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What is autism? 

Autism spectrum disorders (ASD) are 
neurodevelopmental disorders that are 
characterized by core deficits in:  
• Reciprocal social interaction/communication 
• Restricted, repetitive stereotyped behavior 
 
    ASD:   Classic autism --- PDD-NOS --- Asperger’s  

DSM-5 



Autism is a significant public health problem 

Male-to-female ratio: >4:1 
Estimated lifetime costs (2006): 3.2 million/individual; 35 billion/yr 
nationally 
High heritability ⇒ strong genetics contribution, but…  



Learning Objectives 

• Describe how we used an integrative genomics approach to 
identify RORA (retinoic acid-related orphan receptor alpha) 
as a novel autism risk gene  
 

• Describe the regulation of RORA by male and female sex 
hormones and its relevance to male bias in autism 
 

• Understand the relevance of RORA deficiency to the 
pathobiology of autism 
 

• Understand the potential link between endocrine disrupting 
compounds (EDCs) and RORA as a potential environmental 
risk factor for autism 



What Causes Autism? 

Goals: 
•To identify genes and biological pathways 
or functions for targeted therapies 
•To identify diagnostic biomarkers of ASD 
•To develop a “systems level” 
understanding of the pathobiology of ASD 

Experimental strategy:  Reduce clinical 
heterogeneity by using scores on an  
autism diagnostic test (ADI-R) to 
subgroup individuals according to 
severity of behavioral symptoms 

Involve changes in DNA sequence 
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Major challenge:  

Heterogeneity 
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Autism Research 2:67-77, 2009;  
PLoS ONE 4(6):e5775, 2009  

Cluster analyses of 123 
scores from ADI-R clinical 
diagnostic screen reveal 4 

distinguishable phenotypes 
of individuals with ASD 

Phenotypic subgrouping 





Genome-wide gene expression analyses of lymphoblasts ⇒ 
Overlapping as well as unique differentially expressed genes 

are associated with each subgroup of ASD relative to controls 

Overlap of L and M 
Cell death 
Inflammation 
Embryonic development 
Synaptic transmission 
Neuronal migration 
Memory/learning 
Muscle tone 
Head size 

Cell death (large # genes) 
Painful response to normal 
       sensory stimuli 
Muscle rigidity 
Heightened sensitivity to 
       painful stimuli 
Epilepsy 
Circadian rhythm (15) 

Language 

Mild Savants 

Autism Res. 2(2):78-97, 2009 



Circadian rhythm “clock” genes in severe ASD group 
affect functions and disorders associated with ASD 

Autism Res. 2(2):78-97, 2009 



Functional analysis of circadian “clock” genes 

• Sleep-wake cycle 
• Memory 
• Learning 
• Cell proliferation 
• Steroid biosynthesis 
• Digestive disorders 
• Inflammation 
• Muscle dysfunction 
• Neuron toxicity 

• AA-NAT: controls melatonin 
biosynthesis ⇒ melatonin 
supplements? 

• DPYD: enzyme deficiency results in 
reduced beta-alanine, an 
inhibitory neurotransmitter;                         
- predisposes to epilepsy, mental 
retardation, motor retardation, 
and ASD ⇒ suggests possible use 
of beta-alanine supplements or 
anticonvulsant medications as first 
line of treatment 

• ⇒ Precision medicine 
 

Associated functions and 
disorders 

Novel target genes for 
subtype-specific treatment 



Diagnostic potential? 
Gene expression differences can separate autistic cases 

 and controls with up to 94% accuracy 

A – all groups; L – language; M – mild; S = savant 

Case-control % Accuracy   (# genes) % Sensitivity % Specificity
L vs C 93.3                   (29) 96.6 90.3
M vs C 94.5                   (26) 96.0 93.3
S vs C 94.0                   (18) 96.6 90.5
A vs C 81.8                   (74) 91.2 61.1

N A J Med Sci 6(3):107-116, 2013 



Normal 

Chemical mark 

Does not involve change in sequence 

Do epigenetic mechanisms 
contribute to gene 
dysregulation in autism? 



Experimental Strategy 

Differentially 
expressed genes 

Overlapping genes 

Confirm methylation and expression in lymphoblastoid cells 

Evaluate changes in protein level in brain tissues 

Functionally significant candidate genes 

Differentially 
methylated genes 

Pathway analysis 

Integration of genome-wide expression and methylation analyses of 
blood-derived cells from identical twins and sibling pairs, discordant for 
diagnosis of ASD 

Methylated DNA precipitated using 
methyl-cytosine binding proteins; 
Analyzed on CpG island microarrays 

Gene expression profiling on 
DNA microarrays 
BMC Genomics 7:118, 2006 



Overlap between 
differentially 
methylated and 
expressed ASD 
candidate genes 

Network analysis 
of candidate 
genes reveals 
functions relevant 
to ASD 
 
RORA and BCL2 
selected for further 
analysis. FASEB J. 24(8):3036-51, 2010 



Studies on a Rora-deficient mouse model (staggerer) reveal: 
• Rora protects brain against oxidative stress and inflammation. 
• Rora regulates circadian rhythm. 
• Loss of Rora leads to developmental defects in cerebellum and loss of 

Purkinje cells.  
• Rora-deficient mice are sexually dimorphic with respect to production 

of cerebellar neurosteroids and Purkinje cell survival during aging, with 
male mice being more severely affected. 

• Rora deficiency results in ataxia and hypotonia, as well as perseverative 
behavior and deficits in spatial and discrimination learning. 

  
Implications for ASD 
 Neuroinflammation and oxidative stress have been detected in the 

postmortem autistic brain. 
 Circadian rhythm genes are implicated in autism. 
 Purkinje cell deficiency is the earliest noticed and most consistent brain 

abnormality in ASD. 
 Males are more affected by ASD than females. 

Why is RORA relevant to autism? 



• Given the sexually dimorphic characteristics of Rora-
deficient mice, is RORA differentially regulated by 
male and female sex hormones? 

 
• Is RORA deficiency evident in brain tissues from 

individuals with ASD? 
 

• RORA is a nuclear hormone receptor which acts as a 
transcriptional regulator:  Which genes are 
transcriptional targets of RORA, and how do they 
relate to autism? 

RORA Regulators? Targets? 

Questions regarding RORA’s involvement in autism 



Estrogen effects 

Dihydrotestosterone effects 

RORA expression is oppositely regulated by male and 
female hormones in SH-SY5Y cells (a neuronal cell model) 

PLoS ONE, 6(2): e17116, 2011 



Control 

F; 2 

Autistic 

F; 4 

DAPI MAP2 

RORA and aromatase are both reduced in autistic brain 
So what? 

PLoS ONE, 6(2): e17116, 2011 

RORA Aromatase 

22 controls; 12  autistic; 40-50 neurons/subject 
Error bar = SE; * p-value<0.05 

Control 

Autistic 

Aromatase is strongly correlated with RORA. 

From confocal immunofluorescence analyses of 
tissue arrays containing samples from the frontal 
cortex of individuals with ASD and controls: 



Relevance of decrease in aromatase 

• The autistic male to female ratio is at least 4:1 
• “Extreme male brain theory”; Baron-Cohen et al. (2005) 

Elevated fetal 
testosterone 

Increased risk 
for autism 

However, there was no molecular explanation for higher 
testosterone levels or for the significant male bias in ASD 

Aromatase Estradiol Testosterone 

Decreased aromatase ⇒ higher testosterone 
X 



DHT 

RORA + - 

Aromatase Estradiol Testosterone 

Estradiol 

DNA 
Methylation 

Model explaining increased testosterone levels and  
why males may be more susceptible to ASD than females 



RORA is a “master regulator” of many autism risk genes 

RORA 

2544 potential target genes 
(highly enriched for autism candidate genes and functions: neurogenesis, synaptic 

transmission and plasticity, axonogenesis, cognition, learning, memory) 

Validated RORA targets (also reduced in ASD brain) 
A2BP1 

(RBFOX1) 
CYP19A1 
(aromatase) 

HSD17B10 ITPR1 NLGN1 
NTRK2 
(TRKB) 

Neurological 
functions/ 
disorders 

synaptic 
transmission, 

neuronal 
excitation, ataxia, 

developmental 
delay 

neurogenesis, 
synaptic plasticity, 
protects against 
oxidative stress, 
social cognition 

mitochondrial 
integrity, X-

linked mental 
retardation, 

language 
impairment 

synaptogenesis 
synaptic 

plasticity, 
dendritic 
contact,  

long-term 
depression 

adhesion, 
synaptic 

remodeling,  
neuritogenesis, 

repetitive 
behavior, spatial 

memory 

axon guidance, 
synaptogenesis, 

synaptic 
plasticity, mood 

disorder, learning 

Genome-wide target analysis (ChIP-chip) 

Functional knockdown and ChIP-qPCR analyses  

Molecular Autism 
   4:14, 2013 

An additional 500 more 
transcriptional targets were 
confirmed by RNAseq in 
stable shRORA-KD cells 
(unpublished data) 

Any mechanism that disrupts RORA 
expression, including environmental 
factors, may increase risk for ASD. 



RORA is oppositely regulated by male and female 
hormones in a manner that suggests involvement 
in the sex bias in autism. 
  
Endocrine disrupting chemicals (EDCs) are 
compounds that either mimic endogenous 
hormones or antagonize their actions, interfering 
with normal hormonal signaling. 

Is RORA a target for GxE interactions involving  
EDCs that may increase risk for ASD? 

Linking RORA deficiency to environmental factors 



Examples of EDCs 

• Atrazine – herbicides 
• Bisphenol A (BPA) – plastics, dental sealants, paper receipts 
• Phthalates – soft toys, flooring material, cosmetics, air 

fresheners 
• Polychlorinated biphenyls (PCBs) – coolants, lubricants 
• Polybrominated diphenyl ethers (PBDEs) – flame retardants, 

textiles 
• Valproic acid – drug for epilepsy, bipolar disorder, major 

depression 
Major concerns regarding EDC exposures: 
• Effects of cumulative exposures from persistent organic 

pollutants (POPs), e.g., PCBs and PBDEs 
• Epigenetic changes, particularly in germline cells, that may 

be propagated transgenerationally 



Atrazine 

• Common herbicide 
 
• EPA: a 90-day average of  
    37.5 ppb (175 nM) is currently accepted as 
    “safe” in community water systems 
 
• Easily absorbed by GI tract, lungs, or skin 
 
• Literature reports the effects of atrazine on sexual 

differentiation in wildlife 

U.S. Department of Health & Human Services, 2003 



Figure taken from : Winchester, Huskins, and Ying.  Agrichemicals in surface water 
and birth defects in the United States.  Acta Paediatrica (2009) 98:664  

The United States birth defect rates by month of LMP (or month of 
conception) versus atrazine concentrations. 

5.5 nM 



Results of gene expression profiling across entire genome of cells 
exposed to atrazine 

Overlap of differentially expressed genes induced by 0.1nM and 10nM 
atrazine and transcriptional targets of RORA 

Pathways affected: 
-Axon guidance 
-Glutamate 
 receptor signaling 
-Chemokine, notch, 
  and ephrin 
  receptor signaling 

Neuronal functions: 
-Development, 
 growth, morphology, 
 and guidance of 
 neurons 
-Neuritogenesis 
-Synaptic 
 development and 
 transmission 

RORA target genes: 
-Migration and cell 
 death of granule 
 cells in cerebellum 
-Formation of brain 
-Seizure disorder 
-Mental retardation 
-Movement disorders 



Summary and translational implications 
• Gene expression profiling associates biological deficits with specific ASD subtypes 

⇒ potential for targeted subtype-specific therapies 
 

• High accuracy of class prediction based on a limited number of genes ⇒ potential 
diagnostic biomarker screen for ASD 
 

• Involvement of potentially reversible epigenetic changes in ASD ⇒ additional 
therapeutic options 
 

• Integration of gene expression and epigenetics analyses reveals that:                         
- sex hormone-dependent regulation of RORA may contribute to the sex bias in 
ASD;                                                                                                                                            
- RORA is a “master regulator” of other genes, many of which are associated with 
functions and pathways implicated in ASD. 

 
• Dysregulation of RORA by low dose atrazine (as well as other EDCs) ⇒   an 

effective screen for environmental risk factors for ASD 
 

• Understanding the biology of autism will lead to more targeted and personalized 
therapies to correct specific deficits as well as identification of risk factors to aid 
in prevention of ASD. 
 

• See Youtube video at https://www.YouTube.com/watch?v=6sYRYzsS45Y 
 
• More information on Dr. Hu’s research at:  

http://www.gwumc.edu/smhs/facultydirectory/profile.cfm?empName=Valerie%2
0Hu&FacID=2046028605 
 

 

https://www.youtube.com/watch?v=6sYRYzsS45Y
https://www.youtube.com/watch?v=6sYRYzsS45Y
https://www.youtube.com/watch?v=6sYRYzsS45Y
http://www.gwumc.edu/smhs/facultydirectory/profile.cfm?empName=Valerie%20Hu&FacID=2046028605
http://www.gwumc.edu/smhs/facultydirectory/profile.cfm?empName=Valerie%20Hu&FacID=2046028605
http://www.gwumc.edu/smhs/facultydirectory/profile.cfm?empName=Valerie%20Hu&FacID=2046028605
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