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Abstract of Thesis 

“Differential Expression of Nuclear Receptors and Coregulators in Human Brain 

Tissues from Autistic Individuals versus Controls” 

 

Autism spectrum disorders (ASDs) are a group of neurodevelopmental disorders that are 

characterized by impaired reciprocal social interactions, delayed or aberrant 

communication, and stereotyped, repetitive behaviors, often with restricted interests. 

Many causes of autism have been proposed, and genetic factors may be the most 

significant cause for this disease. Although many candidate genes have been proposed on 

the basis of genetic studies, previous studies from our laboratory based on gene 

expression profiling demonstrated that retinoic acid-related orphan receptor-alpha 

(RORA) and many other nuclear receptor and coregulator genes were differentially 

expressed in lymphoblastoid cell lines (LCLs) from individuals with ASD relative to 

controls.. Additional studies from our laboratory demonstrated that reduction in RORA 

expression is associated with increased methylation of the RORA promoter.  Moreover, 

our studies showed that male and female hormones oppositely regulate the expression of 

RORA, with dihydrotestosterone (DHT) reducing RORA expression and estradiol 

increasing it. Since nuclear receptors and their associated coregulators can 

transcriptionally regulate many gene targets, dysregulated expression of nuclear receptors 

and coregulators can have widespread consequences on gene expression. However, the 

contribution of nuclear receptors and coregulators to altered regulation of gene 

expression in the autistic brain is still unknown. The goal of this study was therefore to 

evaluate the expression level of specific nuclear receptors and/or coregulator genes in the 

cerebellum and frontal cortex of individuals with autism and that of age-matched controls. 

Results showed that a number of nuclear receptor and coregulator genes are differentially 
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expressed in post-mortem brain tissues from individuals with autism. Specifically, 13 

genes are up-regulated in the cerebellum and frontal cortex of autistic subjects relative to 

age-matched controls.  Nuclear receptor subfamily 4, group A member 1 (NR4A1) is the 

most up-regulated gene in autistic subjects, while androgen receptor (AR) is the most 

significantly up-regulated gene across both tissues. Interestingly, NR4A1 and AR are 

highly associated with some of the symptomatology and pathology of ASD.  Therefore, 

NR4A1 and AR are proposed as novel, functionally relevant autism candidate genes. 
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Chapter 1: Introduction and Hypothesis 

Autism Spectrum Disorders 

Autism Spectrum Disorders (ASDs) are developmental disabilities resulting from 

dysfunction in the central nervous system and are characterized by impairments in three 

behavioral areas: communication, social interactions, and repetitive behaviors or 

restricted interests (Volkmar et al., 1994). Social impairments are characterized by lack 

of social-emotional reciprocity, failure to seek to share enjoyment, and poor use of 

nonverbal communication. Communication disorders may include failure to develop 

spoken language, delayed echolalia, and difficulties having conversations. Restricted and 

repetitive behaviors include unusual preoccupations and circumscribed interests, 

repetitive hand and finger movements, and whole body mannerisms. Individuals with 

autism could have very different symptoms resulting in the broad phenotypic 

heterogeneity seen in ASD. Currently, autism spectrum disorders include: Autistic 

disorder (classic autism), Asperger syndrome (AS), and Pervasive Developmental 

Disorder-Not Otherwise Specified (PDD-NOS). These subtypes are differentiated by age 

and time of onset, severity and comprehensiveness of symptoms, and association with 

language delay and intellectual disability (Lord, 2002). ASDs are among the most 

complex disorders and, though highly heritable based on twin and family studies (Muhle 

et al., 2004), it is unclear what specific genetic factors are responsible. Currently, autism 

is diagnosed solely on the basis of abnormal behavior as well as observable deficits in 

communication and social functioning. 
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Epidemiology of ASD  

The prevalence rate for autism and autism spectrum disorders has increased worldwide 

over the past decade (Centers for Disease Control report, 2012). Prevalence estimates of 

ASDs, combining classical autism, AS, and PDD-NOS, reveal that this disease now 

affects 1 in 88 children, over 2 million individuals in the U.S. and tens of millions 

worldwide (Centers for Disease Control report, 2012).  It is notable that boys are affected 

with ASDs more frequently than girls with an average male-to-female ratio of 4.3:1 

(Fombonne et al., 2005). However, there is still no clear explanation for this male bias. 

The prevalence of autistic disorder among siblings of individuals with autistic disorder 

ranges from 2% to 6%, with estimates as high as 14% for siblings of females with autistic 

disorder (Craig et al., 2007) 

Etiology of ASD 

Previously proposed causes of ASDs have included parentally induced autism, brain 

injury or anomalies, constitutional vulnerability, and developmental aphasia, as well as 

deficits in the reticular activating system, and unfortunate interplay between psychogenic 

and neurodevelopmental factors. Other suspected etiologies are structural cerebellar 

changes, viral infections and immunological abnormalities (Viola et al., 2009). However, 

multiple lines of epidemiologic evidence support the strong role of genetics in the 

etiology of ASDs. Studies of twins with autism and families who have relatives with 

autism indicate that there is a likely link between genes and autism (Schaefer et al., 2008). 

About 10%–20% of cases of ASD have an identified genetic etiology. Microscopically 

visible chromosomal alterations have been reported in ∼5% of cases; the most frequent 

abnormalities are 15q11–q13 duplications, and 2q37, 22q11.2 and 22q13.3 deletions. 



3 

 

ASDs can also be due to mutations of single genes involved in autosomal dominant, 

autosomal recessive and X-linked syndromic disorders. The most common single gene 

mutation among syndromic ASDs involves the FMR1 gene in fragile X syndrome, 

present in ∼2% of ASD cases (Verkerk et al., 1991).Other single-gene disorders that are 

sometimes co-morbid with ASD are Rett Syndrome, with a defect in the MeCP2 gene 

(Amir et al., 1999), and tuberous sclerosis, with mutations in TSC1 and/or TSC2 genes 

(van Slegtenhorst et al., 1997).  However, the majority (70-80%) of ASD cases have not 

been associated with any specific genes. The inability to identify convincing and 

reproducible genetic markers for idiopathic autism is undoubtedly due to the phenotypic 

heterogeneity of the disorder.   

Phenotypic Heterogeneity in ASDs 

Since ASDs are phenotypically heterogeneous, it is likely that multiple genes are 

involved.  The current view is that the identified candidate genes have only small or 

moderate effects on the etiology of autism. These small effect sizes make the 

identification of specific causal genes significantly more difficult. One way to enhance 

the possibility of finding a larger genetic effect size is to reduce the phenotypic variability 

in the sample (Miles et al., 2000). There are several methods available for narrowing 

down the phenotype of autism. One method, developed by our laboratory, is to divide 

individuals with ASD into clinically relevant behavioral phenotypic clusters based on 

severity scores from their Autism Diagnostic Interview-Revised (ADI-R) diagnostic 

assessment (Hu and Steinberg. 2009). Subsequent gene expression profiling and genetic 

analyses of these ADI-R-defined ASD subgroups identified both shared and unique genes 

and subtype-dependent single nucleotide polymorphisms that distinguished the ASD 
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subgroups from each other as well as from controls (Hu et al., 2009; Hu, Addington, 

Hyman. 2011). 

Sex Bias in ASD 

Epidemiological studies show that ASD is inexplicably biased towards males by a ratio 

of at least 4:1.  There is no clear explanation for this sex bias with theories including the 

“extreme male brain” theory, which proposes that elevated fetal testosterone levels are a 

risk factor for autism (Baron et al., 2002), mutations on the X chromosome (Gong et al., 

2008), and the stress and anxiety theory, which postulated that higher testosterone level 

results in early stresses of male infants (Pfaff et al., 2011). Finding an explanation for this 

sex bias may provide a clue to the etiology of autism.   

A number of studies demonstrated that sex hormones may be involved in autism. 

Although elevated fetal testosterone levels in amniotic fluid has been associated with 

autistic symptomatology (Auyeung et al., 2010), there has been no molecular explanation 

for these higher testosterone levels.  One possible explanation may lie in the deregulation 

of genes involved in androgen biosynthesis in LCLs from autistic individuals which 

suggested a metabolic disposition towards higher testosterone levels, as observed in one 

of our previous studies (Hu et al., 2009). Another possible explanation for the observed 

higher testosterone levels in some individuals with autism is our recent finding that a 

nuclear hormone receptor, RORA, and one of its transcriptional targets, aromatase, are 

both reduced, not only in LCLs, but also in brain tissues from individuals with ASD vs. 

age-matched controls (Nguyen et al., 2010; Sarachana et al., 2011).  A reduction in 

aromatase, an enzyme responsible for the conversion of testosterone to estrogen, is 

predicted to lead to build-up of its substrate, testosterone. Interestingly, testosterone, 
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acting through the AR was shown to suppress RORA expression (Sarachana et al., 2011), 

thus setting up a scenario in which reduced expression of RORA and aromatase leads to 

an inhibitory feedback mechanism involving the further suppression of RORA through 

increased testosterone.  Since AR is another nuclear hormone receptor, we hypothesized 

that we should also see changes in this and perhaps other nuclear receptors in the autistic 

brain.  

It is notable that a series of studies show that nuclear receptors and coregulators are 

involved in the nervous system development and function, anxiety-like behavior, 

Parkinson’s disease , Alzheimer’s disease and other functions or diseases associated with 

ASDs (Heather et at., 2010; Nishihara et al., 2004; Lanz et al.,2007). It is likely that the 

differentially expression of nuclear receptors and coregulators may also be involved in 

ASDs. Nuclear receptors are ligand-inducible transcription factors that specifically 

regulate the expression of target genes involved in metabolism, development, and 

reproduction. Their primary function is to mediate the transcriptional response in target 

cells to hormones, such as the sex steroids (estrogens and androgens). Nuclear receptor 

coregulators are coactivators or corepressors that are required by nuclear receptors for 

efficient transcriptional regulation. Coactivators and corepressors interact with nuclear 

receptors to enhance or reduce transcription at their target genes. 

The Brain and Autism 

Since autism is the result of aberrant neurodevelopment, a crucial step in determining the 

cause of autism is developing an understanding of its underlying neuropathology. 

Abnormalities in nearly every brain system have been proposed to contribute to the 

pathophysiology of this disorder (Anderson, 2005; Bailey et al., 1996). Neuroimaging 
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studies of living infants and young children with autism have revealed abnormal brain 

overgrowth in the majority of cases, particularly in prefrontal, temporal and amygdala 

regions (Courchesne, 2001). These studies have also shown abnormal functional 

asymmetry and activation in the cortex and cerebellum (Pierce et al., 2011). Previous 

studies show that the cerebellum is the most consistent site of neural abnormality in 

autism, with several postmortem studies reporting a variety of anomalies, most notably a 

reduction in the number of Purkinje neurons (Allen, 2005). The frontal cortex is another 

important region impacted by autism, since it plays vital roles in higher-order cognitive, 

language, social and emotional regulatory functions, each of which is seriously deficient 

in autism (Stuss et al., 2002).  In this study, we focus on expression of nuclear receptors 

and coregulators in the cerebellum and frontal cortex, two regions that are highly 

implicated in autism. 

Hypothesis and Specific Aim 

We postulate that nuclear receptors and coregulators, a number of which were found to 

be differentially expressed in LCLs from individuals with autism relative to controls, may 

be also differentially expressed in the autistic brain. This hypothesis is based on our 

findings that RORA and many other nuclear receptors and coregulators are differentially 

expressed in LCLs from autistic subjects relative to controls.  We therefore hypothesize 

that deregulation of such regulators of gene expression will have a far-reaching impact on 

neurological functions relevant to autism. 
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Chapter 2: Materials and Methods 

Postmortem brain tissue 

Frozen postmortem brain tissue from individual male donors with autism and age-

matched control male donors were obtained from the Autism Tissue Program, a tissue 

repository for brain tissues from individuals with autism and controls, which is managed 

by Autism Speaks (Los Angeles, CA).  Table 1 lists the sample identification numbers, 

disease status, age of donor, and postmortem interval (PMI) for the acquired tissues from 

the cerebellum (neocortex-anterior lobe) and frontal cortex (Brodmann’s Area 9 or 10). 

For case-control comparisons of gene expression level, each case was compared to a 

control that was most closely matched in age.  The paired cases and controls are shown in 

Tables 2 and 3 for the cerebellar and frontal cortex tissues, respectively. 

Tissue disruption 

Around 50 mg of tissue was used for RNA isolation from each sample. The tissue was 

homogenized with Lysis/Binding buffer ( provided in the mirVana™ miRNA Isolation 

Kit)  and 0.5mm RNase-free glass beads using a BULLET BLENDER® homogenizer 

(Next Advance, In. NY) at speed 6 at 4°C for 3-5 minutes. 

Total RNA isolation  

Total RNA was isolated using mirVana™ miRNA Isolation Kit (Life Technologies, CA).  

This method was selected in order to isolate very small RNAs (e.g., microRNA and small 

nuclear RNAs) for separate analyses.  In brief, the procedure involved chloroform 

extraction of tissue homogenate, precipitation of RNA with 100% ethanol, and washing 

RNA with wash solution 1 and 2/3 (provided in the mirVana™ miRNA Isolation Kit).   
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Table 1.  Description of Frozen Postmortem Brain Tissue. Frozen postmortem brain 

tissues used in this study were provided by the Autism Tissue Program. Identification 

numbers (ID), disease status, gender, age of donor, postmortem interval (PMI) and 

fixation method are described below. Cerebellar tissue and frozen cortical tissue were 

obtained from the same donors. 
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Table 2. Paired Frozen Cerebellar Tissues. For case-control comparisons of gene 

expression level, each case was compared to a control that was most closely matched in 

age. 

 

 

 

Table 3. Paired Frozen Cortical Tissues. For case-control comparisons of gene 

expression level, each case was compared to a control that was most closely matched in 

age. 
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RNA purification 

The isolated RNA was digested with DNase (QIAGEN) at (2.5ul/100ul) for 10 min at 

room temperature to remove any contaminating DNA. Then RNA cleanup was done 

using RNeasy Mini Kit (QIAGEN). The final total volume for each sample is 100 ul. The 

concentration was determined and the ratio of A260 to A280 was measured by using a 

Nanodrop Spectrophotometer.  The total amount of RNA isolated per tissue sample and 

the A260/A280 ratio are shown in Table 4. 

Evaluation of the RNA quality 

To verify that the RNA sample is suitable for PCR array analysis, 1 μg of RNA obtained 

was run on 1% denaturing agarose gel, stained with ethidium bromide.  As shown in 

Figure 1, all samples provided RNA of reasonable integrity except for sample 5173 from 

the cerebellum, which was degraded and thus unusable.   
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Table 4. Concentration of RNA from Frozen Brain Tissue. This table shows the 

concentration, 260/280 and total amount of RNA we obtained for each sample from the 

cerebellum and frontal cortex. 
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Figure 1. Evaluation of the RNA Quality via Gel Electrophoresis in Cerebellum. % 

denaturing-agarose gel electrophoresis was run followed by ethidium bromide staining. 

The first lane contains RNA size reference standards (Gel pilot 1kb plus ladder). The 

second through 14th lanes contain RNA from cerebellar samples in the following order: 

ID#6677, 6337, 5718, 7369, 7333, 5173, 6994, 5873, 6401, 5144, 5251, 4925, 5000 

respectively.  The sample in lane 7, ID#5173, is totally degraded and was not used. 
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Figure 2 . Evaluation of the RNA Quality via Gel Electrophoresis in Frontal Cortex. 

1% denaturing-agarose gel electrophoresis was run followed by ethidium bromide 

staining to check the quality of RNA. (A) Lanes 1 through 13 contain samples from the 

frontal cortex in the order: ID#6677, 6994, 5873, 6401, 4925, 5173, 5251, 7369, 6951, 

7333, 5718, 5144, and 6337 respectively. The bands for 7369(lane 8), 7333(lane 10), 

5144(lane 12), and 6337(lane 13) are not clear and RNA re-isolated from these samples is 

shown in (B). (B) Lanes 2 through 5 show the improved RNA quality in samples 5144, 

6337, 7333, 7369, respectively. 
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Pathway-Focused Gene Expression Profiling with qRT-PCR  

The RT² Profiler™ PCR array system (SABiosciences) was used to analyze the 

expression levels of focus genes  which included the human nuclear receptors and 

coregulators, in the cerebellum and frontal cortex of individuals with autism versus that 

of age-matched controls. RNA samples were converted into first strand cDNA using 

SABiosciences’s RT² First Strand Kit (Cat. No. C-03/330401).  Briefly, the samples were 

incubated at 42°C for exactly 15 minutes followed by heating at 95°C for 5 minutes. 

Real-time PCR was performed in a 96-well plate using RT² SYBR Green Master Mixes 

according to the manufacturer’s protocol and was run using an ABI Prism 7300 Sequence 

Detection System (Applied Biosystems, Foster City, CA). 

The 96-well PCR array layout is shown in Table 5. Wells A1 through G12 contain 

primers for genes of nuclear receptors and coregulators that are part of the standard array 

while wells H8 through H11 contain customized primers for additional nuclear receptor 

and coregulator genes that were found to be differentially expressed in LCLs from 

individuals with ASD vs. controls. Wells H1 through H5 contain primers for 

housekeeping genes which are used to normalize PCR Array data. Well H6 contains a 

Genomic DNA Control (GDC) primer set that specifically detects non-transcribed 

genomic DNA contamination with a high level of sensitivity. Well H7 contains Reverse 

Transcription Controls (RTC) to test the efficiency of the RT² First Strand Synthesis Kit 

(330401) reaction with a primer designed to detect template synthesized from the kit's 

built-in external RNA control. Well H12 contains Positive PCR Controls (PPC) to test the 

efficiency of the polymerase chain reaction itself using a pre-dispensed artificial DNA 
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sequence and the primer set that detects it. The data was analyzed using the Web-Based 

PCR Array Data Analysis version 3.5 software provided by SABiosciences. 

Quantitative real-time PCR analysis 

Quantitative real-time PCR (q-RT-PCR) analysis was performed according to previously 

published protocols (Hu et al., 2009). One µg of total RNA was used for cDNA synthesis. 

Complementary DNA was synthesized by reverse transcription using the iScript cDNA 

synthesis Kit (BioRad, Hercules, CA). The thermal cycling parameters were performed as 

follows: 1) activation: 25 °C, 5 minutes 2) Reverse Transcription: 42°C, 30 minutes 3) 

Inactivation: 85 °C, 5 minutes. The cDNA synthesis product was further diluted to 50 µl. 

Real-time PCR analysis was performed using an ABI Prism 7300 Sequence Detection 

System (Applied Biosystems, Foster City, CA). The transcript levels of AR and NR4A1 

were quantified and normalized to standard curves obtained using 18S rRNA as an 

endogenous control. Primers were designed by Primer 3 software 

(http://frodo.wi.mit.edu/). Criteria for primer design included the following: 1) each 

primer should be 15-21 base pairs long; 2) G/C content between 20% and 70%; 3) Tm 

range of 58°C and 60°C; and 4) maximum of 1-2 G/Cs in the last 5 nucleotides at the 

3 énds. The sequence of each primer used for q-RT-PCR is listed in Table 6. 
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Table 5.  96-well PCR array layout. Wells A1 through G12 and H8 through H11 

contain primers for genes of nuclear receptors and coregulators .Wells H1 through H5 

contain primers for housekeeping genes. Well H6 contains a Genomic DNA Control 

(GDC) primer. Well H7 contains Reverse Transcription Controls (RTC). Well H12 

contains Positive PCR Controls (PPC). 

 

 

 

Table 6. The primer sequences used in q-RT-PCR. This table lists the primer sequence 

of 18S, NR4A1, AR and GAPDH used in q-RT-PCR. 
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Data analyses 

Web-Based PCR Array Data Analysis 

This integrated web-based software package for the PCR Array System (provided by 

SABiosciences) automatically performs all ΔΔCt-based fold-change calculations from the 

uploaded raw threshold cycle (Ct) data. Beta-2-microglobulin (B2M) and Ribosomal 

protein L13a (RPL13A) were used as housekeeping genes, since only these two genes 

exhibited relatively small Ct differences among each sample (Ct difference < 1.5). The 

Human Genomic DNA Control (HGDC) is used to assess DNA contamination. A 

genomic DNA control Ct value of less than 35 indicates the presence of a detectable 

amount of genomic DNA contamination that should be addressed. Data for each brain 

region was analyzed. The fold-change cut off used for this analysis was 1.3. 

Quantitative real-time polymerase chain reaction (q-RT-PCR) analysis 

To confirm the results of the focus array analyses, two quantitation methods were used 

for q-RT-PCR analysis. Absolute quantitation was first performed to validate the 

expression level of NR4A1 and AR. Basically, absolute quantitation is based on the 

standard curve which was prepared using 18S rRNA as an endogenous control. Then Ct 

values of the genes of interest were compared to the standard curve and concentrations 

for the test samples were extrapolated.  Fold-change was defined as the average quantity 

for autistic samples/average quantity for the age-matched controls.   Another quantitation 

method used is relative quantitation. In relative quantification, changes in gene 

expression within each sample are analyzed relative to changes in a housekeeping gene or 

set of genes. The fold-change between matched cases and controls is calculated as: fold-
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change = 2
-ΔΔCt

  where ΔΔCt = ΔCtcase – ΔCtcontrol, and ΔCt = Ct target gene – Ct housekeeping 

gene.   

Pavlidis Template Matching (PTM) Analysis 

MultiExperiment Viewer (MeV) microarray analysis software (Saeed et al.2003) was 

also used to identify differentially expressed genes across all individually age-matched 

cases and controls.  Specifically, the Pavlidis Template Matching module (Pavlidis and 

Noble, 2001) was used to select differentially expressed genes that matched a provided 

expression template.  A template was specified according to the disease status (e.g., the 

autistic samples are set to 1 and controls are set to 0). Absolute R (select expression 

patterns will be either positively or negatively correlated with the template) and threshold 

p-value ≤ 0.05 were used to identify differentially expressed genes. The data entered into 

MeV were fold-change for each sample normalized by the average Ct value of all 

controls. The data set was searched for matches to the template, based on the Pearson 

Correlation between the template and the fold-change of genes in the data set.  

 

 

 

 

 

 

 

 

 



19 

 

Chapter 3: Results 

PCR focused arrays 

Twelve RNA samples from both the cerebellum and cortex were selected for analyses 

using the focused PCR arrays.  The results of these analyses are shown in Tables 7 and 8. 

For each region, the average Ct value of all autistic samples were compared with the 

average Ct value of all controls and the fold-change cutoff was set at 1.3.  

 In the cerebellum, 20 genes are increased in the tissues from individuals with autism 

relative to controls (Table 7). NR2F2, 1NR4A1 and NR0B1 show the highest expression 

level in autistic subjects and the fold-change of these three genes are greater than 2. On 

the other hand, three genes, NR3C2, KAT2B and NR1H3, are reduced in autistic subjects. 

In the frontal cortex, the expression level of 38 genes is increased in autistic subjects 

(Table 8). However, no gene in the frontal cortex is significantly down-regulated in 

autistic subjects.  It is noted in comparing Tables 7 and 8 that 13 genes (NR2F2, NR4A1, 

NR0B1, AR, ESRRB, NCOR2, NR1D1, HDAC5, NR4A3, RARG, KAT5, RARA, and 

ESRRA) are over-expressed in autistic subjects compared with controls from both the 

cerebellum and frontal cortex , with the expression level of NR4A1 exceeding 2 in both 

tissues.   

When the PCR array data from both cerebellum and frontal cortex are combined, Web-

Based PCR Array Data Analysis of the combined cases vs. controls confirmed that these 

13 genes are the most up-regulated in autistic subjects related to controls (Table 9). As 

shown, NR4A1 is the most up-regulated gene with a fold-change of 2.78 relative to the 

combined controls. 
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Table 7. The Web-Based PCR Array Data Analysis results from cerebellum. Fold-

change is obtained by comparing the average Ct value of all autistic samples with the 

average Ct value of all controls. (A) Twenty genes are up-regulated in the cerebellum. 

The fold-change of the gene is shown from highest to lowest value. (B) Only three genes 

decrease in cerebellum. 
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Table 8. The Web-Based PCR Array Data Analysis results from the frontal cortex. 

Fold-change is obtained by comparing the average Ct value of all autistic samples with 

the average Ct value of all controls. 38 genes are up-regulated in autistic subjects. 
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Table 9 .The Web-Based PCR Array Data Analysis results from both cerebellum 

and frontal cortex. Fold-change is obtained by comparing the average Ct value of all 

autistic samples with the average Ct value of all controls from both cerebellum and front 

cortex. Thirteen genes, highlighted in yellow, are over-expressed in autistic subjects 

compared with controls from both the cerebellum and frontal cortex, with the expression 

level of NR4A1 exceeding 2 in both tissues.   
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 Identification of differentially expressed genes by PTM 

PTM was also used to identify the most significant differentially expressed genes 

between the autistic and control brain samples. The template was specified according to 

the disease status (autistic sample is 1 and control is 0).  

This method ranks genes by statistical score, permitting further analysis to focus on the 

most significant genes without the need of discriminatory classification (Pavlidis et al., 

2001). The selected threshold criteria for matching were absolute R and a p-value, of 0.05. 

The fold-change for each gene in each sample (both cases and controls) was obtained by 

comparing its Ct value from the focused array PCR analysis with the average Ct value of 

all controls.  Then the fold-change of each sample was uploaded into MeV for PTM 

analysis.  

The data were first analyzed for each region. As shown in Figure 3, only one gene, AR, is 

significantly up-regulated in the cerebellum of autistic subjects relative to controls. This 

gene also shows high expression level in Web-Based PCR Array Data Analysis in this 

same brain region with fold-change 1.82.  

In the frontal cortex (shown in Figure 4), NR1D1, NR5A1, NCOA3, NR1H3, MED16, 

RXRG, NR2F6, AR, and THRA exhibit high expression levels in autistic subjects. 

Interestingly, these genes are also over-expressed in Web-Based PCR Array Data 

Analysis in frontal cortex with fold-change cutoff 1.3. 
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 Figure 3. MeV-PTM analysis in cerebellum. The samples denoted by the magenta bar 

are from individuals with autism. The samples denoted by the turquoise bar are from age-

matched controls. A template was specified (autistic sample is 1 and control is 0). 

Absolute R and p-Value ≤ 0.05were used. 

 

Figure 4. MeV-PTM analysis for frontal cortex.  

 

Figure5. MeV-PTM analysis for combined data from both cerebellum and frontal 

cortex. 
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Combining the data from both cerebellum and frontal cortex, PTM analysis shows that 

the expression of AR and NR1D1 are increased (Figure 5). This result is also indicated by 

previous Web-Based PCR Array Data Analysis for the combined data.  

AR is the only gene which shows significantly high expression level in autistic subjects 

from both cerebellum and frontal cortex by PTM analysis. The expression profiles across 

individual samples also reveal the heterogeneity among cases as well as controls when 

normalized against the same standard (i.e., average Ct of controls).       

q-RT-PCR analysis 

The samples were paired according to the age of the patients (Tables 2 and 3). Absolute 

transcript quantitation was performed using 18S rRNA as endogenous control. q-RT-PCR 

was done to evaluate the expression of AR and NR4A1 in each brain region.  

As shown in Table 10, the expression of NR4A1 is increased among 5/8 pairs in 

cerebellum from PCR array analysis. In frontal cortex, PCR array analysis indicates that 

6/8 pairs exhibit high expression of NR4A1. The result from q-RT-PCR analysis shows 

that NR4A1 is up-regulated among all autistic subjects in cerebellum.  However, in the 

frontal cortex, NR4A1 is over-expressed only among 4/9 pairs.  Thus, only half of the 

paired samples from the cerebellum show consistent results with the PCR array. In frontal 

cortex, 6 pairs exhibit same direction of change as the PCR array analysis. 
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Table 10.  Fold change for NR4A1 expression from PCR array analysis and q-RT-

PCR analysis. The data highlighted in red is consistent with results from PCR array 

analysis. 
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Table 11 shows the expression level of AR for each matched pair. Seven out of eight 

pairs show high expression of AR in autistic subjects from cerebellum and all pairs show 

over-expression of AR in the frontal cortex by the PCR array analyses. In contrast, the 

expression level of AR is reduced in all pairs from frontal cortex, and 5/8 pairs from 

cerebellum by q-RT-PCR analysis. Thus, q-RT-PCR analysis was not consistent with the 

majority of results from the PCR array analysis.  We therefore decided to investigate 

whether the cause of this inconsistency might be due to the method selected for 

quantitation of transcript levels.  In order to determine if the inconsistent data between 

the PCR array analysis and q-RT-PCR analysis was due to the method of quantitation, we 

repeated the q-RT-PCR for relative quantitation using GAPDH as an endogenous control. 

The results of q-RT-PCR analyses show more consistent data with PCR array analyses 

using GAPDH as endogenous control (Table 12). 
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Table 11.  Fold change for AR expression from PCR array analysis and q-RT-PCR 

analysis. The data highlighted in red is consistent with results from PCR array analysis. 
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Table 12. Comparison of the fold-change of AR by PCR array analysis using 

GAPDH as endogenous control,  and that obtained by q-RT-PCR using 18S rRNA 

as an endogenous control for absolute quantitation, and fold-change determined by 

q-RT-PCR using GAPDH as an endogenous control for relative quantitation 
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Chapter 4: Discussion 

The rationale for this study was based on prior findings from our laboratory that 

demonstrated that RORA, a nuclear hormone receptor, was differentially expressed not 

only in LCLs from individuals with autism vs. controls, but also in the post-mortem 

cerebellum and frontal cortex of individuals with autism and age-matched controls 

(Nguyen et al., 2010; Sarachana et al., 2011).   This gene was found to be down-regulated 

by DHT acting upon AR, and up-regulated by estradiol acting upon the estrogen receptor.  

In addition, RORA was found to regulate aromatase, an enzyme that regulates the 

conversion of testosterone to estrogen.  Since the proteins for both RORA and aromatase 

were found to be reduced in the cerebellum and frontal cortex of individuals with autism 

relative to age-matched controls (Sarachana et al., 2011), these findings suggest a 

molecular explanation for the observed higher testosterone levels in some individuals 

with autism as well as a potential mechanism for introducing the male bias in autism.  

Subsequent studies have shown that, in addition to aromatase, RORA regulates a wide 

spectrum of target genes that in part explain some of the neuropathology of autism (T. 

Sarachana, unpublished data).  The transcriptional activity of RORA was further shown 

to be dependent on specific coregulator proteins (T. Sarachana, unpublished results) 

which had also been found to be differentially expressed in LCLs from autistic 

individuals and controls (Hu et al., 2009).  Because of the importance of nuclear 

receptors and coregulators in polygenic transcriptional regulation and the lack of 

information on the relative expression levels of this class of genes/proteins in the brain 

tissues of individuals with autism in comparison to the brain tissues of unaffected 

individuals, this study was designed to test the hypothesis that specific nuclear receptors 
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and/or coregulator genes are differentially expressed in the cerebellum and frontal cortex 

of individuals with autism relative to that of age-matched controls.   

Many nuclear receptors and coregulators appear to be differentially expressed in 

autism 

Focused PCR array analysis in cerebellum indicates that 20 nuclear receptor and 

coregulator genes are increased in the tissues from individuals with autism relative to 

controls. On the other hand, three genes are reduced in autistic subjects. In frontal cortex, 

the expression level of 38 genes is increased in autistic subjects.  It is noted that 13 genes 

(NR2F2, NR4A1, NR0B1, AR, ESRRB, NCOR2, NR1D1, HDAC5, NR4A3, RARG, 

KAT5, RARA, and ESRRA) are over- expressed in autistic subjects compared with 

controls from both the cerebellum and frontal cortex. Meanwhile,  PTM analysis shows 

AR is up- regulated in the cerebellum of autistic subjects relative to controls and  NR1D1, 

NR5A1, NCOA3, NR1H3, MED16, RXRG, NR2F6, AR, and THRA exhibit high 

expression levels in the frontal cortex of autistic subjects.  AR is the only one gene which 

shows significantly increased expression level (p ≤ 0.015) in the cerebellum and frontal 

cortex of autistic subjects.  

This result indicates that some nuclear receptors and coregulators are differentially 

expressed in autistic patients. Since nuclear receptors and coregulators regulate the 

expression of a number of target genes associated with metabolism, nervous system 

development and function, it is possible that dysregulated expression of the nuclear 

receptors and coregulators in autistic patients is one of the causes of global dysregulation 

of gene expression in ASD.  
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NR4A1 is the most up-regulated gene in both the cerebellum and frontal cortex of 

all autistic subjects in comparison to all controls 

Web-Based PCR Array Data Analysis indicates that NR4A1 is the most up-regulated 

gene in both cerebellum and frontal cortex of individuals with autism.  NR4A1 is a 

widely expressed orphan receptor of the steroid-thyroid hormone receptor superfamily 

which also consists of NR4A2 and NR4A3 (Davis et al., 2011).  Like other nuclear 

receptors, NR4A1 can function as a transcriptional regulator that binds to its DNA 

response elements either as monomer, homodimer, or heterodimer (Kurakula et al., 2011). 

The NR4A1 promoter contains consensus sites for multiple transcription factors and is 

induced by calcium, protein kinase C, mitogen-activated protein kinases and cAMP 

depending upon the cell type(Bondy,1991; Bourhis et al., 2009; Lam et al., 2010; Lam et 

al., 2009; Tian et al., 2010), while NR4A1 protein is subject to extensive post-

transcriptional regulation(Han et al., 2006; Katagiri et al., 2000; Bang et al., 2010). 

Studies show that the NR4A gene family is involved in inflammation, dopamine 

neurotransmission, metabolic disease, neuroadaptation, neuroplasticity, and glutamate 

neurotoxicity (Eells et al., 2012; McMorrow,2011; Pearen et al., 2010).The increase in 

NR4A1 with inflammation is particularly noteworthy since neuroglial activation and 

neuroinflammation have been reported in the brain tissues of individuals with autism 

(Vargas et al., 2005).  Interestingly NR4A orphan nuclear receptors also act as mediators 

of neuroprotection (Volakakis et al., 2010).  Volakakis’ study indicates that NR4A 

nuclear orphan receptors are induced after excitotoxic and oxidative stress in neurons, up-

regulate neuroprotective genes, and increase neuronal survival. Thus, NR4A1 is 

suggested as a novel candidate gene that is involved in many neurological processes that 
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are disrupted or implicated in autism.  Furthermore, its elevation in the brain tissues of 

individuals with autism may be a reflection of increased neuroinflammation and 

oxidative stress which have been documented in Vargas and Chauhan’s studies (Vargas 

et al., 2005; Chauhan et al., 2006). In recent years, metabolic disease has also been a 

major point of discussion with respect to autism since it leads to many of the same 

symptoms which are seen in autism as well (Schiff., et al 2011). Disruption of the 

glutathione system is linked to several neurodegenerative disorders (Dringen, 2000) and 

lower concentrations of total glutathione have been found in the plasma of autistic 

children (James et al., 2004). In addition, dysfunction of dopaminergic transmission, 

which can have profound effects on mood and behavior, is associated with various 

neuropsychiatric behavioral disorders including autism (Baskerville and Douglas, 2010). 

Several studies found significantly higher levels of glutamate among the individuals with 

autism (Shinohe et al., 2006; Moreno-Fuenmayor et al., 1996). These findings indicate 

that glutamate excess may lead to excitotoxicity, which is also associated with a number 

of neurodegenerative conditions, including Alzheimer disease, Parkinson disease, and 

abnormal neuronal development (Bittigau and Ikonomidou, 1997). 

AR is the most significant up-regulated gene in both cerebellum and frontal cortex 

of individuals with autism 

Pavlidis template matching analyses of fold-change values for age-matched brain tissues 

from cases and controls show that AR is one of the most significant differentially 

expressed genes that are up-regulated in autism. AR is a nuclear receptor that is activated 

by binding of the androgenic hormones testosterone or DHT in the cytoplasm before 

translocating into the nucleus. In the nucleus, AR binds to a specific sequence of DNA to 
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regulate eukaryotic gene expression and affects cellular proliferation and differentiation 

in target tissues. Its transcription factor activity is modulated by bound coactivator and 

corepressor proteins. Our previous studies indicate that RORA, a novel autism candidate 

gene, is a direct transcriptional target of AR (Sarachana et al., 2011). In turn, RORA 

regulates aromatase which is responsible for the conversion of testosterone to estrogen.  

Since RORA and aromatase protein expression were both shown to be decreased in the 

frontal cortex and cerebellum of individuals with autism, one could predict that 

testosterone levels would be elevated in the brains of individuals with aromatase 

deficiency. Since we have shown that expression of RORA is repressed by male sex 

hormones, aromatase deficiency, resulting in elevation of testosterone, would be expected 

to further decrease RORA expression (Sarachana et al., 2011).  In addition, one could 

postulate that elevated testosterone levels might also induce its receptor, AR. This study 

is the first to demonstrate an elevation of AR in the brain tissues of individuals with 

autism. 

Possible reason for inconsistent data showed in q-RT-PCR analysis 

Tables 10 and 11 show that results from the focused PCR array analyses and the q-RT-

PCR analyses were inconsistent. This inconsistency may be due to the different 

endogenous controls and different methods of determining differential expression that 

were used for the two analyses. In general, the sensitivity of q-RT-PCR analysis makes it 

a powerful tool for gene expression measurement, especially when sample quantities are 

limited or a transcript is expressed at a low level. However, this sensitivity also means 

that a great deal of care must be taken with regards to experimental design and 

implementation of the procedure. In any gene expression study, selection of a valid 
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endogenous control to correct for differences in RNA sampling is critical to avoid 

misinterpretation of results. The ideal endogenous control has a constant RNA 

transcription level under different experimental conditions and should be sufficiently 

abundant across different tissues and cell types. Unfortunately, 18S rRNA was used as 

endogenous control in our q-PT-PCR analysis without experimental validation. It is 

possible that 18S rRNA displays varying expression levels in different tissues and under 

different experimental conditions according to numerous studies (Radonic et al., 2004; 

Schmid et al., 2003). To test this hypothesis, I repeated the q-RT-PCR analysis using 

GAPDH as an endogenous control followed by relative quantitation using the Ct 

method. The results are shown in Table 12. Compared with results from q-PT-PCR using 

absolute quantitation against a standard curve of 18S rRNA expression levels, the 

expression levels of AR are more consistent with those obtained with the focused PCR 

array with GAPDH as an endogenous control.  It is therefore possible that the expression 

level of 18S rRNA may vary significantly between samples.  In summary, there is no 

universal control gene, and it is important to identify the most appropriate endogenous 

control for a particular cell type and experimental condition. 

Limitations of human brain tissues in autism research 

1.  Tissue availability 

This study is in part limited by sample availability. The Autism Tissue Program provided 

us with 13 frozen samples each from the cerebellum and frontal cortex of individuals 

with autism and from the closest age-matched controls.  After the verification of RNA 

quality, one sample from cerebellum was shown to be totally degraded via 1% denaturing 

agarose gel electrophoresis and therefore was not used. Therefore we just have 25 
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samples in total. Compared with conventional cell line studies, the sample numbers (i.e., 

biological replicates) in this gene expression profiling study are very small, which puts 

limits on obtaining statistical significance. 

2.  Phenotypic heterogeneity of individuals with autism 

Postmortem brain tissues are among the most valued samples used in autism research.  

However, since it is obtained typically after the unexpected death of the affected 

individual, there is relatively little phenotypic information available for subtyping the 

individual according to severity of symptoms or other relevant parameters.  As discussed 

earlier, identification of replicated and highly significant genetic variants in autism has 

been hampered by the phenotypic heterogeneity among the individuals with autism.  

Although we have demonstrated that cluster analyses of severity scores from the Autism 

Diagnostic Interview-Revised may be used to divide individuals with ASD into 

subgroups that have proved useful in identifying both subtype-dependent single 

nucleotide polymorphisms and differentially expressed genes, this behavioral phenotype 

data is typically not available for the individuals whose tissues have been donated to the 

Autism Tissue Program.  Thus, some of the variability in gene expression among the 

brain tissue samples, evident in the PTM analyses, may be due to phenotypic 

heterogeneity among the brain donors. 
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Further experiments 

Although the RT² Profiler PCR Array is a sensitive gene expression profiling real-time 

PCR-based technology for analyzing focused panels of genes, in order to get statistically 

meaningful data, assays should be done at least in triplicate. In our pilot study, each 

sample was evaluated with just one PCR array, which means that each gene is only tested 

once for each sample. Therefore error may exist in the PCR array results. It is necessary 

to do at least duplicate arrays to confirm the PCR array analysis. Also, as mentioned 

previously, the results from the q-RT- PCR are not persuasive, since the expression of 

endogenous control probably varied in different samples. To further confirm the PCR 

array analysis, it is essential to repeat q-RT-PCR using valid endogenous control and 

relative quantitation. 

 

 

 

 

 

 

 

 

 

 

 

 



38 

 

Chapter 5: Conclusion 

In this study, focused PCR array analysis was used to identify nuclear receptors and 

nuclear receptor coregulators which are differentially expressed in frozen postmortem 

brain tissue from cerebellum and frontal cortex derived from individuals with autism 

relative to that of age-matched controls. Interestingly, many nuclear receptors and 

coregulators were found to be differentially expressed between the combined case group 

and combined controls, suggesting the potential for massive deregulation of gene 

expression in the autistic brain.  The two most up-regulated or significant differentially 

expressed genes between autistic subjects vs. controls are NR4A1 and AR.  NR4A1 is a 

nuclear receptor that responds to stressors, such as inflammation and oxidative stress that 

are often associated with autism.  It is also associated with several autism-related 

neurological functions and dysfunctions, such as neuroplasticity and glutamate 

excitotoxicity.  AR, which is significantly up-regulated in both the cerebellum and frontal 

cortex, is of particular interest because of its involvement in the regulation of RORA, 

which we have previously identified as a functionally relevant autism candidate gene that 

in turn regulates an enzyme that controls tissue levels of testosterone.  Furthermore, the 

induction of AR by testosterone (both reported in the literature as well as observed in our 

unpublished studies) provides additional support for the involvement of dysregulated 

RORA and aromatase that is shown in the schematic diagram that summarizes our earlier 

studies (shown in Figure 6). These studies showed that RORA expression can be 

suppressed by male hormone DHT acting through the AR, and that one of RORA’s 

transcriptional targets is aromatase, an enzyme responsible for the conversion of 

testosterone to estrogen (Sarachana et al., 2011). The studies further showed that the 
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amount of aromatase and RORA protein were reduced in brain tissues from autistic 

donors, thus potentially leading to elevation of testosterone due to aromatase deficiency. 

The results of the present study are consistent with this model in that elevated 

testosterone may lead to the induction and observed increase in AR. 

 

Figure 6. A Model for Reciprocal Hormonal Effects on RORA. The schematic 

illustrates a mechanism through which the observed reduction in RORA in autistic brain 

may lead to increased testosterone levels through down-regulation of aromatase. Through 

AR, testosterone negatively modulates RORA, whereas estrogen up-regulates RORA 

through ER. (Sarachana et al., 2011) The present study shows that elevated testosterone 

may result in an increase of AR which further suppresses the expression of RORA. 
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