we compared mRNA expression of the Disks large 
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homolog 4 (DLG-4) gene, which encodes PSD-95, by real-time PCR in the contralateral 

forebrain and cerebellar hemispheres previously analyzed by Western blot. There was no 

significant difference across genotypes for male forebrain (Figure 3.11A), male 

cerebellum (Figure 3.11B), female forebrain (Figure 3.11C), or female cerebellum 

(Figure 3.11D), demonstrating that PSD-95 protein overexpression in the Orl
+/-

;Shank3b
+/-

 model is not driven by changes in gene transcription.  

Orl
+/-

;Shank3b
+/- 

mice have altered Reelin and Dab1 expression 

Little is known about postnatal Reelin signaling in the cerebellum; however one study did 

show that Reelin mRNA is decreased in the cerebellum of heterozygous RELN null mice 

(Tueting et al. 1999). To our knowledge, no information about Reelin or Disabled 1 

(Dab1) expression levels in the adult RELN Orl cerebellum is available. In the canonical 

Reelin signaling pathway, Reelin binds its receptors ApoER2 and VLDLR, which 

activates Src and leads to Dab1 phosphorylation [Figure 1.1; (Howell et al. 1997, Howell 

et al. 1999, Rice et al. 1998, Bock & Herz 2003)]. Dab1 is then degraded by the 

proteasome (Arnaud et al. 2003). In the absence of Reelin signaling, total Dab1 increases 

as a result of impaired degradation. Therefore, total Dab1 protein expression has been 

used as an indicator of in vivo Reelin signaling.  

Forebrain and cerebellum lysates for both males and females were analyzed for Reelin 

and Dab1 expression (Figure 3.12, 3.13). In the male forebrain, G10 Reelin signal was 

decreased in the Orl+/- and Orl
+/-

;Shank3b
+/-

, although non-significant compared to WT 

(Figure 3.12A, B). Dab1 levels appeared elevated in Orl
+/-

;Shank3b
+/-

 forebrain (Figure 

3.12A, C). Reelin signal was increased in Shank
+/-

 cerebella, but no change was seen in 
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Reelin levels in the cerebellum of Orl
+/-

;Shank3b
+/-

 compared to WT (Figure 3.12D, E). 

Dab1 was significantly elevated in male Orleans
+/- 

cerebellum samples but no change was 

seen in Orl
+/-

;Shank3b
+/-

 compared to WT (Figure 3.12D, F).  

In females, Reelin was significantly decreased in the forebrain of Shank
+/-

 and Orl
+/-

;Shank3b
+/-

 compared to WT mice (Figure 3.13A, B). In fact, Orl
+/-

;Shank3b
+/-

 mice 

showed decreased Reelin compared to all other genotypes, and significantly so compared 

to WT and Orl
+/- 

mice. Dab1 levels, however, were only significantly elevated in the 

forebrain of Orl
+/-

 mice (Figure 3.13A, C). In the cerebellum, Orl
+/-

;Shank3b
+/-

 also 

showed a trend in decreased Reelin compared to all other genotypes (Figure 3.13D, E). 

Dab1 levels in the cerebellum of mutant mice showed trends towards increased Dab1, but 

failed to meet significance (Figure 3.13D, F). Overall, female Orl
+/-

;Shank3b
+/-

 have 

decreased expression of Reelin in the cortex and cerebellum, and this trend is seen at least 

in the forebrain of male mice as well. 

3.4 Discussion 

Here we show for the first time that compound heterozygosity of Shank3b and the RELN 

Orl alleles leads to distinct behavioral and biochemical alterations consistent with other 

mouse models of ASD-linked genes (Crawley 2007). Male Orl
+/-

;Shank3b
+/-

 mice 

manifest differences in USVs. Although overall call numbers did not differ, male Orl
+/-

;Shank3b
+/-

 make longer calls than either their single heterozygous or WT counterparts 

(Figure 3.2). Analysis of the sonogram patterns of each of the calls using VoICE 

demonstrated that Orl
+/-

;Shank3b
+/-

 mice make significantly more double-patterned calls 

and less downward calls than WT mice. The sex-specific finding in male USV calls is 
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interesting in light of the literature suggesting that even in WT mice, USVs are a behavior 

that is normally influenced by sex. In one study, male mice separated from their mother 

were more likely to be retrieved before their female littermates (Bowers et al. 2013). 

Although in our study the total number of calls in WT mice did not differ between males 

and females (data not shown), males were previously shown to make more calls than 

females, and this was influenced by male androgens (Bowers et al. 2014). Importantly, 

our study focused on calls emitted on postnatal day 7, which has been shown to be at or 

near the peak age for calling in the maternal separation paradigm (Romano et al. 2013), 

while Bowers and colleagues looked at postnatal day 3 (Bowers et al. 2014). It is possible 

that recording earlier and on consecutive days would uncover differences in rate of 

maturation of vocalization, or time to peak.   

Orl
+/-

;Shank3b
+/-

 mice also display a social deficit that is more severe than either single 

heterozygous Orl
+/-

 or Shank3b
+/-

 alone, and the Orl
+/-

;Shank3b
+/-

 negative preference 

index suggests a predilection for the inanimate empty box over the novel mouse 

counterpart (Figure 3.3). Future behavioral studies will more carefully dissect the social 

deficits in Orl
+/-

;Shank3b
+/-

 mice, particularly social novelty recognition memory 

(Duffney et al. 2015).   

Although our study shows no significant differences in rotarod performance, the trend 

towards decreased performance in the male Orl
+/-

;Shank3b
+/-

 mice is interesting and 

should be further explored with a larger population (Figure 3.5). Sex plays a distinct role 

in Purkinje cell survival in the male versus female heterozygous RELN null mouse (Hadj-

Sahraoui et al. 1996). Therefore, a larger number of animals to better interrogate the 

rotarod findings and addition of cerebellum-specific behaviors to the test battery will be 
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useful to determine whether the Orl
+/-

;Shank3b
+/-

 have a distinct cerebellum-driven motor 

dysfunction. Future studies should also further investigate whether the RELN Orl allele 

alone recapitulates the findings in the male heterozygous RELN null mouse, and whether 

Orl
+/-

;Shank3b
+/-

 mice have a more pronounced loss of Purkinje cells than the single 

heterozygous Orl
+/-

 alone. 

In order to identify molecular signaling pathways that might influence the deficits in 

social behavior and USVs, we performed a series of Western blots in both male and 

female mice of all genotypes for both synaptosome and total lysate fractions. 

Interestingly, both male and female Orl
+/-

;Shank3b
+/- 

mice showed robust increases in 

PSD-95, particularly in the cerebellum lysate (Figures 3.7-3.10). This increase was not 

shared in the crude synaptosome fraction, which was relatively unchanged. These results 

suggest three interesting hypothesis resulting from the interaction of the RELN Orl allele 

and Shank3b deletion in the Orl
+/-

;Shank3b
+/-

 mouse: (1) destabilization of the synapse 

leads to increased PSD-95 production, a major scaffolding protein, in order maintain 

synaptic homeostasis, (2) cellular dysfunction leads to an inability to turn-over PSD-95 in 

the same cell, or (3) cellular dysfunction drives inappropriate connectivity and 

dysregulates PSD-95 of the post-synaptic cell. PSD-95 expression is directly proportional 

to the lifespan of a synapse, which is indicative of its stability (Taft & Turrigiano 2014). 

However, for hypothesis 1, we might expect PSD-95 mRNA expression to increase. On 

the other hand, impaired PSD-95 turnover is a mechanism that has been shown in models 

of fragile X syndrome, a monogentic disease associated with ASD (Tsai et al. 2012a). 

Expression patterns of RELN and SHANK3, both predominantly expressed by the 

cerebellar granule cell neuron, favors the third, rather than the second, hypothesis. 
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Further investigation into the specific cell types disrupted in Orl
+/-

;Shank3b
+/-

 will help us 

understand the role PSD-95 plays in the manifestation of the behavioral deficits seen in 

Orl
+/-

;Shank3b
+/-

 mice, as well as help to understand how RELN and SHANK3 interact. 

SHANK3 and RELN have been independently associated with idiopathic ASD (De Rubeis 

et al. 2014, Leblond et al. 2014). Both genes are linked to signaling pathways at the 

synapse, and therefore, together, may effect synaptic development, structure, 

maintenance, or function. Missense mutations in RELN  lead to impaired Reelin secretion 

[Chapter 2, (Lammert et al. 2017)]; however, decreased Reelin signaling alone may not 

be sufficient to cause ASD [Chapter 1, (Lammert & Howell 2016)]. ASD network 

analysis has implicated synaptic proteins and protein turnover as a major hub into which 

ASD-associated mutations cluster. Therefore, multiple genetic hits in synaptic proteins 

may be necessary to cause ASD. Here we show that compound heterozygous mutations 

in RELN and SHANK3, while individually do not lead to a robust phenotype, together 

cooperate to drive sociability and vocalization defects, possibly through dysregulated 

expression of PSD-95. 
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Figure 3.1 Identification of an ASD proband with shared RELN and SHANK3 

mutations. (A) ASD probands from the De Rubeis et al. 2014 Nature dataset were sorted 

for RELN  mutations. Additional amino acid-altering mutations identified in these 

patients are listed below. One patient 03HI2440A shared both a RELN (Q2467X) and a 

SHANK3 (R1464H) mutation. (B) Cartoon schematics of the Reelin structure (top) and 

Shank3 structure (bottom) indicating the location of Q2467X and R1464H, respectively.  
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Figure 3.1 Identification of an ASD proband with shared RELN and SHANK3 

mutations. 
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Figure 3.2 Male Orl
+/-

;Shank3b
+/-

 have increased ultrasonic vocalization call 

duration and altered distribution of call sonogram patterns. 7-day-old pups were 

removed from their mother and placed in a sound-attenuating box with a suspended, 

over-head microphone. Numbers of mice for each genotype and sex were as follows: 

Males: WT n= 11, Orl
+/-

 n= 6, Shank3b
+/-

 n= 8, Orl
+/-

;Shank3b
+/-

 n= 6;  Females: WT n= 

3. Orl
+/-

 n= 6. Shank3b
+/-

 n= 8. Orl
+/-

;Shank3b
+/-

 n= 12. Calls were recorded for 10 

minutes. Total calls and average duration of calls (seconds) are plotted for males (A) and 

females (B). Calls were also sorted using VOICE analysis tool and plotted for males (A) 

and females (B). Sonogram patterns (frequency x time; dB coded in color) are shown 

below each category in (B). Significance for total calls and average duration of calls was 

calculated by 1-way ANOVA with Dunnett’s post hoc test, error bars = SEM, *p<0.05. 

Angular transformation of percentages of each sonogram pattern from VoICE were 

analyzed by MANOVA with Games-Howell post hoc test, error bars = SEM, *p<0.05 

compared to WT.   
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Figure 3.2 Male Orl
+/-

;Shank3b
+/-

 have increased ultrasonic vocalization call 

duration and altered distribution of call sonogram patterns. 
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Figure 3.3 Orl
+/-

;Shank3b
+/-

 mice display a social deficit. Mice were challenged in the 

3-chamber sociability assay. Mice were allowed to acclimate in the center chamber for 5 

minutes, after which the dividers were removed and mice were able to freely explore all 3 

chambers while being recorded. Time in each chamber was calculated for (A) males and 

(B) females. The numbers of male mice were as follows WT n= 9, Orl
+/-

 n= 7, Shank3b
+/-

 

n= 5, Orl
+/-

;Shank3b
+/-

 n= 2. For females WT n= 4, Orl
+/-

 n= 5, Shank3b
+/-

 n= 7, and 

Orl
+/-

;Shank3b
+/-

 n= 5. (C) Social preference index was calculated by subtracting the time 

spent in the chamber with the empty holding box from the time spent in the chamber with 

the novel mouse for all mice, both male and female. A positive preference index indicates 

a predilection for social interaction. Significance was calculated by 1-way ANOVA with 

Dunnett’s post hoc test, error bars = SEM, *p<0.05. (D) Representative heat map for one 

female WT and one female Orl
+/-

;Shank
+/-

 mouse.  
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Figure 3.3 Orl
+/-

;Shank3b
+/-

 mice display a social deficit.
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Figure 3.4 WT, Orl
+/-

, Shank3b
+/-

, and Orl
+/-

;Shank3b
+/-

 are able to smell. (A) Mice 

were food-deprived for 8 hours, then placed in a cage with 3cm of bedding and a Fruit 

Loop buried at 1.5cm (inset). Total mice are graphed for latency to locate buried food 

(seconds). Trends for (B) male WT n= 9, Orl
+/-

 n= 5, Shank3b
+/-

 n= 5, Orl
+/-

;Shank3b
+/-

 

n= 3 or (C) female mice WT n= 1, Orl
+/-

 n= 5, Shank3b
+/-

 n= 5, Orl
+/-

;Shank3b
+/-

 n= 5 

alone are also graphed. No significance was detected by 1-way ANOVA. 
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Figure 3.4 WT, Orl
+/-

, Shank3b
+/-

, and Orl
+/-

;Shank3b
+/-

 are able to smell. 
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Figure 3.5. WT, Orl
+/-

, Shank3b
+/-

, and Orl
+/-

;Shank3b
+/-

 do not show differential 

anxiety behavior or locomotion in the Open Field Test. Each mouse was placed in a 

40x40cm chamber and allowed to freely explore for 20 minutes on 2 consecutive days. 

Day 2 recordings were plotted for (A) males and (B) females for distance traveled as a 

measure of locomotion. Numbers of tested mice were as follows: male WT n= 10, Orl
+/-

 

n= 8, Shank3b
+/-

 n= 5, Orl
+/-

;Shank3b
+/-

 n= 3; female WT n= 4, Orl
+/-

 n= 5, Shank3b
+/-

 n= 

7, and Orl
+/-

;Shank3b
+/-

 n= 6. Time spent in the perimeter (edge time) and time spent in 

the center (20cmx20cm) were plotted as measures of anxiety behavior. No significance 

was detected by 1-way ANOVA. 
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Figure 3.5. WT, Orl
+/-

, Shank3b
+/-

, and Orl
+/-

;Shank3b
+/-

 do not show differential 

anxiety behavior or locomotion in the Open Field Test. 
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Figure 3.6 WT, Orl
+/-

, Shank3b
+/-

, and Orl
+/-

;Shank3b
+/-

 perform similarly on 

Rotarod. Mice were challenged with the accelerating Rotarod assay three times each on 

5 consecutive days. Latency to fall was averaged for each mouse on each day and 

genotype averages plotted. Total genotype averages for both sexes are plotted in (A). 

Male mice (B) and female mice (C) were then separated to investigate effects of sex on 

genotype. Number of mice tested were as follows: male WT n= 9, Orl
+/-

 n= 5, Shank3b
+/-

 

n= 8, Orl
+/-

;Shank3b
+/-

 n= 3; and female WT n= 1, Orl
+/-

 n= 5, Shank3b
+/-

 n= 6, Orl
+/-

;Shank3b
+/-

 n= 6.  No statistical differences were detected by repeated measures 

ANOVA. 
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Figure 3.6 WT, Orl
+/-

, Shank3b
+/-

, and Orl
+/-

;Shank3b
+/-

 perform similarly on 

Rotarod. 
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Figure 3.7 Male Orl
+/-

;Shank3b
+/-

 show significant decreases in synaptic proteins 

and an increase in PSD-95 in forebrain lysate. (A) Representative image of forebrain 

lysate samples from each genotype that were analyzed by Western blot with antibodies 

against the indicated proteins (B) Forebrain lysates were measured by densitometry and 

expression controlled by actin and normalized to WT protein expression levels. (C) 

Crude synaptosome fractions were isolated from each of the forebrain lysates and 

analyzed in parallel by Western blot. (D) Synaptosome protein expression levels were 

quantified as in (B). (E) Relative synaptosome expression was divided by relative lysate 

expression and normalized to WT values to obtain a measure of relative expression of 

each investigated protein at the synapse. Significance was evaluated by Roy’s Greatest 

Root MANOVA followed by 1-way ANOVA with Scheffe’s post hoc test. Error bars = 

SEM, #p<0.05 v. WT, *p<0.05 v. Het/Het, n=3 for each genotype. 
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Figure 3.7 Male Orl
+/-

;Shank3b
+/-

 show significant decreases in synaptic proteins 

and an increase in PSD-95 in forebrain lysate. 
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Figure 3.8 Female forebrain synaptic protein levels in lysate and synaptosome 

fraction are not significantly altered. (A) Female forebrain lysate samples were 

visualized by Western blot an (B) quantified. The synaptic proteins against which 

primary antibodies were directed are indicated. Relative expression is based on protein 

level controlled to actin and normalized to WT expression. (C) Crude synaptosome 

fraction proteins were visualized by Western and (D) quantified as in (B). (E) The 

proportion of protein at the synapse was quantified by dividing the relative expression at 

the synaptosome by the relative expression at the lysate and normalized to WT levels. 

Significance was evaluated by Roy’s Greatest Root MANOVA followed by 1-way 

ANOVA with Scheffe’s post hoc test. Error bars = SEM, #p<0.05 v. WT, *p<0.05 v. 

Het/Het, n=3 for each genotype. 
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Figure 3.8 Female forebrain synaptic protein levels in lysate and synaptosome 

fraction are not significantly altered. 
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Figure 3.9 Male Orl
+/-

;Shank3b
+/-

 show increased PSD-95 expression in cerebella 

lysates but relatively unchanged PSD-95 expression in synaptosome preparations. 

(A) Representative Western blots for male cerebellum lysate samples of each genotype 

are shown. The synaptic protein against which primary antibodies were directed are 

indicated. (B) Quantification of (A). Densitometric measurement of each protein was 

controlled to actin and normalized to WT. (C) Representative Western blots of male 

cerebellum synaptosome preparations. (D) Quantification of (C). (E) The proportion of 

protein at the synapse was quantified by dividing the relative expression at the 

synaptosome by the relative expression at the lysate and normalized to WT levels. 

Significance was evaluated by Roy’s Greatest Root MANOVA followed by 1-way 

ANOVA with Scheffe’s post hoc test. Error bars = SEM, #p<0.05 v. WT, *p<0.05 v. 

Het/Het, n=3 for each genotype. 
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Figure 3.9 Male Orl
+/-

;Shank3b
+/-

 show increased PSD-95 expression in cerebella 

lysates but relatively unchanged PSD-95 expression in synaptosome preparations. 
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Figure 3.10 Female Orl
+/-

;Shank3b
+/-

 cerebellum have altered lysate and 

synaptosome protein expression, including increased PSD-95 expression in 

cerebellum lysates. (A) Representative cerebellum lysate samples from each genotype 

were analyzed by Western blot with antibodies against the indicated proteins. (B) 

Cerebellum lysates were measured by densitometry and expression controlled by actin 

and normalized to WT protein expression levels. (C) Crude synaptosome fractions were 

isolated from each of the cerebellum lysates and analyzed in parallel by Western blot. (D) 

Synaptosome protein expression levels were quantified as in (B). (E) Relative 

synaptosome expression was divided by relative lysate expression and normalized to WT 

values to obtain a measure of relative expression of each investigated protein at the 

synapse. Significance was evaluated by Roy’s Greatest Root MANOVA followed by 1-

way ANOVA with Scheffe’s post hoc test. Error bars = SEM, #p<0.05 v. WT, *p<0.05 v. 

Het/Het, n=3 for each genotype. 
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Figure 3.10 Female Orl
+/-

;Shank3b
+/-

 cerebellum have altered lysate and 

synaptosome protein expression, including increased PSD-95 expression in 

cerebellum lysates. 

 

 

  



123 
 

Figure 3.11 The mRNA expression levels of DLG-4, which encodes PSD-95, are not 

changed in Orl
+/-

, Shank3b
+/-

, or Orl
+/-

;Shank3b
+/-

 mice. The contralateral hemisphere 

of each male or female forebrain and cerebellum from Western experiments was 

processed for RNA and analyzed by real-time PCR. No significant changes were seen 

across genotypes for (A) male forebrain, (B) male cerebellum, (C) female forebrain, or 

(D) female cerebellum. No significant differences were detected by 1-way ANOVA. 
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Figure 3.11 The mRNA expression levels of DLG-4, which encodes PSD-95, are not 

changed in Orl
+/-

, Shank3b
+/-

, or Orl
+/-

;Shank3b
+/-

 mice. 
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Figure 3.12 Male forebrain and cerebellum Reelin and Dab1 expression is altered by 

RELN and SHANK3 mutations. (A) Representative Western blots of forebrain lysate 

for each genotype with antibodies directed against Reelin (G10 clone), Dab1 (DabH1 

antibody), and actin are shown. (B) Relative Reelin expression in the forebrain is 

quantified by controlling Reelin against actin and normalizing to WT expression levels. 

(C) Relative Dab1 expression was quantified as in (B). (D) Representative Western blots 

of cerebellum were analyzed in parallel with forebrain samples. (E) Quantification of 

Relative Reelin expression in the male cerebellum lysate. (F) Quantification of relative 

Dab1 expression in cerebellum lysate. Statistical significance was calculated by 1-way 

ANOVA with Scheffe’s post hoc analysis. Error bars = SEM, #p<0.05 v. WT, *p<0.05 v. 

Het/Het, n=3 for each genotype. 

 

  



126 
 

Figure 3.12 Male forebrain and cerebellum Reelin and Dab1 expression is altered by 

RELN and SHANK3 mutations. 
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Figure 3.13 Forebrain and cerebellum Reelin is decreased particularly in Orl
+/-

;Shank3b
+/-

 female mice. Dab1 expression is altered in female mice by RELN and 

SHANK3 mutations. (A) Representative Western blots of forebrain lysate for each 

genotype with antibodies directed against Reelin (G10 clone), Dab1 (DabH1 antibody), 

and actin are shown. (B) Relative Reelin expression in the forebrain is quantified by 

controlling Reelin against actin and normalizing to WT expression levels. (C) Relative 

Dab1 expression was quantified as in (B). (D) Representative Western blots of 

cerebellum were analyzed in parallel with forebrain samples. (E) Quantification of 

Relative Reelin expression in the male cerebellum lysate. (F) Quantification of relative 

Dab1 expression in cerebellum lysate. Statistical significance was calculated by 1-way 

ANOVA with Scheffe’s post hoc analysis. Error bars = SEM, #p<0.05 v. WT, *p<0.05 v. 

Het/Het, n=3 for each genotype. 
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Figure 3.13 Forebrain and cerebellum Reelin is decreased particularly in Orl
+/-

;Shank3b
+/-

 female mice. Dab1 expression is altered in female mice by RELN and 

SHANK3 mutations. 
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Chapter 4. General Discussion 

4.1 The importance of understanding ASD genetics 

Early diagnosis and intervention are keys to successful outcomes of treatment in ASD 

(Myers et al. 2007). However, defining abnormal behavior, especially as abnormal 

behavior shifts along the continuum towards average or normal behavior, is difficult. This 

is evidenced by the many iterations of the Diagnostic and Statistical Manual of Mental 

Disorders and the evolution of ASD diagnostic criteria (Volkmar & McPartland 2014). 

ASD is currently defined by two major criteria with early childhood onset and of a 

severity that impacts daily life: (1) deficits in social communication and (2) stereotyped 

behaviors (American Psychiatric Association. & American Psychiatric Association. 

DSM-5 Task Force. 2013). These broad observation-based diagnostic criteria illustrate 

the lack of understanding of ASD ontogenesis.  Therefore, while the simplification of the 

DSM-IV criteria for the current manual improves diagnostic certainty for the practitioner 

and decreases barriers to services for children across the spectrum, it deemphasizes the 

complexity of the disease. It is likely that in the same way that cancer was once a disease 

defined by rapidly growing cells that now is better understood as an umbrella term for 

many distinct diseases with unique, targetable pathways, so too is ASD a descriptive term 

for a common “symptom” of many unique, potentially identifiable processes.    

To this end, ASD has been commonly divided into two categories: syndromic and 

idiopathic. Syndromic ASD refers to cases of ASD where an identified, monogenetic 

disease likely causes ASD (e.g. fragile X, tuberous sclerosis, neurofibromatosis, Timothy 

syndrome, Phelan-McDermid syndrome, etc.). Idiopathic ASD refers to the 
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approximately 80% of ASD cases for which researchers are struggling to explain how 

candidate genes confer ASD risk or cause an ASD phenotype (Miles 2011, Persico & 

Napolioni 2013). There is no shortage of candidate genes identified through GWAS or 

whole exome/whole genome sequencing screens of patients; however, there is a major 

gap in understanding of how these genes contribute to ASD. 

4.2 RELN as a candidate gene for ASD – Reelin as a candidate protein for ASD 

RELN is one of the most consistently implicated genes in idiopathic ASD (Persico & 

Napolioni 2013). As outlined in Chapter 1, converging evidence from linkage analysis, 

risk-SNP, epigenetic, and post-mortem mRNA and protein tissue expression studies have 

provided support for RELN as a candidate gene in ASD (Lammert & Howell 2016). 

Recent whole exome sequencing projects, and in particular de novo RELN mutations 

discovered therein, have provided another layer of evidence (De Rubeis et al. 2014, 

Bonora et al. 2003, Iossifov et al. 2014, Neale et al. 2012, Zhang et al. 2015, Koshimizu 

et al. 2013, Yuen et al. 2015). Utilizing these mutations for cell biology experiments, we 

were able to further build on the theory of RELN as a candidate gene for ASD and show 

functional molecular evidence for how these ASD-associated mutations might contribute 

to disease pathology at the cellular level [Chapter 2; (Lammert et al. 2017)].    

We have identified a consensus sequence in Reelin which we termed the RXR motif, 

which harbors not only a number of ASD-associated mutations but also a de novo 

mutation R2290C (Lammert & Howell 2016, De Rubeis et al. 2014). Mutations identified 

in ASD genetic studies that fall within this region decrease Reelin protein secretion 

across a number of different construct designs and cell lines. In addition, P19 cells with a 
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heterozygous R2290C knock-in mutation also show decreased Reelin in the cell media 

[Chapter 2; (Lammert et al. 2017)].  

Since the RELN R2290C mouse model is not available, we turned to the RELN Orleans  

(Orl) mouse. In contrast to the RELN null mouse in which a much larger deletion leads to 

degradation of mRNA and complete absence of Reelin protein (Falconer 1951, 

D'Arcangelo et al. 1995), the Orl allele generates a Reelin protein which is produced but 

not appropriately secreted (de Bergeyck et al. 1997). Therefore, this allele is analogous to 

the biosynthetic defect we observe as a consequence of RELN R2290C and other RXR 

mutations.  

Originally we expected that decreased Reelin secretion in the transient transfections of 

RXR mutant constructs, P19 R2290C+/- cells, and the heterozygous RELN Orl mouse 

would cause an enormous strain on the ER-Golgi secretory pathway. This was an 

attractive hypothesis in light of other ASD-associated gene mutations, such as NLG4 

R87W and CNTNAP2 D1129H, which have been described to increase ER stress (Zhang 

et al. 2009, Falivelli et al. 2012). Furthermore, protein translation control is a major gene-

network associated with ASD (Santini & Klann 2014, Kelleher & Bear 2008).  

However, we failed to detect canonical markers of ER stress in the Untranslated Protein 

Response (UPR) and ER Associated Degradation (ERAD) pathways. Only PDIA1 

protein expression, in the absence of expression changes of other, related ER stress 

pathway markers such as Ero1-Lα, was increased in both the P19 R2290+/- and the 

heterozygous RELN Orl mouse cerebellum. In addition to investigating changes in 

UPR/ERAD protein expression, we performed an RNAseq experiment using wild-type or 
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heterozygous 6 week old male mice cerebellum. Although the UPR is mediated through 

three separate but intersecting protein signaling pathways, all three pathways eventually 

converge on changes in gene transcription (Wang et al. 2009, Samali et al. 2010, Gardner 

et al. 2013, Anelli & Sitia 2008). Here again we failed to detect canonical signatures of 

upregulated ER stress, and notably, did not detect an increase in PDIA1 transcript 

expression (Appendix I). Therefore, although increased PDIA1 alone could be sufficient 

to correct ER stress and maintain a homeostatic balance in the presence of mutant Reelin, 

this hypothesis seems unlikely.  

4.3 Future directions toward understanding of PDIA1 overexpression 

PDIA1, however, plays many roles in the cell, and it is possible that the increase in 

PDIA1 reflects a detrimental gain-of-function mechanism resulting from impaired Reelin 

secretion. In addition to its roles as a protein chaperone and a foldase, PDI can mediate 

electron transfer to oxygen, producing hydrogen peroxide and disrupting the redox 

homeostasis of the cell (Zeeshan et al. 2016, Perri et al. 2015, Andreu et al. 2012). 

Therefore, mutations in RELN that impair Reelin secretion may not only impair Reelin 

signaling, but may also lead to increased reactive oxygen species within the Reelin-

producing cell. Mutations that lead to both Reelin signaling loss-of-function and a 

cellular pathological gain-of-function may be more detrimental than loss of Reelin alone, 

enriching the pool of ASD-associated mutations for such missense mutations.  

Impaired redox homeostasis, however, might also increase ER stress by altering 

additional ER proteins. Alternatively, PDIA1 has been shown to interact with the 

reticulon pathway in an ER-stress independent manner (Yang et al. 2009). Reticulon 
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proteins are important for ER and other plasma membrane morphology, and Reticulon-4 

(Nogo) is best known for its role as a myelin associated inhibitor of axon growth in spinal 

cord injury (Seiler et al. 2016). Reticulon-4 was shown to affect PDIA1 cellular 

distribution and consequently PDIA1 activity without affecting expression of canonical 

ER stress markers such as BIP and phospho-PERK (Yang et al. 2009, Bernardoni et al. 

2013). Little is known about the expression or role of PDIA1 in the cerebellum. Nogo-A, 

on the other hand, is predominantly expressed by Purkinje cells and is developmentally 

regulated (Yang et al. 2009, Seiler et al. 2016, Petrinovic et al. 2013). Nogo-A plays a 

key role in establishing proper climbing fiber and parallel fiber synapses on Purkinje cells 

in the cerebellum (Petrinovic et al. 2013).   

Recent work with zebrafish suggests that PDIA1 is important for proper neuron 

development and function. Zebrafish expressing PDIA1 mutation R300H had shorter, 

more highly branched axons, shorter dendrites, and disrupted synapses (Woehlbier et al. 

2016). Interestingly, these mutants did not display increased ER stress. Further analysis 

determined that the mutations likely did not greatly disrupt PDIA1 structure, but instead 

changed its binding and release properties for client proteins. This work demonstrates 

that PDIA1 is important for neuronal development, but there is much left to understand 

about PDIA1’s role in the brain. 

Future experiments to determine the cell type in the RELN Orl heterozygous cerebellum 

which upregulates PDIA1 and whether PDIA1 is also increased in the R2290C mouse 

will help to better interpret the role of PDIA1 overexpression. One study suggested that 

PDIA1 expression may be developmentally regulated; however the role of PDIA1 in 

normal nervous system development is unknown (Yang et al. 2009). Therefore, not only 
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will these studies help to unravel the relationship between impaired Reelin secretion and 

PDIA1 expression, but they will also shed light on the role of PDIA1 in normal nervous 

system development. PDIA1 expression patterns across neurodevelopment and in 

R2290C/RXR Reelin models will help determine whether PDIA1 is a candidate for 

involvement in pathways shared across other ASD genetic models.       

4.4 Reelin, the synapse, and postnatal cerebellar expression  

The role of Reelin in the postnatal cerebellum is also wholly unexplored. Granule cells 

synthesize and secrete Reelin pre- and postnatally, but the functional role this plays 

outside of neuronal migration and Purkinje cell morphogen Sonic Hedgehog expression 

remains a mystery (Sinagra et al. 2008, Fuccillo et al. 2006). There is increasing evidence 

that Reelin modulates synaptic function in the hippocampus, and that this function is 

largely mediated through ApoER2 (Chen et al. 2005, Weeber et al. 2002). However, 

whether Reelin is important for synapse function in the cerebellum, and whether the 

heterozygous RELN null mouse or heterozygous RELN Orl mouse displays altered 

cerebellar synaptic function is unknown. Therefore, fully understanding the consequence 

of impaired Reelin secretion in the cerebellum will necessitate a clearer general 

understanding of Reelin’s role and whether electrophysiological findings in the 

hippocampus and cortex translate to this structure. 

4.5 RELN and the “two-hit” ASD hypothesis: synaptic disruption 

Decreased Reelin secretion leads to impaired Reelin signaling in the cerebellum of the 

heterozygous RELN Orl mouse model (Figure 2.5). However, known subjects with 

heterozygous null RELN mutations, such as the parents of patients with lissencephaly and 



136 
 

cerebellar hypoplasia, have not been diagnosed with ASD (Hong et al. 2000, Chang et al. 

2007). Furthermore, many mutations identified in ASD studies are inherited, suggesting a 

normal parent passed a RELN allele to an affected child (De Rubeis et al. 2014). 

Therefore, as outlined in Chapter 1, simple loss-of-function of Reelin signaling alone is 

unlikely to cause ASD (Lammert & Howell 2016). In addition, RXR mutations do 

accumulate minimal amounts of Reelin in the media, and do not totally impair secretion 

(Figure 2.1). The inability to unequivocally implicate genes in idiopathic ASD has led to 

the gene-environment and gene-gene interaction hypotheses. Here, either an 

environmental factor decreases the threshold for penetrance or a second genetic mutation 

works in concert with the first to disrupt cellular function such that a patient manifests 

ASD. The finding that most ASD candidate genes are either related to synapse function 

or protein translation suggests that multiple hits within these networks could combine to 

cause a recognized behavioral phenotype – ASD (De Rubeis et al. 2014, Gilman et al. 

2011, Sanders et al. 2012, Ebert & Greenberg 2013).  

Chapter 3 explores this idea by focusing on a potential RELN-SHANK3 gene interaction. 

While there is no direct evidence linking Reelin and Shank3 in a common signaling 

pathway, the evidence for Reelin’s role at the synapse suggests that disruption of both 

RELN and SHANK3 could profoundly impact synaptic function (Figure 1.1). The 

behavior of the heterozygous RELN Orl mouse is almost completely uncharacterized, but 

the heterozygous RELN null mouse has been suggested as a model for schizophrenia due 

to its reliable pre-pulse inhibition and context-dependent fear conditioning deficits 

(D'Arcangelo 2014, Tueting et al. 1999). However, the heterozygous RELN null mouse’s 

role as an ASD model is questionable. Similarly, while many SHANK3 mouse models 
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exist – each originating from differing knock-out strategies – most models have been 

studied at the homozygous level (Jiang & Ehlers 2013). In addition, the various SHANK3 

knock-out mouse models, whether investigating the heterozygous or homozygous 

animals, have variable phenotypes both at the molecular and behavioral levels (Bozdagi 

et al. 2010, Duffney et al. 2015, Peca et al. 2011, Jiang & Ehlers 2013). In contrast to the 

homozygous mouse models, Phelan-McDermid patients are heterozygous. Large 

heterozygous deletions in 22q13 invariably lead to Phelan-McDermid syndrome, often 

with ASD (Wilson et al. 2003); however, ASD sequencing studies are now identifying 

heterozygous missense mutations in SHANK3 (Monteiro & Feng 2017, Leblond et al. 

2014). One such study sequenced a patient with both a heterozygous RELN and SHANK3 

mutation (De Rubeis et al. 2014). We therefore examined whether a heterozygous RELN 

mutation combined with a heterozygous SHANK3 mutation in a mouse could cooperate to 

drive behavioral phenotypes analogous to other mouse models of ASD genes.  

4.6 Social communication and language deficits in mouse models of ASD 

Social communication and language deficits are central to an ASD diagnosis. Because of 

the reliable production and quantitative methods of measurement for maternal isolation 

USVs from mouse pups, this test is emerging as a central experimental paradigm for 

assessing ASD genetic mouse models (Silverman et al. 2010, Scattoni et al. 2008). 

Isolation USVs serve a communication function that subserves the social mother-pup 

dyad (Branchi et al. 2004, Ehret 2005). USV studies in ASD genetic mouse models 

analyzing call number and other parameters such as frequency (pitch), duration, and 

amplitude (loudness), as well as spectral patterns, have failed to show a consistent pattern 

of change (Michetti et al. 2012). Here we show call duration and sonogram distribution 
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are significantly altered in male double heterozygous Orl
+/-

;Shank3b
+/-

 mouse pups at 

postnatal day 7. 

Neural circuits involved in vocalization are best studied at the levels of midbrain and 

hindbrain circuitry, where the periaqueductal grey (PAG) and hindbrain central pattern 

generator plays a key role in USV production and qualities (Arriaga & Jarvis 2013, 

Brudzynski 2010). The forebrain likely affects the context of calling, but not call 

structure. Limbic areas, the amygdala, and the anterior cingulate cortex (ACC) project to 

the PAG to control arousal. The PAG gaits calls and projects to medullary premotor and 

motor neuron pools to control vocalization. Duration increases with age and can be 

modulated by auditory feedback circuits (Chagnaud & Bass 2013). In our studies, we 

cannot differentiate primary production deficits from secondary modulatory deficits. 

Furthermore, our biochemical studies only investigated changes in synaptic proteins in 

the forebrain and cerebellum, while the midbrain and hindbrain were discarded.  

While little circuit work has focused on the cerebellum in vocalizations, evidence from 

lesion studies suggests the cerebellum is an important contributor to normal speech 

production (De Smet et al. 2013). Functional imaging studies suggest that the left 

dominant cortex is functionally connected to the right cerebellar hemisphere. 

Furthermore, lesions to the cerebellum, particularly in children, lead to transient 

cerebellar mutism. It is possible that only learned, not innate sounds, utilize cerebellar 

loops to modulate vocalization or that different circuits have evolved in humans 

compared to other vocalizing species (Arriaga & Jarvis 2013). However, findings in ASD 

candidate gene mouse models suggest that the cerebellum plays a key role in USV 

qualities (Tsai et al. 2012b, Roy et al. 2012). Further evidence supporting a common role 
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of the cerebellum in human and mouse vocalization comes from the finding that knock-in 

of the human FOXP2 R552H mutation in mice leads to decreased number and dendritic 

arbor complexity of Purkinje cells and decreased USV rate (Fujita et al. 2008).  

4.7 Social motivation deficits in ASD 

Double heterozygous Orl
+/-

;Shank3b
+/-

 mice also show a profound social deficit in the 3-

chamber sociability assay. Although social cognition likely develops throughout 

childhood and adolescence in concert with prefrontal cortex (PFC) maturation, social 

motivation appears early in development (Chevallier et al. 2012, Bicks et al. 2015). The 

social motivation theory posits that decreases in social motivation early in childhood 

drive further reductions in social cognition later in life (Chevallier et al. 2012). Here 

again, lesion studies support the role of PFC in social behaviors. Damage to the 

ventromedial PFC, which includes the ACC, leads to social isolation and apathy. 

Functional imaging studies in humans have led to a general division of regions of the 

PFC activated in response to particular aspects of social interaction. For example, the 

dorsal medial PFC is recruited when judging dissimilarity to others and theory of mind, 

the medial PFC informs self and recognition of similar others, and the ventral medial 

PFC is involved in social reward and motivation [reviewed in (Bicks et al. 2015)].  

Social home cage behaviors, such as nest building, or an unrestricted social interaction 

test between the test mouse and a novel conspecific can also be used to assess social 

behaviors (Crawley 2007, Silverman et al. 2010). However, the 3-chamber sociability 

task is automated, making the task more efficient and decreasing interrater error (Crawley 

2007, Moy et al. 2004). Testing of the 3-chamber sociability in Chapter 3 only focused 
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on social preference, or social drive. Social novelty can be tested by comparing the now 

familiar mouse from stage one to a second novel mouse in a second stage of testing. This 

task may necessitate the addition of a classical novel object recognition task to the test 

battery to differentiate novelty recognition deficits unique from social novelty 

recognition. Social interactions are also strongly dependent on a mouse’s sense of smell. 

Here we used the buried food retrieval task, but the olfactory habituation-dishabituation 

task may be a more sensitive test (Yang & Crawley 2009). 

Although the Orl
+/-

;Shank3b
+/-

 double heterozygous mouse shows behaviors consistent 

with other ASD genetic mouse models, particularly USVs (males) and sociability (both 

sexes), the test battery does not yet formally include a measure of repetitive behavior. 

Vocalization may be influenced by repetitive tendencies, but there is no tested method of 

evaluating this in mice. In humans, however, ASD patients may engage in echolalia or 

repeat stereotyped words or phrases (Michetti et al. 2012). Home cage videotaping and 

manual scoring of mouse behavior by an observer focusing on repetitive behaviors such 

as grooming will be useful. SHANK3 homozygous knock-out mouse models have shown 

increased grooming, especially in aged mice (Peca et al. 2011, Kouser et al. 2013, 

Duffney et al. 2015). The marble burying task has also been utilized to assess repetitive 

behaviors (Deacon 2006); however, some mice may be indifferent to marbles or other 

inanimate objects while still displaying repetitive tendencies in other tasks (Kouser et al. 

2013).  

Abnormal behavior can also be manifest as insistence on sameness. In these experiments, 

we did not test hippocampal learning or reversal learning paradigms. At least one 

SHANK3 homozgyous knock-out mouse model has shown deficits in Morris water maze, 
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indicating deficits in spatial learning (Kouser et al. 2013). Interestingly, the mice also 

showed deficits in the platform reversal task, suggesting that they may have deficits in 

cognitive flexibility. Heterozygous RELN null mice did not show deficits in food-

reinforced, operant nose-poke tasks with reversal learning (Krueger et al. 2006). They 

did, however, show a trend in delay of original task acquisition. Other methods of testing 

cognitive flexibility that might be considered for the double heterozygous Orl
+/-

;Shank3b
+/-

 mouse model include the T-maze, 8-arm maze, 2-choice digging assay, and 

new touchscreen assays analogous to human tests (Bissonette & Powell 2012, Richter et 

al. 2014).  

4.8 Increase PSD-95 in the Orl+/-;Shank3b+/- mouse and the PSD-95 impaired 

turnover theory 

In order to gain an understanding of molecular pathways that may be contributing to the 

altered behaviors in the Orl
+/-

;Shank3b
+/-

 mice, total lysates and synaptosome fractions of 

forebrain or cerebellum were analyzed by Western blot. Noticeably, PSD-95 expression 

was consistently upregulated in the male cortex and cerebellum as well as the female 

cerebellum. PSD-95, interestingly, is not a common candidate gene for idiopathic ASD, 

despite the number of other post-synaptic density genes associated with PSD-95 that have 

been implicated: neuroligin, neurexin, NMDARs, etc. Only recently were three DLG4 de 

novo mutations identified in intellectual disability, and these are presumably loss of 

function e.g. p.Tyr93fs (Lelieveld et al. 2016). DLG4 is located on chromosome 17p13.1. 

Microduplication of this region is associated with intellectual disability and endocrine 

abnormalities, but ASD has not been described in these patients (Mooneyham et al. 
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2014). Furthermore, analysis of this syndrome is complicated by other important neural 

genes such as NLGN2 and EFNB3.  

The findings from Orl
+/-

;Shank3b
+/-

 mice, coupled with evidence from fragile X research, 

a syndrome with a high incidence of ASD, suggests that inability to turn over PSD-95 

may be a common, but largely unexplored, cellular mechanism in ASD. Tsai and 

colleagues showed that fragile x mental retardation protein (FMRP) regulates mouse 

double minute 2 homolog (Mdm2) levels, which is necessary for proper ubiquitination of 

PSD-95 and degradation by the proteasome (Tsai et al. 2012a). In fragile X syndrome, 

where FMR1, the gene encoding FRMP is silenced by a triplet repeat expansion, FRMP 

does not suppress EIFα mRNA, leading to increased sequestration of Mdm2 by EIFα. 

Mdm2, an E3 ubiquitin ligase is then not available to ubiquitinate PSD-95, leading to a 

build-up of PSD-95.   

PSD-95 is the most abundant protein at the post-synaptic density. PSD-95 is linked to 

AMPAR through stargazing and binds directly through its PDZ domain to NMDAR 

[reviewed in (Kim & Sheng 2004, Zhu et al. 2016)]. PSD-95 is thought to play a key role 

in clustering these receptors at the synapse and perhaps aligning them with presynaptic 

vesicle release. Overexpression of PSD-95 leads to an increase in AMPAR-mediated 

excitatory post-synaptic currents (EPSCs), while knock-down of PSD-95 using RNAi 

inhibits EPSCs. Curiously, NMDAR-mediated EPSCs are not affected by changes in 

PSD-95 expression. PSD-95 is also central to a number of other signaling pathways 

including neuronal nitric oxide synthase, Src kinase phosphorylation of NMDARs, and 

dendrite formation through Rac and Rap. 
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How defects in RELN and SHANK3 signaling affect PSD-95 levels is completely 

unknown. However, defects in Shank3 expression and Reelin secretion might be 

compounded in the same cell. Quantitative real-time PCR data suggests that the increase 

in PSD-95 protein expression is not a transcription-driven response to maintain synapse 

stability (Figure 3.11). The heterozygous RELN null (RELN
null+/-

) mouse was also crossed 

with Shank3b mice, but not studied as extensively as in Chapter 3 (Appendix III). 

Although the double heterozygous RELN
null+/-

;Shank3b
+/-

 mice showed a similar trend 

towards decreased social preference, the difference was not significant. Female cerebellar 

lysates from these mice did not show increased levels of PSD-95, supporting the 

hypothesis that impaired Reelin secretion and the Shank3b mutation might work together 

in the granule cell neurons to disrupt their signaling onto Purkinje cells.  

Shank3 binds to PSD-95 indirectly through GKAP (Kim et al. 1997). How decreased 

Shank3 might regulate PSD-95 levels and how impaired Reelin secretion might influence 

this interaction remains to be answered. Furthermore, whether increased PSD-95 in the 

Orl
+/-

;Shank3b
+/-

 mouse affects synaptic signaling and dendritic spine morphology 

analogous to PSD-95 overexpression studies is also unknown.  

Postnatally Reelin is expressed by GABAergic interneurons in the cerebral cortex but 

glutamatergic granule cell neurons in the cerebellum (Campo et al. 2009, Sinagra et al. 

2008). Dissecting the relative contribution of increased PSD-95 in the forebrain 

compared to the cerebellum will help us to understand the roles each of these regions 

play in driving ASD-like behaviors. Immunohistochemistry to determine the cell types 

which largely contribute to the upregulation of PSD-95 protein expression will be an 

important first step.  
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How increased PSD-95 affects protein expression of other synaptic molecules, not just 

the electrical signaling properties, will help determine how PSD-95 affects the cell and 

the synapse. Curiously, PSD-95 was largely upregulated in total lysate and not 

synaptosome fractions. Antibodies against a small number of synaptic proteins were 

chosen for these studies as a preliminary panel based on previous literature and 

expression patterns in the cerebral cortex and cerebellum. Understanding the cell types 

involved will help in deciding other protein targets, specifically receptor subtypes.  As a 

central scaffolding protein of the synapse, PSD-95 is functionally linked either directly or 

indirectly to a number of top idiopathic ASD candidate genes. It will be interesting to 

determine whether other, potential ASD mouse models share similar changes in PSD-95 

(Appendix IV).  

4.9 The future direction of ASD research 

Genes implicated in syndromic ASD have led to mouse models of the disease with 

behavior phenotypes such as impaired 3-chamber sociability and repetitive grooming, 

and these models have been central to generating pharmacological therapeutics. 

Unfortunately, these models have failed to generate findings that translate to clinic trial 

success, as the fragile x research community has seen with drugs targeted to mGluR5 

(Wang et al. 2015, Berry-Kravis 2014). It is even more uncertain whether these 

pharmacological strategies will translate to the general ASD population. One key 

question is whether the behavioral phenotype described in the ASD diagnostic criteria is 

the product of shared organic deficits that can be targeted by a single therapeutic. The 

Orl
+/-

;Shank3b
+/- 

mouse model provides a unique way of asking this question. Both the 

RELN and SHANK3 genes have been implicated in idiopathic ASD. However, the 
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difficulty with idiopathic ASD is that each of the variants is rare, and so each identified 

mutation or set of mutations may explain only a single patient. If a common signaling 

pathway or neural network is disrupted that drives a particular aspect of the ASD 

phenotype, one heterozygous genetic “hit” may not be enough to destabilize the system. 

Instead, as gene network clustering suggests, two or more hits in trans may be necessary. 

The benefit to this approach is, that if correct, shared perturbations between the Orl
+/-

;Shank3b
+/- 

mouse model and other syndromic models may be more representative of the 

broad ASD population, and therefore, may have more translational success in ASD.   

One particular strength of the RELN R2290C molecular studies and the Orl
+/-

;Shank3b
+/-

 

mouse model is that the experimental rationales are conceived from actual patient 

findings. As CRISPR/Cas9 gene editing becomes more efficient and routine, generation 

of models harboring exact patient mutations will likely become the gold standard for 

research. However, one shortcoming of this study is the lack of phenotypic data for the 

patients harboring the particular variants studied. Whole genome and whole exome 

sequencing have provided more information than researchers can manage, and too often 

this data is abandoned at the level of associative bioinformatics findings. Although de-

identified patient databases can be accessed with permissions, the information is often 

coded and not user-friendly for the molecular biologist. This means that in order to 

efficiently utilize this data, groups of researchers, and ideally clinicians across many 

disciplines need to be united in a single task.  Large consortiums of this sort that are truly 

effective are likely only sustainable at very large institutions. Therefore, databases need 

to be designed to be user-friendly for biologists in order to encourage more patient 

mutation-based cellular and molecular studies. 
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As more labs painstakingly work through candidate genes one-by-one at the cellular 

level, the field builds a more comprehensive functional understanding of ASD 

pathogenesis. Ideally one therapeutic would transcend all forms of autism. However, 

ASD is likely many different diseases with a common, or indistinguishable, behavioral 

phenotype. RELN could explain or contribute to a very small subset of ASD patients, or 

RELN may explain a unique syndrome. If so, understanding how RELN participates in 

ASD can help clinicians to better target patients for genetic investigation. Identifying 

these patients and providing them with at minimum a distinctive diagnosis can provide 

closure, but ideally would lead to a personalized treatment strategy for this population 

(Appendix V). While research continues to decipher the etiology of ASD, approaching 

this question from both a shared phenotype/broad ASD-population level (Chapter 3) and 

on the individual mutation/pathway level (Chapter 2) is important.   
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SUPPLEMENTAL RNASEQ DATA 
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RNAseq Analysis 

Reads were aligned in BaseSpace (Illumina) to the Mm10 build of the mouse genome. 

After alignment, quantification of transcript abundance was performed using Cufflinks 

for all annotated reference genes and transcripts that were detected in the samples, with 

data reported as Fragments Per Kilobase of exon per Million fragments (FPKM) values. 

Differential expression was then performed with Cuffdiff 2.1.1, with results reported as 

log2 (Heterozygous/Wildtype), and p values adjusted using the False Discovery Rate 

(FDR). In Chapter 2, we described only expression changes in genes with FDR-adjusted 

q values < 0.15. Here we provide additional tables describing genes involved in the UPR 

(unfolded protein response) network or Simons Foundation Autism Database (AutDB). 

RNAseq was performed by Karen Gentile at the SUNYMAC. BaseSpace alignment and 

analysis was performed by Dr. Frank Middleton. Experimental relevance of differential 

gene expression was interpreted by Dawn Lammert. 

Complete RNAseq data is available at GEO accession GSE97281 

(https://www.ncbi.nlm.nih.gov/geo/).  
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Table AI.1 RNAseq Performance QC 

 

Sample Number of Reads % Total Aligned % Stranded 

271046 39,265,610 97.29% 99.58% 

283847 36,034,967 97.01% 99.47% 

299114 36,219,447 97.48% 99.60% 

323270 32,789,461 96.90% 99.55% 

823046 38,326,316 96.36% 99.26% 

873057 40,406,541 97.10% 99.45% 

 

                    
37,173,724  

                          
0.970  

                      
0.995  
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Table AI.2 RNAseq comparing 3 wild-type and 3 heterozygous 6-week old RELN 

Orl mice. Differentially expressed genes with q<0.15 are listed below. 

Gene Locus 
WT 

FPKM 
HET 

FPKM 
Log2 

(HET/WT) 
p value 

q 
value 

AA467197 chr2:122637886-122641076 0.54 16.66 4.96 5.00E-05 0.0133 

Fam65a chr8:105605228-105622218 2.89 11.30 1.97 5.00E-05 0.0133 

Zbtb16 chr9:48653613-48836275 2.08 4.17 1.00 5.00E-05 0.0133 

Reln chr5:21884348-22344705 51.00 33.09 -0.62 5.00E-05 0.0133 

Apba3 chr10:81267819-81291267 16.45 34.38 1.06 5.00E-05 0.0133 

Akt1s1 chr7:44849223-44855523 18.82 37.48 0.99 5.00E-05 0.0133 

Fbln7 chr2:128863931-128898343 1.76 3.45 0.97 5.00E-05 0.0133 

Zcchc12 chrX:36195903-36199158 2.52 4.74 0.91 5.00E-05 0.0133 

Mrpl14 chr17:45686371-45698495 23.36 40.40 0.79 5.00E-05 0.0133 

Gm10845 chr14:79860520-79869176 17.23 11.85 -0.54 5.00E-05 0.0133 

Gcnt1 chr19:17326140-17372844 7.87 5.24 -0.58 5.00E-05 0.0133 

Snhg11 chr2:158375637-158386464 34.52 22.60 -0.61 5.00E-05 0.0133 

Eomes chr9:118478188-118486166 14.52 9.48 -0.61 5.00E-05 0.0133 

4930470H14Rik chr17:4044657-4082995 42.01 27.31 -0.62 5.00E-05 0.0133 

Nr4a2 chr2:57106820-57124003 15.14 9.74 -0.64 5.00E-05 0.0133 

Gm17821 chr12:67656741-67669271 9.57 6.11 -0.65 5.00E-05 0.0133 

Olfr613 chr7:103550367-103555504 11.76 7.43 -0.66 5.00E-05 0.0133 

Zfp488 chr14:33967069-33978764 21.59 13.30 -0.70 5.00E-05 0.0133 

A130077B15Rik 
chr10:122565022-
122569891 33.01 19.95 -0.73 5.00E-05 0.0133 

Kcnq1ot1 chr7:143107253-143427042 2.19 1.32 -0.73 5.00E-05 0.0133 

A630089N07Rik chr16:98062511-98082439 45.13 27.16 -0.73 5.00E-05 0.0133 

Ap1s3 chr1:79606875-79671972 6.92 4.08 -0.76 5.00E-05 0.0133 

Clic6 chr16:92498146-92541241 5.16 2.97 -0.80 5.00E-05 0.0133 

Col27a1 chr4:63215411-63334990 3.98 2.28 -0.80 5.00E-05 0.0133 

Olfr856-ps1 chr9:19657038-19658680 35.95 20.43 -0.82 5.00E-05 0.0133 

Enpp2 chr15:54838866-54920158 343.56 185.29 -0.89 5.00E-05 0.0133 

Nr4a3 chr4:48045175-48083571 5.63 2.83 -0.99 5.00E-05 0.0133 

Ccdc135 chr8:95055102-95078141 3.00 1.42 -1.08 5.00E-05 0.0133 

Slc4a5 chr6:83226348-83304945 4.28 2.01 -1.09 5.00E-05 0.0133 

1500015O10Rik chr1:43730601-43742564 24.01 11.17 -1.10 5.00E-05 0.0133 

Kl chr5:150952606-150993817 7.57 3.10 -1.29 5.00E-05 0.0133 

Car12 chr9:66713685-66766845 5.36 2.17 -1.31 5.00E-05 0.0133 

Gm3893 chr4:41889794-42462993 6.13 2.38 -1.37 5.00E-05 0.0133 

Ttr chr18:20665249-20674326 
1519.7

7 573.16 -1.41 5.00E-05 0.0133 
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Tmem72 chr6:116691691-116716840 1.86 0.70 -1.41 5.00E-05 0.0133 

Cldn2 chrX:139800807-139811388 3.40 1.27 -1.42 5.00E-05 0.0133 

F5 chr1:164115263-164220274 1.53 0.55 -1.47 5.00E-05 0.0133 

Cldn1 chr16:26356645-26371839 1.62 0.57 -1.51 5.00E-05 0.0133 

Sostdc1 chr12:36314168-36318452 9.14 3.02 -1.60 5.00E-05 0.0133 

Kcne2 chr16:92292388-92298133 7.65 2.03 -1.91 5.00E-05 0.0133 

Vmn1r58 chr7:5408889-5413145 7.91 5.01 -0.66 0.0001 0.0244 

Cntnap5b chr1:99772400-100487130 8.21 5.16 -0.67 0.0001 0.0244 

Lbp chr2:158306492-158332852 4.81 2.53 -0.93 0.0001 0.0244 

Col8a1 chr16:57624255-57754737 2.15 1.04 -1.04 0.0001 0.0244 

Slc7a3 chrX:101079220-101085352 0.62 1.65 1.41 0.00015 0.0331 

Chac1 chr2:119351241-119354327 2.10 4.34 1.05 0.00015 0.0331 

Prune2 chr19:16956117-17223994 29.54 21.38 -0.47 0.00015 0.0331 

D8Ertd82e chr8:36094827-36147787 17.09 12.35 -0.47 0.00015 0.0331 

Rreb1 chr13:37826037-37952005 3.67 2.48 -0.57 0.00015 0.0331 

Abca4 chr3:122044279-122180061 1.73 0.83 -1.06 0.00015 0.0331 

Zfp277 chr12:40315045-40445790 27.12 19.66 -0.46 0.0002 0.0406 

Tle2 chr10:81575215-81590845 13.65 9.48 -0.53 0.0002 0.0406 

Cdh3 chr8:106510890-106556908 1.13 0.48 -1.22 0.0002 0.0406 

Prlr chr15:10177237-10349180 3.45 1.20 -1.52 0.0002 0.0406 

Ddn chr15:98803781-98807925 0.13 0.61 2.28 0.00025 0.0498 

Gm17644 chr1:12667562-12673090 12.01 8.19 -0.55 0.0003 0.0583 

Grk4 chr5:34660378-34755303 6.29 3.97 -0.66 0.00035 0.0674 

Hist1h1e chr13:23583669-23622558 39.44 53.85 0.45 0.0004 0.0751 

Ccdc82 chr9:13246974-13292511 35.71 26.63 -0.42 0.0004 0.0751 

9030025P20Rik chr17:14964188-15022449 4.30 2.35 -0.87 0.0005 0.0902 

Sfrs18 chr4:21846326-21876906 33.96 25.47 -0.41 0.00055 0.0962 

4930511M06Rik chr18:57533825-57731065 5.53 3.54 -0.64 0.00055 0.0962 

Mll2 chr15:98831581-98871205 4.80 3.57 -0.43 0.00065 0.1095 

Chpf2 chr5:24586749-24624388 15.37 6.53 -1.23 0.00065 0.1095 

Flnb chr14:7817956-7951587 12.28 8.32 -0.56 0.0007 0.1162 

Aqp1 chr6:55336298-55348555 2.40 1.19 -1.01 0.00075 0.1228 

Hist1h1d chr13:23555031-23558008 7.61 10.64 0.48 0.0008 0.1282 

Bmp1 chr14:70474554-70520260 25.17 18.68 -0.43 0.00085 0.1334 

BC026585 chr1:157458581-157488733 1.86 3.64 0.97 0.0009 0.1384 

6720401G13Rik chrX:50549535-50635258 10.23 7.31 -0.48 0.0009 0.1384 

Postn chr3:54361106-54391041 0.96 0.43 -1.16 0.00095 0.1432 

Gm6313 chr6:148606785-148614309 1.19 0.51 -1.22 0.001 0.1488 
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Table AI.3 Differentially expressed genes that overlap with the 792 Simons 

Foundation Autism Database genes.  

Genes with q<0.05 are bold. 

Gene Locus 

WT 

FPKM 

HET 

FPKM 

Log2 

(HET/WT) p value q value 

Reln chr5:21884348-22344705 51.0 33.1 -0.62 5.00E-05 0.0133 

Zbtb16 chr9:48653613-48836275 2.1 4.2 1.00 5.00E-05 0.0133 

Slc7a3 

chrX:101079220-

101085352 0.6 1.7 1.41 0.00015 0.0331 

Prune2 chr19:16956117-17223994 29.5 21.4 -0.47 0.00015 0.0331 

Srrm4 chr5:116438721-116591817 5.5 3.7 -0.55 0.0015 0.1975 

Per1 chr11:69098955-69109957 9.4 7.1 -0.41 0.00245 0.2879 

Bdnf chr2:109674699-109727054 8.8 6.6 -0.40 0.0048 0.4348 

Pxdn chr12:29938035-30017658 1.9 1.2 -0.69 0.0072 0.5374 

Glo1 chr17:30591200-30612659 175.4 135.1 -0.38 0.0073 0.5396 

F13a1 chr13:36867177-37050244 0.8 1.3 0.68 0.0083 0.5779 

Cgnl1 chr9:71626508-71771602 13.5 10.9 -0.32 0.0103 0.6345 

Mal chr2:127633225-127656695 88.4 109.1 0.30 0.01155 0.6641 

Myo9b chr8:71272713-71360787 11.4 8.5 -0.42 0.0144 0.6991 

Gsn chr2:35256358-35307902 38.6 47.1 0.29 0.01695 0.7342 

Med12 chrX:101274090-101298934 6.8 5.6 -0.29 0.02935 0.8276 

Grin2a chr16:9572012-9995710 14.1 11.5 -0.30 0.03155 0.8338 

Grm5 chr7:87584167-88135063 2.3 2.8 0.33 0.03185 0.8338 

Rpl10 chrX:74270815-74273135 288.1 340.5 0.24 0.0404 0.8338 

Atxn7 chr14:13968160-14107462 6.8 5.4 -0.32 0.04355 0.8338 

Chd7 chr4:8690506-8869105 62.3 51.3 -0.28 0.0449 0.8338 

Bzrap1 chr11:87760540-87785928 20.7 17.4 -0.24 0.0456 0.8338 

Syne1 chr10:5015292-5211038 60.9 49.9 -0.29 0.04615 0.8338 

Mbd3 chr10:80392494-80399479 19.5 23.7 0.28 0.04915 0.8338 
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Table AI.4 Differentially expressed genes that overlap with the 84 genes of the UPR 

dataset.  

No genes reached the q<0.05 threshold.  

Gene Locus 

WT 

FPKM 

HET 

FPKM 

Log2 

(HET/WT) 

p 

value 

q 

value 

Hsph1 chr5:149616456-149636406 24.88 29.97 0.27 0.0277 0.8184 

Herpud1 chr8:94386494-94396709 44.26 52.86 0.26 0.0415 0.8338 

Calr chr8:84840802-84846982 324.93 386.92 0.25 0.0532 0.8338 

Uggt2 

chr14:118982678-

119099434 9.68 8.09 -0.26 0.0784 0.8356 

Cct7 chr6:85446784-85468477 66.37 76.90 0.21 0.0788 0.8356 

Amfr chr8:93971371-94012640 56.81 65.72 0.21 0.0818 0.8356 

Hspa5 chr2:34772089-34799912 176.00 206.71 0.23 0.0820 0.8356 

Rpn1 chr6:88084472-88105304 41.27 47.62 0.21 0.0820 0.8356 

Derl1 chr15:57869451-57892418 29.93 34.42 0.20 0.0936 0.8448 

Insig2 chr1:121304352-121332954 11.65 13.73 0.24 0.0974 0.8448 

Xbp1 chr11:5520640-5527289 59.31 67.89 0.19 0.1127 0.8514 

Tcp1 chr17:12916464-12940396 76.57 87.66 0.20 0.1252 0.8560 

Hsp90ab1 chr17:45567678-45573261 538.65 619.36 0.20 0.1701 0.8917 

Vcp chr4:42979963-43000507 76.98 86.25 0.16 0.1707 0.8917 

Pfdn5 

chr15:102326115-

102331489 221.57 247.30 0.16 0.1859 0.9061 

Ganc chr2:120355186-120504919 5.77 4.36 -0.41 0.1966 0.9132 

Insig1 chr5:28071411-28078662 35.95 39.91 0.15 0.2085 0.9259 

Pdia3 chr2:121413901-121438686 61.47 68.18 0.15 0.2099 0.9262 

Syvn1 chr19:6044176-6057751 2.34 1.16 -1.02 0.2350 0.9524 

Canx chr11:50293956-50325673 140.25 155.27 0.15 0.2559 0.9611 

Atf4 chr15:80255183-80257541 88.62 96.84 0.13 0.2789 0.9751 

Bax chr7:45461523-45466934 28.47 31.81 0.16 0.2870 0.9770 

Usp14 chr18:9958175-10030149 20.99 23.23 0.15 0.3370 0.9974 

Dnajc3 

chr14:118937931-

118981702 20.62 22.34 0.12 0.3388 0.9974 

Ufd1l chr16:18812293-18835319 25.82 28.13 0.12 0.3448 0.9974 

Uggt1 chr1:36140027-36244302 11.33 10.50 -0.11 0.3736 0.9974 

Manf chr9:106887414-106891938 27.06 29.26 0.11 0.3750 0.9974 

Ero1lb chr13:12565882-12609528 5.34 5.84 0.13 0.3807 0.9974 

Dnajc10 chr2:80315465-80354526 25.86 27.68 0.10 0.4081 0.9974 

Creb3 chr4:43562633-43587487 29.61 33.17 0.16 0.4419 0.9974 

Cct4 chr11:22990592-23003385 50.53 53.96 0.09 0.4440 0.9974 

Tor1a chr2:30960350-30967918 19.53 20.91 0.10 0.4892 0.9974 

Hspa4 chr11:53259813-53300479 62.93 66.74 0.08 0.4948 0.9974 

Hspa2 chr12:76404175-76406936 7.99 8.58 0.10 0.4976 0.9974 
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Prkcsh chr9:22003004-22014222 23.73 25.20 0.09 0.5073 0.9974 

Hspa4l chr3:40745504-40798503 69.85 74.55 0.09 0.5205 0.9974 

Atxn3 

chr12:101918900-

101958243 10.23 9.26 -0.14 0.5286 0.9974 

Serp1 chr3:58521970-58557501 27.94 30.07 0.11 0.5331 0.9974 

Vimp chr7:66079648-66089451 59.19 62.43 0.08 0.5431 0.9974 

Eif2a chr3:58521970-58557501 25.53 27.53 0.11 0.5519 0.9974 

Edem3 chr1:151755373-151822328 18.87 18.00 -0.07 0.5678 0.9974 

Derl2 chr11:71007444-71019263 7.35 7.78 0.08 0.5721 0.9974 

Mbtps2 

chrX:157542926-

157598715 6.87 7.35 0.10 0.5742 0.9974 

Mbtps1 chr8:119508151-119558761 25.18 26.35 0.07 0.5842 0.9974 

Atf6 chr1:170704456-170867771 14.17 14.81 0.06 0.6021 0.9974 

Eif2ak3 chr6:70844526-70905273 12.93 13.49 0.06 0.6189 0.9974 

Mbtps2 

chrX:157542926-

157598715 10.93 6.02 -0.86 0.6423 0.9974 

Nploc4 

chr11:120379797-

120437700 15.26 14.69 -0.05 0.6602 0.9974 

Dnajb9 chr12:44205287-44210137 27.13 28.24 0.06 0.6624 0.9974 

Rnf139 chr15:58889228-58933730 17.90 18.58 0.05 0.6908 0.9974 

Ern1 

chr11:106394534-

106487796 2.54 2.42 -0.07 0.7155 0.9974 

Ppp1r15b chr1:133131165-133139800 15.09 15.54 0.04 0.7245 0.9974 

Sel1l chr12:91806042-91849157 26.42 27.16 0.04 0.7343 0.9974 

Nucb1 chr7:45490472-45510556 35.48 36.44 0.04 0.7575 0.9974 

Ubxn4 chr1:128244145-128279478 24.73 25.35 0.04 0.7644 0.9974 

Mapk10 chr5:102907466-103211408 23.58 22.87 -0.04 0.7679 0.9974 

Ddit3 
chr10:127290792-
127311786 1.68 1.86 0.15 0.7711 0.9974 

Edem1 chr6:108828640-108859356 2.89 2.97 0.04 0.7869 0.9974 

Dnajb2 chr1:75236422-75246131 34.83 35.61 0.03 0.8061 0.9974 

Rnf5 chr17:34601098-34603561 12.14 12.49 0.04 0.8114 0.9974 

Ganab chr19:8898084-8916781 23.05 23.52 0.03 0.8133 0.9974 

Hspa1l chr17:34972702-34985893 1.99 2.10 0.08 0.8138 0.9974 

Syvn1 chr19:6044176-6057751 7.76 7.48 -0.05 0.8353 0.9974 

Ero1l chr14:45219716-45318572 10.21 10.51 0.04 0.8512 0.9974 

Mapk8 chr14:33377804-33447158 17.78 17.50 -0.02 0.8520 0.9974 

Htra2 chr6:83034223-83054582 9.57 9.77 0.03 0.8692 0.9974 

Ube2g2 chr10:77622320-77645990 12.10 12.31 0.02 0.8719 0.9974 

Erp44 chr4:48190699-48279754 18.11 17.87 -0.02 0.8914 0.9974 

Scap chr9:110333292-110385082 19.50 19.69 0.01 0.9065 0.9974 

Pfdn2 chr1:171345661-171360798 30.06 30.52 0.02 0.9078 0.9974 

Mapk9 chr11:49846750-49886518 53.74 53.28 -0.01 0.9177 0.9974 

Cebpb chr2:167642447-167690418 1.36 1.28 -0.09 0.9226 0.9974 



160 
 

Sec62 chr3:30792875-30825730 74.93 74.39 -0.01 0.9281 0.9974 

Os9 

chr10:127078906-

127121205 41.51 41.06 -0.02 0.9327 0.9974 

Atf6b chr17:34647145-34655074 13.82 13.92 0.01 0.9403 0.9974 

Insig2 chr1:121304352-121332954 1.16 1.10 -0.08 0.9494 0.9974 

Sec63 chr10:42761495-42832514 13.72 13.69 0.00 0.9777 0.9974 

Syvn1 chr19:6044176-6057751 2.94 2.89 -0.02 0.9791 0.9974 

Srebf2 chr15:82147268-82212815 14.37 14.35 0.00 0.9847 0.9978 

Sil1 chr18:35266395-35498925 21.57 21.53 0.00 0.9864 0.9979 
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Table AI.5 UPR gene list against which RNAseq differentially expressed genes were 

compared. 

GeneBank Symbol Description Gene Name 

NM_011787 Amfr Autocrine motility factor receptor gp78 

NM_009716 Atf4 Activating transcription factor 4 Atf-4, C, ATF, CREB2, TAXREB67 

NM_001081304 Atf6 Activating transcription factor 6 9130025P16Rik, 9630036G24, 

AA789574, Atf6alpha, ESTM49 

NM_017406 Atf6b Activating transcription factor 6 beta AA617266, ATF6beta, Creb-rp, 

Crebl1 

NM_029705 Atxn3 Ataxin 3 2210008M02Rik, AI463012, 

AI647473, ATX3, MJD1, Mjd, Sca3, 
ataxin-3 

NM_007527 Bax Bcl2-associated X protein - 

NM_007591 Calr Calreticulin CRT, Calregulin 

NM_007597 Canx Calnexin 1110069N15Rik, AI988026, Cnx, 
D11Ertd153e 

NM_009837 Cct4 Chaperonin containing Tcp1, subunit 

4 (delta) 

2610204B21Rik, A45, C78323, Cctd 

NM_007638 Cct7 Chaperonin containing Tcp1, subunit 

7 (eta) 

AA408524, AL022769, Ccth, Cctz 

NM_009883 Cebpb CCAAT/enhancer binding protein 
(C/EBP), beta 

C, EBPbeta, CRP2, IL-6DBP, LAP, 
LIP, NF-IL6, NF-M, Nfil6 

NM_013497 Creb3 CAMP responsive element binding 

protein 3 

AU044960, AW538053, C80076, 

LZIP, LZIP-1, LZIP-2, Luman 

NM_145365 Creb3l3 CAMP responsive element binding 

protein 3-like 3 

BC010786, CREB-H, D10Bur1e 

NM_007837 Ddit3 DNA-damage inducible transcript 3 CHOP-10, CHOP10, chop, gadd153 

NM_024207 Derl1 Der1-like domain family, member 1 1110021N07Rik, AI195141, 

AW551338, Derlin-1 

NM_033562 Derl2 Der1-like domain family, member 2 CGI-101, Derlin-2, F-lana, Flana 

NM_178055 Dnajb2 DnaJ (Hsp40) homolog, subfamily B, 

member 2 

2700059H22Rik, Dnajb10, Hsj1, 

mDj8 

NM_013760 Dnajb9 DnaJ (Hsp40) homolog, subfamily B, 

member 9 

AA408011, AA673251, AA673481, 

AW556981, ERdj4, Mdg1, mDj7 

NM_024181 Dnajc10 DnaJ (Hsp40) homolog, subfamily C, 

member 10 

1200006L06Rik, D2Ertd706e, 

ERdj5, JPDI 

NM_008929 Dnajc3 DnaJ (Hsp40) homolog, subfamily C, 

member 3 

AA408985, AU067833, Dnajc3a, 

Dnajc3b, Prkri, mp58, p58, p58IPK 

NM_020566 Dnajc4 DnaJ (Hsp40) homolog, subfamily C, 

member 4 

2010301J22Rik, Hspf2, Mcg18 

NM_138677 Edem1 ER degradation enhancer, 

mannosidase alpha-like 1 

A130059K23Rik, EDEM, 

mKIAA0212 

NM_001039644 Edem3 ER degradation enhancer, 

mannosidase alpha-like 3 

2310050N11Rik 
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NM_001005509 Eif2a Eukaryotic translation initiation factor 

2a 

D030048D22, D3Ertd194e 

NM_010121 Eif2ak3 Eukaryotic translation initiation factor 

2 alpha kinase 3 

Pek, Perk 

NM_023913 Ern1 Endoplasmic reticulum (ER) to 

nucleus signalling 1 

9030414B18Rik, AI225830, C85377, 

Ire1a, Ire1alpha, Ire1p 

NM_012016 Ern2 Endoplasmic reticulum (ER) to 

nucleus signalling 2 

Ern1, Ire1, Ire1b 

NM_015774 Ero1l ERO1-like (S. cerevisiae) ERO1-L 

NM_026184 Ero1lb ERO1-like beta (S. cerevisiae) 1300013B24Rik, 1700065B09Rik, 

AI447560, ero1-beta 

NM_029572 Erp44 Endoplasmic reticulum protein 44 1110001E24Rik, AI849526, 

AL033348, Txndc4 

NM_015797 Fbxo6 F-box protein 6 AA408845, FBG2, Fbs2, Fbx6b, 

Fbxo6b 

NM_008060 Ganab Alpha glucosidase 2 alpha neutral 
subunit 

AU042638, G2an, GluII, 
mKIAA0088 

NM_172672 Ganc Glucosidase, alpha; neutral C 5830445O15Rik, 9330160A12, 

mFLJ00088 

NM_022331 Herpud1 Homocysteine-inducible, endoplasmic 

reticulum stress-inducible, ubiquitin-

like domain member 1 

Herp, Mifl, SUP 

NM_008302 Hsp90ab1 Heat shock protein 90 alpha 
(cytosolic), class B member 1 

90kDa, AL022974, C81438, Hsp84, 
Hsp84-1, Hsp90, Hspcb 

NM_013558 Hspa1l Heat shock protein 1-like Hsc70t, Msh5 

NM_008301 Hspa2 Heat shock protein 2 70kDa, HSP70.2, HSP70A2, Hsp70-

2 

NM_008300 Hspa4 Heat shock protein 4 70kDa, AI317151, APG-2, Hsp110, 

Hsp70RY, mKIAA4025 

NM_011020 Hspa4l Heat shock protein 4 like 94kDa, AI461691, APG-1, Osp94 

NM_022310 Hspa5 Heat shock protein 5 AL022860, AU019543, Bip, 

D2Wsu141e, D2Wsu17e, Grp78, 

Hsce70, SEZ-7, Sez7, baffled, mBiP 

NM_029307 Hspb9 Heat shock protein, alpha-crystallin-

related, B9 

1700007H20Rik 

NM_013559 Hsph1 Heat shock 105kDa/110kDa protein 1 105kDa, AI790491, Hsp105, 

Hsp110, hsp-E7I, hsp110, 105 

NM_019752 Htra2 HtrA serine peptidase 2 AI481710, Omi, Prss25, mnd2 

NM_001081187 Htra4 HtrA serine peptidase 4 B430206E18Rik 

NM_153526 Insig1 Insulin induced gene 1 1810013C12Rik, Insig-1 

NM_178082 Insig2 Insulin induced gene 2 2900053I11Rik, C730043J18Rik, 

Insig-2 

NM_029103 Manf Mesencephalic astrocyte-derived 

neurotrophic factor 

3230402M22Rik, AA407711, 

AA408789, AA673178, Armet, 

D17914, D18Mgi17 

NM_009158 Mapk10 Mitogen-activated protein kinase 10 C230008H04Rik, JNK3, JNK3B1, 
JNK3B2, SAPK(beta), Serk2, 

p493F12, p54bSAPK 

NM_016700 Mapk8 Mitogen-activated protein kinase 8 AI849689, JNK, JNK1, Prkm8, 
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SAPK1 

NM_016961 Mapk9 Mitogen-activated protein kinase 9 AI851083, JNK2, Prkm9, p54aSAPK 

NM_019709 Mbtps1 Membrane-bound transcription factor 

peptidase, site 1 

0610038M03Rik, AV003995, S1P, 

SKI-1, Ski1, mKIAA0091 

NM_172307 Mbtps2 Membrane-bound transcription factor 
peptidase, site 2 

9630032G22Rik, AI662535 

NM_199469 Nploc4 Nuclear protein localization 4 

homolog (S. cerevisiae) 

AK129375, Npl4, mKIAA1499 

NM_008749 Nucb1 Nucleobindin 1 B230337F23Rik, C77483, Calnuc, 

MTEST82, Nucb 

NM_177614 Os9 Amplified in osteosarcoma 4632413K17Rik, AU022351 

NM_007952 Pdia3 Protein disulfide isomerase associated 

3 

58kDa, ERp57, ERp60, ERp61, Erp, 

Grp58, PDI, PDI-Q2, PI-PLC, 

PLC[a], Plca 

NM_011070 Pfdn2 Prefoldin 2 ESTM27, W48336 

NM_027044 Pfdn5 Prefoldin 5 1190001O17Rik, 1700010A06Rik, 

D15Ertd697e, Eig1, MM-1 

NM_133819 Ppp1r15b Protein phosphatase 1, regulatory 
(inhibitor) subunit 15b 

1810033K10Rik, AI606441, 
C530022L24Rik, CReP 

NM_008925 Prkcsh Protein kinase C substrate 80K-H 80K-H, PKCSH 

NM_175226 Rnf139 Ring finger protein 139 4930555P18Rik 

NM_019403 Rnf5 Ring finger protein 5 2410131O05Rik, AA407576, NG2 

NM_133933 Rpn1 Ribophorin I AU018702, D6Wsu137e, Rpn-1 

NM_001001144 Scap SREBF chaperone 9530044G19, mKIAA0199 

NM_027016 Sec62 SEC62 homolog (S. cerevisiae) 3100002M17Rik, AI844545, 

AW545092, Dtrp1, HTP1, Tloc1 

NM_153055 Sec63 SEC63-like (S. cerevisiae) 5730478J10Rik, AI649014, 

AW319215 

NM_001039089 Sel1l Sel-1 suppressor of lin-12-like (C. 

elegans) 

AW493766, Sel1h, mKIAA4137 

NM_030685 Serp1 Stress-associated endoplasmic 

reticulum protein 1 

D3Ucla1, Ramp4 

NM_030749 Sil1 Endoplasmic reticulum chaperone 

SIL1 homolog (S. cerevisiae) 

1810057E01Rik, AI042831, wz 

NM_011480 Srebf1 Sterol regulatory element binding 

transcription factor 1 

ADD1, SREBP-1a, SREBP1, 

SREBP1c, bHLHd1 

NM_033218 Srebf2 Sterol regulatory element binding 

factor 2 

AI608257, SREBP-2, SREBP2, 

SREBP2gc, bHLHd2, lop13, nuc 

NM_028769 Syvn1 Synovial apoptosis inhibitor 1, 

synoviolin 

1200010C09Rik, AW211966, 

C85322, D530017H19Rik, Hrd1 

NM_013686 Tcp1 T-complex protein 1 AI528772, CCT, Cct1, Ccta, TRic, 

Tcp-1, Tp63, c-cpn, p63 

NM_144884 Tor1a Torsin family 1, member A (torsin A) DQ2, Dyt1, torsinA 

NM_019803 Ube2g2 Ubiquitin-conjugating enzyme E2G 2 1110003O05Rik, D10Xrf369, UBC7, 

Ubc7p 

NM_001039157 Ube2j2 Ubiquitin-conjugating enzyme E2, J2 

homolog (yeast) 

1200007B18Rik, 2400008G19Rik, 

5730472G04Rik, AL022923, 

NCUBE-2, Ubc6, Ubc6p 
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NM_026390 Ubxn4 UBX domain protein 4 1300013G12Rik, Ubxd2, 

mKIAA0242 

NM_011672 Ufd1l Ubiquitin fusion degradation 1 like Ufd1 

NM_198899 Uggt1 UDP-glucose glycoprotein 
glucosyltransferase 1 

0910001L17Rik, A930007H10Rik, 
AA589501, AI414429, AI448372, 

C820010P03Rik, GT, UGT1, Ugcgl1 

NM_001081252 Uggt2 UDP-glucose glycoprotein 

glucosyltransferase 2 

1810064L21Rik, 3110001A05Rik, 

3110027P15Rik, A230065J02Rik, 

AW047562, Ugcgl2 

NM_021522 Usp14 Ubiquitin specific peptidase 14 2610005K12Rik, 2610037B11Rik, 

AW107924, C78769, ax, nmf375 

NM_009503 Vcp Valosin containing protein 3110001E05, CDC48, p97, p97, VCP 

NM_024439 Vimp Histocompatibility 47 1500011E07Rik, C78786, H-4, H-47, 

H4, H47, Sels 

NM_013842 Xbp1 X-box binding protein 1 D11Ertd39e, TREB-5, TREB5, XBP-

1 
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Table A1.6 P4HB encoding PDIA1 is not significantly differentially expressed 

between WT and RELN Orl heterozygous mice.  

P4HB was not included in either the AutDB or the UPR gene list. P4HB is not 

significantly differentially expressed based on q<0.05. 

Gene Locus 

WT 

FPKM 

HET 

FPKM 

Log2 

(HET/WT) 

p 

value 
q value 

P4hb 

chr11:120560303-

120572936 60.2052 72.5024 0.26814 0.0255 0.807089 
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APPENDIX II 

P19 Neurosphere Characterization 
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Figure AII.1 P19 cells in neurospheres differentiate into a neuronal cell population. 

P19 neurospheres were generated and stained as described in Chapter 2. Additional 

antibodies used for this figure include anti-GABA (Sigma), anti-Calretinin (Abcam), anti-

VGlut1 (Synaptic Systems), anti-MAP2 (Abcam), anti-mGluR6 (Santa Cruz), anti-PKCα 

(Santa Cruz). (A) Proteins against which P19 neurosphere sections were stained are 

listed, and their staining pattern is noted as either (+) co-expressed or (-) not co-expressed 

with Reelin G10 positive cells. (B) Example of Western blot of P19 WT and P19 

R2290C+/- neurosphere lysates and media after 8 days of differentiation. (C) 

Representative images of GABA, calretinin, Dab1, and VGLUT1 expression. 
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Figure AII.1 P19 cells in neurospheres differentiate into a neuronal cell population. 
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APPENDIX III 

RELNnull+/-;SHANK3B+/- PRELIMINARY DATA 
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Figure AIII.1 RELN
null+/-

;Shank3b
+/-

 mice , similar to Orl
+/-

;Shank3b
+/-

, make longer 

calls than WT mice. Maternal separation USVs were recorded from postnatal day 7 pups 

as described in Chapter 3. Male and female mice were analyzed together (WT n=11, 

RELN
null+/-

 n= 5, Shank3b+/- n=14, RELN
null+/-

;Shank3b
+/-

 n= 10). (A) Call number did 

not vary across genotypes. (B) Duration was significantly increased in RELN
null+/-

;Shank3b
+/-

 pups compared to WT. A and B were analyzed by 1-way ANOVA with 

Dunnett’s post hoc test, *p<0.05, and error bars = SEM. (C) VoICE analysis showed little 

change across genotypes. Roy’s Greatest Root MANOVA was significant, but individual 

1-way ANOVAs for USV sonogram patterns failed to detect significant differences 

across genotypes.  
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Figure AIII.1 RELN
null+/-

;Shank3b
+/-

 mice , similar to Orl
+/-

;Shank3b
+/-

, make longer 

calls than WT mice. 
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Figure AIII.2 RELN
null+/-

;Shank3b
+/-

 mice show a similar trend compared to Orl
+/-

;Shank3b
+/-

 toward decreased sociability. Heterozygous RELN 
null

 mice were bred with 

Shank3b heterozygous mice. (A) 3-Chamber sociability was performed, analyzed, and 

graphed as described in Chapter 3 for male and female mice combined (WT n=10, 

RELN
null+/-

 n=12, Shank3b
+/-

 n=9, RELN
null+/-

;Shank3b+/- n=9). (B) There was no 

statistical difference in preference index by 1-way ANOVA. (C) Mice were equally 

capable of finding a buried fruit loop regardless of genotype, as evidenced by the lack of 

significance in latency to locate buried food by 1-way ANOVA. 
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Figure AIII.2 RELN
null+/-

;Shank3b
+/-

 mice show a similar trend compared to Orl
+/-

;Shank3b
+/-

 toward decreased sociability.
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Figure AIII.3 RELN
null+/-

;Shank3b
+/-

, single heterozygous, and WT mice perform 

similarly in Open Field Testing. Mice were tested in the Open Field apparatus as 

described in Chapter 3. Male and female mice are analyzed together (WT n= 6, 

RELN
null+/-

 n=10, Shank3b
+/-

 n=11, RELN
null+/-

;Shank3b+/- n=10). (A) There was no 

difference seen in distance traveled across genotypes. (B) No significant difference was 

seen for average time each genotype group spent in the center of the apparatus – a 

measure of anxiety. Data was analyzed by 1-way ANOVA.  
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Figure AIII.3 RELN
null+/-

;Shank3b
+/-

, single heterozygous, and WT mice perform 

similarly in Open Field Testing. 
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APPENDIX IV 

INCREASED PSD-95 MAY CORRELATE WITH 

PURKINJE CELL DYSFUNCTION 
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Figure AIV.1 Homozygous Tsc1 conditional knock-out (cko) mice show significant 

changes in PSD-95.  

Mice were provided by Dr. Mustafa Sahin (Boston Children’s Hospital, MA), and were 

previously described
1
. Tsc1 conditional knock-out and heterozygous mice were generated 

by crossing a Purkinje cell-specific L7 promoter-driven Cre mouse with a floxed Tsc1 

mouse (L7/Pcp2-Cre (L7Cre)xTsc1
flox/flox

). Samantha Schaeffer collected forebrain and 

cerebellum tissue samples from male 6-week old mice, which were shipped on dry ice to 

SUNY Upstate. Sample preparation, Western blots, and analysis were performed by 

Dawn Lammert. (A) PSD-95 was significantly decreased in homozygous Tsc1 cko mice 

(t-test, p<*0.05). This is consistent with a loss of Purkinje cells previously reported in the 

Tsc1 cko homozygous model
1
. Interestingly, PSD-95 was increased in the heterozygous 

Tsc1 cko samples, although only two samples were available for this genotype. (B) 

Reelin (G10 antibody) and (C) total Dab1 (DabH1 antibody) signals were higher in the 

Tsc1 cko heterozygous animals as well, consistent with previous reports from a separate 

Tsc2 model
2
. (D) PDIA1 was not increased in the homozygous Tsc1 cko mutants, which 

have been previously been reported to display ASD-like behaviors
1
. Western blots of (E) 

PSD-95, (F) G10 and Dab1H, and (H) PDIA1 are shown.  

 

 

  

                                                             
1 Tsai, P. T., Hull, C., Chu, Y. et al. (2012) Autistic-like behaviour and cerebellar dysfunction in 

Purkinje cell Tsc1 mutant mice. Nature, 488, 647-651. 
 
2 Moon, U. Y., Park, J. Y., Park, R. et al. (2015) Impaired Reelin-Dab1 Signaling Contributes to 

Neuronal Migration Deficits of Tuberous Sclerosis Complex. Cell reports, 12, 965-978. 
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Figure AIV.1 Homozygous Tsc1 conditional knock-out (cko) mice show significant 

changes in PSD-95. 
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APPENDIX V 

EXPLORING THE POSSIBILITY OF TARGETING 

THE REELIN SECRETION DEFECT WITH SMALL 

MOLECULE THERAPEUTICS 
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Figure AV.1 Nicotine can increase Reelin secretion from cerebellar granule cell 

neurons in vitro. Cerebellar granule cell neuron (GCN)-enriched cultures were prepared 

from postnatal day 8 rat pups as previously described
3
. GCNs were treated with 1µg/mL 

nicotine (1mg/mL in ethanol) or 1:1000 ethanol vector for 48 hours before collecting 

media and cell lysates analogous to cortical neuron culture preparations described in 

Chapter 2. Samples were run on Western blot and Reelin visualized using the G10 anti-

Reelin antibody. (A) Western blot of endogenous Reelin production from control 

(ethanol)-treated GCNs compared to nicotine-treated cells. Almost no G10 signal is 

present in the lysates, suggesting highly efficient secretion of Reeiln. (B) Quantification 

of A (n=3, t-test, *p<0.05). The ability of nicotine to stimulate increased Reelin in the 

media of GCNs suggests the possibility that other, hopefully non-addictive substances 

can stimulate increased Reelin secretion.  

 

  

                                                             
3 Vallano, M. L., Lambolez, B., Audinat, E. and Rossier, J. (1996) Neuronal activity differentially 

regulates NMDA receptor subunit expression in cerebellar granule cells. The Journal of 

neuroscience : the official journal of the Society for Neuroscience, 16, 631-639. 
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Figure AV.1 Nicotine can increase Reelin secretion from cerebellar granule cell 

neurons in vitro. 
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