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ABSTRACT OF THE DISSERTATION 

 

Imaging Genetics of MECP2 

 

by 

 

Alexander Holland Joyner 

Doctor of Philosophy in Biomedical Sciences 

University of California, San Diego, 2011 

Professor Nicholas J. Schork, Chair 

 

   The gene MECP2 is a profound mediator of both brain structure and disease.  

While it is known that MECP2 causes 90% of Rett Syndrome patients in women, its role 

in determining both brain structure in normal populations and in the etiology of autism in 

boys is largely unknown.  This dissertation focuses on the integration of genetic and brain 

imaging data, with mass-computing and statistics, to further understand the role that this 

crucial CNS gene plays on the outcome of human brain volume and morphology in 

humans.  The first study examined common variation in MECP2 derived from 

genotyping in an ethnically homogeneous population of 300 Norwegians in various 

disease states from the TOP study.  A highly significant association was detected, in 

males only, between variation in MECP2 and brain structure measures including cortical 

surface area and overall brain volume, along with subcortical structures.  The cortical 

surface area association replicated in an independent sample from the ADNI study, and 
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several specific cortical regions were significant in both studies.  This finding led to the 

next-generation deep sequencing of MECP2 in autistic boys, in the search for both exonic 

and regulatory mutations that may cause or modify autism.  A synonomous exonic 

variant and 9 3’UTR variants, undetected in controls, were discovered. Haplotype 

association combining data from AGRE, the Wellderly Study, and HapMap showed 

enrichment of a rare haplotype in autistics and a possibly protective haplotype enriched in 

controls.  Many novel single nucleotide and indel variants were discovered, some in 

putative functional elements.  The final study attempts to link genetic sequence data with 

brain imaging data, using construction of genetic variables for input into morphology 

analysis, and a sequence-based multivariate distance matrix regression method (MDMR) 

for in silico functional characterization of the many variants detected.  The rare enriched 

haplotype, possessed by nine autism patients, showed significant morphology differences, 

usually lateral to medial ingrowth, in the hippocampus, thalamus, cerebellum, and 

pallidum. The protective haplotype showed lateral hippocampal outgrowth.  Sequence-

based association picked up two potential functional indels in the promoter region that 

were associated with multiple brain measures.  It is the hope of this author that this work 

has contributed to an understanding of the etiology of autism, and provided a method to 

use next-generation sequencing data to uncover variants that affect any potential 

phenotype examined. 
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1.1 Basic Overview 

MECP2 is a complex and enigmatic gene whose functions are only now 

beginning to be understood.  MECP2 is an important mediator of epigenetic 

mechanisms (i.e., those that do not alter the actual DNA sequence), including DNA 

methylation and histone acetylation, although how it functions in this capacity is 

controversial and poorly understood.  Initially, MECP2 was thought to be solely a 

transcriptional repressor. However, current research suggests that it acts in a variety of 

ways depending on temporal and tissue context, and affects the expression of 

thousands of genes (1).  Although there is debate about its mechanism of action, there 

is no doubt that it is one of the most important factors in controlling the development 

and maturation of neurons, and is a major mediator of brain disease in humans.  

Homeostatic regulation of the expression of MECP2 is critical in maintaining normal 

CNS function.  MECP2 has a substantial impact on dendritic morphology, synaptic 

transmission, and synaptic plasticity.  Thus, given that MECP2 is one of the most 

complex regulatory structures in the human genome and its role in mediating the 

expression of thousands of genes in the human brain, it is becoming an extremely 

important gene for study in the field of neurogenetics.    

Mutations in MECP2 were originally discovered as a causative agent in female 

Rett Syndrome patients by Zoghbi and colleagues in a systematic screening of X-

chromosome genes (2).  Rett syndrome (RTT) is a debilitating neurodevelopmental 

disorder, existing almost exclusively in women, characterized by normal development 

up to the middle of the second year of age, at which time slowed head and brain 
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growth, loss of purposeful hand movements, gait abnormalities, compulsive hand 

movements, and cognitive regression usually leading to retardation are observed.  

Since its discovery, more than 200 different pathogenic MECP2 mutations have been 

identified in greater than three quarters of classic female Rett patients.  These 

mutations come in all varieties, including missense, nonsense, insertions, deletions, 

micro- and macro- duplications, and splice site variations located throughout the gene.  

Most of these are loss-of-function mutations that occur de novo; however, some RTT 

patients possess MECP2 duplications, suggesting that mutations causing loss-of-

function, as well as those resulting in overexpression, can result in similar phenotypes.  

MeCP2 mutations do not exclusively cause RTT, but may result in a wide range of 

neurodevelopmental disorders including Angelman syndrome (3), Prader-Willi 

syndrome (4), non-syndromic mental retardation(5), and forms of autism (6).  About 

10% of RTT cases are caused by mutation of CDKL5 and FOXG1, but have definitive 

characteristics such as seizures (CDKL5) and congenital onset (FOXG1). Mutations 

may have inconsistent phenotypic consequences, and may be ameliorated by the 

presence of modifier genes or X-chromosome inactivation.   

MECP2 plays a much less well understood role in the pathology of 

neurodevelopmental disorders in males.  To date, coding mutations have been found in 

15 boys with early postnatal encephalopathy, 9 of who have affected sisters (7).  This 

usually results in early death of the affected boy.  Duplications of varying length have 

been discovered in boys with severe mental retardation (MR) including autism-like 

symptoms (8).   
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After its discovery in 1999, the phenotypic similarities between autism and 

RTT led researchers to select MECP2 as a candidate gene for exon sequencing, using 

the limited technologies available at the time, all with negative results, leading to 

reduced interest in MECP2 as a candidate gene for autism.  More recent studies, 

including a focus on the 3‟UTR in sequencing studies, have found variants in autistic 

cases that have not been detected in controls.  A pair of studies examined MECP2 

expression in post-mortem brain samples and found expression defects in autistic 

patients (9, 10).  These discoveries raise the possibility that any involvement of 

MECP2 in autistic males may be the result of misregulation, rather than loss of 

function.  Females, with a two copies of the X-chromosome and hence a „backup‟ 

copy if deleterious mutations exist on one copy, may be more resistant to the 

consequences of non-synonomous mutations on one of their X-chromosome homologs 

than males.   

1.2 Organization of the Research Presentation 

In the second chapter of this work, the effects of common MECP2 variants and 

haplotypes on brain structure phenotypes in a genetically homogeneous population of 

Norwegians are examined.  This study showed that common variation in MECP2 

appears to have a gender-specific (i.e., predominantly in males) effect on brain 

structure, specifically in measurements of cortical surface area.  This finding was 

replicated in an independent second sample, thus strengthening the conclusions. The 

areas that are found to be significantly different in males between carriers of MECP2 

haplotypes correspond to regions affected in both RTT and autism.    These findings 
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led to the third chapter of this work, detailing efforts to detect both common and rare 

variants of MECP2 in 73 autistic boys using next-generation sequencing.  While SNP 

genotyping chips provide a wealth of information on a genome-wide basis, they 

cannot be used to examine detailed variations that might be rare or de novo at the gene 

level.  In this study, once variation was thoroughly catalogued in the MECP2 gene 

region via DNA sequencing, novel statistical methods were developed to connect 

MECP2 gene variation with deeply detailed phenotypic data from clinical instruments 

and brain imaging.  The fourth chapter describes an attempt to link brain imaging and 

genetic data derived in Chapter 3.  Before providing the results of these studies, 

however, I provide more detailed background information on the evolution of 

understanding about MECP2 and its role in human brain disease. 

1.3 MECP2 Structure and Function 

MECP2 is one of several proteins in a family of proteins that bind exclusively 

to methylated genomic sequences.  This methylation comes in the form of covalent 

binding to CpG dinucleotides and is used as an epigenetic marker by cells to alter gene 

expression without altering the DNA sequence.  This important facet of the genome 

allows for reversible, but still mitotically heritable, genome modifications.  Binding of 

MECP2 to these methylated islands is a mechanism for the genome to effectively read 

an epigenetic „blueprint‟ and convert the „instructions‟ in this blueprint into functional 

effects, specifically those that modify gene expression.   

MECP2 is an intrinsically disordered protein with at least 6 distinct domains.  

The name MECP2 comes from the first functional domain that was isolated from the 
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protein; the methyl CpG binding domain (MBD).  This domain, located between 

residues 78-163, was discovered by serial truncation of full-length MeCP2 and 

subsequent probing for methylated DNA binding preference(11).  The core of this 

domain appears as a wedge consisting of a 3 stranded anti-parallel B-sheet on the N-

terminal side adjacent to an alpha helix on the C-terminal side.  This domain is 

responsible for binding to methylated DNA, with the hydration status of the methyl 

group on the 5‟ carbon of cytosine stabilizing the interface.   

The transcription repression domain (TRD) is the second domain to be 

characterized in MECP2. In vitro transcription assays were used to show that residues 

205-310 were required for transcriptional silencing.  Several mechanisms for this 

activity have been proposed; however, the most convincing is the recruitment of 

corepressor mSin3A, which recruits histone deacetylases.  Post-translational 

modifications of the histone tails, indirectly caused by MECP2, results in changes to 

chromatin architecture, namely tighter winding of the chromatin coil, which appears to 

facilitate silencing.  MeCP2 also binds to transcriptional silencing factors N-Cor and 

c-Ski (12).  Two HMG-like domains are unstable and rapidly digest under trypsin 

treatment once released from the MBD domain, and an alpha and beta carboxy 

terminal domain (CTD) that are required for MECP2 mediated chromatin compaction. 

Early studies of the TRD provided the framework for MECP2 to be 

characterized as a methyl DNA-specific proximal gene silencer that recruits 

corepressors and histone deacetylases.  However this model has proven to be too 

simplistic, as many of the models that attempt to explain MECP2 mechanism turn out 
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to be.  The discovery of RTT-causing mutations in MECP2 led to a rapid increase in 

studies involving the gene, and major attempts to figure out its role as a global gene 

regulator were undertaken.  An important study (13) revealed that MECP2 can directly 

compact chromatin in the absence of DNA methylation, ATP, or the major corepressor 

mSin3A, indicating that it may be a repressor of a very general variety.  A study by 

Young et al (14) demonstrated that MECP2 is involved in mRNA splicing through 

interactions with the YB-1 protein, a component of messenger ribonucleoprotein 

particles that function as the main mRNA packaging protein.  In the presence of RNA 

(but only in the absence of RNase), YB-1 and MECP2 co-immunoprecipitate, and 

MECP2 thus affects the splicing of reporter minigenes. Interestingly an MBD domain 

was found not to be required for this interaction.  This same study also showed 

abnormal patterns of alternative splicing in a mouse model of RTT.  Together these 

observations suggest that MECP2 plays an important role in splice-site regulation and 

RNA binding.  Several studies followed that suggest other functions for MECP2, but it 

is now clearly understood that MECP2 is a complex multifunctional nuclear protein 

with diverse and possibly unrelated roles in global gene regulation. 

MECP2 exists in two isoforms (E1 and E2), generated by alternative splicing 

of exon 2 and producing proteins with different N-termini.  The E1 isoform N-

terminal segment is twice as long and acidic compared to the short and basic N-

terminal of the E2 isoform.  This is one likely source of the  multifunctionality of 

MECP2, especially given that the E1 isoform is found in much higher abundance in 

the brain, as opposed to the dominance of the E2 isoform in peripheral tissues.  The E1 
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isoform also contains an extended 3‟UTR of 10kb, as opposed to the E2 isoform 

3‟UTR which is 2kb, suggesting a finer level of regulation in neuronal tissues.  This 

would also make MECP2 a poor candidate for blood-based gene expression studies for 

the identification of biomarkers of disease.  MECP2 expression is finely tuned by the 

many microRNA (miRNA) that have binding domains in the long 3‟UTR of the E1 

isoform, and that this level of exact control is not required in peripheral tissues in 

which MECP2 is expressed far less specifically in both temporal and spatial domains.   

1.4 MECP2 As Activator and Repressor 

Recent work has convincingly challenged the notion that MECP2 is primarily a 

repressor of transcription and has elucidated its functions at a cellular level.  Yasui et 

al (15) performed a ChIP-chip analysis on 26.3 Mb of chromosomal loci that are either 

confirmed or suspected to be targets of MeCP2.  Chromatin from human neuronal 

cells from the SH-SY5Y line was used for MECP2 immunoprecipitation, using a high 

affinity antibody for the MECP2 C-terminus (which does not distinguish between the 

E1 and E2 isoforms).  Contrary to expected results, MeCP2 occupied many active 

promoters and bound mostly to intergenic, non-methylated sites.  Approximately 60% 

of these sites were located greater than 10kb away from either transcription start or 

end sites.  Intragenic binding sites were mostly intronic, in concordance with its 

putative role in pre-mRNA splicing.  Flying directly in the face of conventional 

thought, the majority (>~60%) of MECP2 bound promoters were actively expressed 

genes.  To assay which of the promoters had the highest methylation levels, genome-

wide promoter methylation analysis by methylated DNA immunoprecipitation 
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(MeDIP) was performed on 24k promoters, and only a small percentage of the 4000 

most highly methylated promoters (~2%) were bound by MeCP2.  A more recent 

study(1) confirms the role of MeCP2 as majority activator and minority repressor by 

examining its expression in mouse hypothalamus.  Using 4 MeCP2 null and 4 MeCP2 

transgenic overexpressing mice, they found ~2500 genes misregulated, with %85 

upregulated in the transgenic mice and the same number downregulated in the null 

mice.  A particularly interesting finding is that the majority of MeCP2 activated genes 

bound CREB1, while those repressed by MECP2 did not, suggesting an important role 

for CREB1 in determining the outcome of MECP2 binding in terms of whether or not 

it acts as an activator or repressor.   

1.5 Animal Models of RTT 

Rodent models of RTT have been crucial to understanding the phenotypic 

consequences of MeCP2 mutations or perturbations in its expression levels.  Even 

before it was identified as the primary cause of RTT, researchers were aware that 

MeCP2 was required for normal development in mice (16).  After the 1999 discovery 

of RTT causative mutations in MeCP2 in humans, these efforts were significantly 

increased.   Mice with constitutive deletion of MeCP2 developed normally for 3-8 

weeks, but severely regressed and had severe neurological phenotypes including 

hindlimb clasping, irregular breathing, and uncoordinated gait(16).  MeCP2 knockout 

mice also had smaller brains and more densely packed neurons with reduced 

arborization in the hippocampus, cortex, and cerebellum(17).  A conditional knockout 

mouse, using the Nestin-Cre transgene to specifically delete MeCP2 in only the brain 
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during embryonic development resulted in a similar phenotype as the general 

knockout, implicating neuronal dysfunction as the culprit.  Both of these knockout 

mice die between 6-12 weeks of age, limiting the information on the long-term impact 

of MeCP2 in the brain.  The period of normal development reinforces that MeCP2 has 

its main function in the mature neuron.   

More recent experiments involve incomplete deletion of MeCP2, including one 

that truncates the protein only at the C-terminus (18), and another that used calcium-

calmodulin-dependent protein kinase II to post-mitotically delete it in broad forebrain 

regions(19).  These mice exhibit similar, albeit less severe, phenotypes and live 

longer, making behavioral studies possible.  They show anxious behavior, deficits in 

motor learning and social interaction, and seizures.   

Mouse models of MeCP2 transgenic overexpression exhibit similar phenotypes 

to null models and RTT patients.  Luikenhuis et al. (20) overexpressed MeCP2 by 

placing its expression under the control of a neuron specific promoter for the Tau 

protein.  This increased expression in neurons by approximately 5 fold, and caused 

severe RTT-like phenotypes including ataxia, tremors, and failure to thrive.  Animals 

were runted, emaciated, did not mate, and developed additional problems such as 

cataracts and lesions.  Mice whose endogenous MeCP2 was ablated were rescued by 

the overexpressed inserted MeCP2 construct.   A 2004 study (21) used a large 

genomic clone containing the entire MeCP2 locus to express wild-type MeCP2 at 2-

fold endogenous levels, which is considered a mild overexpression.  At around 10 wg, 

these mice displayed some surprising phenotypes including enhanced motor and 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WGC-506J3S5-1&_user=1018416&_coverDate=05%2F31%2F2010&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000050428&_version=1&_urlVersion=0&_userid=1018416&md5=169f192131b13e896790db5a45a9b6f9&searchtype=a#bbib37
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contextual learning, as well as increased synaptic plasticity in the hippocampus.  

However after 20 wg, these mice developed RTT-like symptoms including seizures, 

gait ataxia, and hypoactivity, with 30% dying by year 1.  

Clearly, precise control over the expression of MeCP2 is necessary for normal 

CNS function, as both loss and overexpression of MeCP2 have severe neurological 

impacts.  This extends to the human disease model, whereby both loss-of-function 

mutations and MeCP2 duplications result in RTT, usually with very similar 

phenotypes.  Of possible clinical impact is that both abrupt and gradual restoration of 

MeCP2 levels in MeCP2 deficient mice can reverse neurological defects.  Abrupt 

restoration of MeCP2 before symptom onset resulted in the rescue of half of MeCP2 

mice, with the surviving half suffering no detectable symptoms (22).  The same study 

demonstrated that gradual recovery of MeCP2 levels reversed negative RTT-like 

symptoms and prolonged lifespan in all of the animals tested, including young mice 

with no symptoms, and adult mice with severe symptoms.  While gene therapy has 

proven to be problematic for a number of reasons, this reversal of symptoms shows 

promise for those patients suffering from MeCP2 loss of function mutations of the 

gene could be manipulated in these patients. Unfortunately, patients with MeCP2 

duplication would not benefit from restoration of MeCP2 levels.   

1.6 MECP2 in The Developing Neuron 

The multifunctional nature of MeCP2 would suggest that it may have different 

roles in different tissues, with an additional possible temporal component, in that it 

may or may not be expressed at different stages of cellular development.  Indeed this 



12 

 

appears to be the case in the developing neuron, which not only expresses a different 

isoform than in peripheral tissues but is only transiently expressed in the newly mature 

neuron.  RTT patients generally develop normally until symptom onset, at which point 

they experience a pronounced developmental regression.  The timing of symptom 

onset suggests that the functional role of MeCP2 occurs during postnatal development 

rather than during embryonic stages.  This has been confirmed by several experiments 

examining the expression of MeCP2 in both humans and rodents (23, 24).  MeCP2 is 

first detected in the spinal cord and brainstem of rodents around day E12.  The 

thalamus, caudate putamen, cerebellum, hypothalamus, and hippocampus begin to 

become immunoreactive to MeCP2 between day E14-16.  Expression in the cerebral 

cortex begins at day E14 as well. However, it is initially confined to the deeper 

cortical layers, spreading to the superficial layers by day E18. In humans, a pattern of 

similar expression is observed, with MECP2 immunoreactivity present at 10-14 weeks 

gestation (wg), with thalamus, caudate, substantia nigra, globus pallidus, and 

hippocampus following at around 19 wg, and appearing in cortex around 26 wg.  

Unlike mice, in which most MeCP2-expressing neurons stain positive by E18.5, in 

humans MeCP2 expression increased gradually after 26 wg to a maximum level at 

around 10 years of age.  The authors suggest that this reflected the prolonged state of 

developmental synaptic plasticity in humans in which neurons are not considered to be 

fully differentiated until this later stage.  If MeCP2 is the primary factor in 

determining whether or not a neuron is fully mature and capable of plasticity, it would 

make sense that its expression is delayed for a more prolonged period of time in 

humans, but that ultimately almost all neurons do express it.  It follows that 
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disruptions in either MeCP2 function or regulation might interfere with normal 

neuronal maturation, synaptogenesis, and ultimate morphology, with the abnormal 

development of the CNS a consequence.  

1.7 MECP2 and Dendritic Morphology 

MECP2 appears to be critical to the development of both axonal and dendritic 

processes of neurons in the CNS.  MECP2 null mice and RTT patients both show 

reductions in the number of these processes, lower levels of a neuronal cytoskeletal 

protein (MAP2) that provides the architecture for neuronal projections, and decreased 

spine densities.  Specifically, the CA1 and CA3 pyramidal neurons of the 

hippocampus in female RTT patient have lower dendritic spine densities than age- and 

gender-matched controls (25). Interestingly, glutamate receptor density is increased in 

young RTT patients compared to controls. This may reflect a homestatic 

compensation for the reduction in spine density, or it could be a trigger for pruning of 

dendritic spines. 

 In cell-culture, neurons overexpressing mutated MECP2 (R106W or T158M), 

show similar reduced dendritic spine density, but especially in mature dendritic spines, 

or those with mushroom and stubby types.  Overexpression of wild-type MECP2 also 

reduced spine density, but with a surprising effect of increasing dendritic complexity, 

again possibly a homeostatic response for the reduction in spine number.  Knockdown 

of endogenous MECP2 in neuronal cell culture resulted in reduced dendritic length 

and branching (25).   



14 

 

As previously discussed, mouse models with null and truncated version of the 

MECP2 protein recapitulate symptoms of RTT, but much deeper insight can be gained 

about symptom causes by examining cellular models.  However animal models 

provide further insight into RTT pathology.  MECP2-null mice exhibit lower dendritic 

spine densities in granule cells of the dentate gyrus and in pyramidal cells from 

hippocampal area CA1, and layers II-III of the motor cortex than control littermates, 

as expected.  Surprisingly, transgenic knock-in mice expressing a truncated form of 

MECP2 have dendritic, dendritic spine, and excitatory synapse morphology that is not 

significantly different from their wild-type counterparts, yet still display the RTT-like 

phenotype.  This indicates that the mere presence of MECP2, even in truncated form, 

may allow for appropriate neuronal cell morphology while still compromising the 

internal functioning of the neuron, suggesting that even within the same neuron 

MECP2 may have multiple functions that must all be coordinated with precision.  A 

reduction in the number of mature dendritic spines is likely to cause a positive 

feedback loop that may disrupt neuronal connections.  Since these mature spines are 

the post-synaptic compartment of excitatory synapses, a reduction in their number 

would likely cause a corresponding reduction in the strength of excitatory synapses, 

which may precede synapse pruning (26). 

It is unclear whether changes in dendritic morphology are a direct result of 

MECP2 disfunction or are a result of compensatory mechanisms whose purpose is to 

overcome the loss of MECP2.  A recent study examined both morphology and 

measures of synaptic plasticity in MeCP2-null mice with some striking findings.   
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1.8 MECP2 duplication syndrome in boys 

The discovery of MECP2 mutations as the primary cause of RTT led 

researchers to investigate copy number changes among children who manifested 

clinical symptoms of RTT but were MECP2 mutation negative.  Mouse models 

engineered to overexpress MECP2 predicted that a human gain-of-function disorder 

existed in males with a phenotype that included stereotyped and repetitive movements, 

epilepsy, spasticity, hypoactivity, and early death.   The first submicroscopic MECP2 

duplication was discovered in a girl with the preserved speech variant of RTT(27), 

followed closely by identification of a 430kb  complete duplication of MECP2 in a 

boy with severe mental retardation, hypotonia , lack of speech, and loss of meaningful 

hand use (28).  Since then, multiplex ligation-dependant probe amplification and 

clinical use of array comparative genomic hybridization (array CGH) have been used 

to detect over 100 subjects with MECP2 duplications of varying sizes.  These 

duplications have different break point locations and varying sizes, and are therefore 

considered non-recurrent events.   MECP2 duplication syndrome is %100 penetrant in 

affected males, and invariably causes a severe phenotype.  There has been little 

investigation into the presence of smaller-sized duplication events in males. The 

probes used for these studies are generally spaced widely apart in the search for large 

genomic events: in the studies referenced, only two probes in the entire MECP2 gene 

are utilized.  Copy number events that are smaller in size than the 200Kb-1.5Mb 

events that are targeted by these studies would be missed by these probes.   
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Recent research has exploited next-generation sequencing (NGS) to assess 

copy number in tumor and other samples (29).  Depth of coverage is an effective 

method to detect loss (no coverage) and gain (double coverage) events in the genome.  

As noted, the third chapter of this thesis uses base-pair inclusive NGS depth coverage 

to assess copy number of any size in the entire MECP2 region.  The hypothesis is that 

smaller genomic events, particularly duplications (as larger deletions are most likely 

intolerable) may be present in autistic patients with a less severe phenotype than that 

of classic MECP2 duplication syndrome patients.  For instance, MECP2 duplication 

syndrome patients often suffer from severe infections and immune disorders, possibly 

from tandem duplication of IRAK1 along with MECP2.  A smaller duplication 

existing in, say, only the MECP2 intron, may not affect the immune system of patients 

with such duplications, resulting in a less severe phenotype.  Thus, instead of entire 

gene duplication, duplication of discrete regions may result in a non-normal, but less 

severe, phenotype as well.  This could, in theory, be a significant cause of autism in 

boys that would not be detected by genome-wide association studies, because of its 

non-recurrent nature, i.e. it is normally a de novo, as opposed to an inherited, event.   
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2.1 Abstract 

The gene MECP2 is a well-known determinant of brain structure. Mutations in 

this gene cause microencephalopathy and are associated with several 

neurodevelopmental disorders that affect both brain morphology and cognition.  

Though mutations in MECP2 result in severe neurological phenotypes, the effect of 

common variation in this genetic region is unknown.  We find that common sequence 

variations in a region in and around MECP2 show association with structural brain 

size measures in two independent cohorts, a discovery sample from the Thematic 

Organized Psychosis (TOP) research group, and a replication sample from the 

Alzheimer‟s Disease Neuroimaging Initiative (ADNI).  The most statistically 

significant replicated association (p<.025 in both cohorts) involved the minor allele of 

single nucleotide polymorphism (SNP) rs2239464 with reduced cortical surface area, 

and the finding was specific to male gender in both populations. Variations in the 

MECP2 region associate with cortical surface area but not cortical thickness. 

Secondary analysis showed that this allele was also associated with reduced surface 

area in specific cortical regions (cuneus, fusiform gyrus, pars triangularis) in both 

populations.  

2.2 Introduction 

The link between genetics and brain structure is a complex and hotly debated 

area of research (1-3).  While rare mutations in several genes result in reduced brain 

size, common polymorphisms in these genes have shown little or no replicated 

association with brain structure measures (4, 5).  We examined the association of brain 

structure measures with variants in and around the gene MECP2, a gene chosen 
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because of its role as a determinant of both brain morphology in humans and mice (6-

9).  Located on Xq28, MECP2 encodes the methyl CpG binding protein 2, and 

mutations in this gene cause Rett syndrome (10), and are associated with other neuro-

developmental disorders including autism (11), mental retardation (12), and mild 

learning disabilities (13).  The association of common MECP2 polymorphisms with 

brain structure measures has not been investigated.  

Studies investigating the relationship between genetic variations and brain 

structure have suffered from the use of unrefined measures of brain structure, 

insufficient genetic coverage, small sample sizes, or the failure to assess sex-specific 

effects.  While easy to obtain, measures of head circumference are only rough 

estimates of brain size, and confer no information about discrete brain structures. 

Methods such as voxel-based morphometry can involve very high dimensional 

phenotypes, and usually require multiple comparison corrections that may reduce 

power to detect associations.  We took advantage of refined measures of brain 

structure and full genetic coverage of the entire relevant MECP2 gene region to assess 

associations between common genetic variants of MECP2 in two large populations: a 

genetically homogenous, Norwegian discovery sample of healthy controls and patients 

with psychotic disorders (Thematic Organized Psychosis Research (TOP)), and a more 

heterogenous, North American replication sample of healthy controls and patients with 

mild cognitive impairment, and Alzheimer‟s Disease (Alzheimer‟s Disease 

Neuroimaging Initiative (ADNI)).   
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Although expressed in all cells, MECP2 is developmentally regulated and 

exists in two transcripts of different length in neuronal cells (14).  The existence of a 

3‟UTR in transcripts from neuronal cells, but not other cell types, strongly suggests a 

more complex level of regulation and possibly a different function for MECP2 in 

neuronal cells.  MECP2 has classically been defined as a transcriptional repressor due 

to its binding to methylated CpG dinucleotides, resulting in tighter winding of the 

chromatin coil and reduced transcription.  Recent evidence suggests that MECP2 can 

act as a repressor or transcriptional activator depending on temporal and tissue context 

(15, 16).   

It has been shown that specific MECP2 mutations result in major alterations of 

brain structure in both mice and humans.  Murine Rett syndrome models exhibit a 

25% reduction in whole brain volume (17), and show significant reductions in cortical 

surface area and volume of subcortical structures when Mecp2 exon 3 is either 

partially or entirely deleted (6).  In humans, a classic symptom of Rett syndrome in 

females is head-growth deceleration (18), and severe MECP2 mutations in males 

result in neonatal progressive encephalopathy with disproportionate reduction in 

frontal and temporal lobes (8).  Both male (19) and female patients (20) with specific 

MECP2 mutations also exhibit reduced dendritic tree structure.  Variations in the 

MECP2 gene have also recently been shown to be associated with autism (11), a 

disease sharing many phenotypic similarities with Rett syndrome, and characterized 

by abnormal brain growth in infants at 6-12 months, and premature arrest of growth 

(21) .  
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These converging lines-of-evidence suggest that MECP2 may be a promising 

candidate gene for association studies with commonly-occurring brain structure 

variation.  While major disruptions of MECP2 function and/or regulation result in 

severe disease phenotypes, it is unclear what role more common variations play in 

mediating variation in brain morphology, as well as the brain morphology of patients 

with neurobehavioral, as opposed to severe neuro-developmental, defects. Here we 

show that a common haplotype and common polymorphisms in the MECP2 region are 

associated with several measures of structural brain size, as defined by whole-brain 

MRI segmentation procedures in two independent populations.  

2.3 Materials and Methods 

2.31 Subjects - TOP 

235 healthy controls and 501 subjects with severe mental disorders were 

included in the study.  There were 289 subjects with both successful MRI scans and 

genotyping, including 102 healthy control participants, 80 individuals with 

schizophrenia disorders, 70 individuals with affective disorders, and 37 individuals 

with severe psychotic disorders.  Supplementary Methods contains additional details 

on TOP subjects. 

2.32 Subjects – ADNI 

187 healthy controls, 322 subjects with mild cognitive impairment, and 146 

subjects with Alzheimer‟s disease were included in the study. The ADNI study 

participant general eligibility criteria are described in the ADNI Protocol Summary 

page of the ADNI-Info Web site at http://www.adni-
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info.org/index.php?option=com_content&task=view&id=9&Itemid=43. Briefly, 

subjects were 55–90 years old, did not suffer from major depression, had a modified 

Hachinski score of 4 or less, and had a study partner able to provide an independent 

evaluation of functioning.  Up-to-date information is available from the home page of 

the ADNI-Info Web site at http://www.adni-info.org. 

2.33 Genotyping 

For the TOP study, DNA was extracted from blood and genotyped by 

Expression Analysis, Durham, USA with the Affymetrix 6.0 array. To detect genetic 

stratification in the group of self-reported, ethnic-Norwegian TOP subjects, PCA was 

performed with the EIGENSOFT smartpca tool (42).  No evidence was found for 

multiple genetic clusters, so no subjects in the TOP study were removed.  ADNI 

samples were genotyped with the Illumina Human610-Quad BeadChip.  Smartpca was 

used to identify outlier ADNI subjects relative to a genetic cluster composed almost 

exclusively of subjects whose self-reported race was "White". The self-reported race 

for the majority of the 53 outliers was "Black/African American", and for the 

remainder was "White", "Asian", or "Other". ADNI outliers were not included in 

subsequent analyses.  Discrepancies between annotated and predicted gender were 

removed. (N=15 samples removed).  Samples with more than 10% missing calls were 

removed (N=27 samples removed).  MECP2 SNPs were defined by Liu and Francke 

(28) with a call rate of >95% and Minor Allele Frequency (MAF) of >0.05, resulting 

in 11 SNPs in TOP and 2 SNPs in ADNI.   

 

http://www.adni-info.org/
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2.34  Brain imaging protocol and morphometric parameters 

For the TOP study, MRI scans were performed with a 1.5T Siemens 

Magnetom Sonata scanner equipped with a standard head coil. Structural image 

acquisitions included a conventional 3-plane localizer and two T1-weighted volumes 

that were acquired with the same pulse sequence (TE = 3.8 ms, TR = 10.7 ms, TI = 

1000 ms, flip angle = 8◦, TD = 750 ms, bandwidth = 31.25 Hz/pixel, FOV = 24 cm, 

matrix = 192×192, slice thickness = 1.2mm) and subsequently averaged together to 

increase the signal to noise ratio. Acquisition parameters were optimized for increased 

gray/white matter image contrast. The imaging protocol was identical for all subjects 

studied. 

For the ADNI study, data were collected from studies with a variety of 1.5-T 

MR imaging units.  Protocols are described in detail on the ADNI Research Cores 

page of the LONI Web site at: 

http://www.loni.ucla.edu/ADNI/Research/Cores/index.shtml published in 2007.  Raw 

Digital Imaging and Communications in Medicine MR images were downloaded from 

the ADNI Data page of the public ADNI site at the LONI Web site 

(http://www.loni.ucla.edu/ADNI/Data/index.shtml) published in 2007. 
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2.35 MR image processing 

MRI scans from both studies (TOP and ADNI) were analyzed using identical 

procedures, with software developed at the UCSD MultiModal Imaging Laboratory, 

based on the freely available FreeSurfer software package (http://freesurfer-

software.org).  Please refer to Supplementary Methods for additional detail.   

2.36 Statistical procedures 

Genotype was modelled as minor allele SNP-dosage (homozygote of minor 

allele = 2, heterozygote = 1, homozygote of major allele = 0), and was separated into 

two regressor variables for SNP-dosage for male and females separately.  SNP-wise 

univariate General Linear Models (GLMs) were fitted with morphometry phenotypes 

as the dependent variables, genotype as the independent variable, with age, sex, and 

diagnosis categories (TOP: schizophrenia, bipolar disorder, and “other diagnoses”, 

ADNI: mild cognitive impairment, Alzheimer‟s) as covariates.  Non parametric p-

values for each SNP-phenotype regression were calculated from the nominal p-values 

estimated by the model, via permutation using 100,000 iterations. A more detailed 

description of the permutation method is available in Supplementary Methods. 

2.4 Results 

  Genotyping and brain imaging data were obtained for 289 healthy and 

psychotic subjects from the TOP study and 655 healthy and demented patients from 

the ADNI study.  In the male population, the minor allele of 5 out of the 11 SNPs 

tested in TOP were significantly associated (p< .05) with reduction in three out of four 

http://surfer.nmr.mgh.harvard.edufreesurfer-software.org/
http://surfer.nmr.mgh.harvard.edufreesurfer-software.org/
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brain regions of interest from our primary set of summary brain regions: intracranial 

volume (ICV), parenchymal volume (BV) volume, cortical surface area (CA) and 

mean cortical thickness (CT) (Table 1).  For the two MECP2-region SNPs that were 

assayed on both the TOP and ADNI genotyping platforms (see Methods), we find that 

the association with CA replicates in the completely independent ADNI study 

(rs2239464, p=0.021, one-tailed test).  There is no hemispheric preference of the effect 

in either cohort.  

Figure 1 depicts the LD structure of the MECP2 region and the association of 

each SNP with CA in the TOP cohort.   Statistically significant influences of disease, 

age, and sex on BV and CA were detected (Table S1), and were controlled for in our 

association analyses via a multiple regression model in both cohorts. A simple case-

control association analysis involving MECP2 SNPs and disease status was performed 

in PLINK (22), and neither individual MECP2 variants nor haplotypes were found to 

be associated with disease status.  We also did not detect any significant gene-by-

diagnosis or gene-by-age interactions on structural phenotypes via regression 

modeling.  With this in mind, we focused attention on the association between 

common variants and brain structure measures and not on disease status per se.   

  Continuous maps of relative cortical surface areal expansion were obtained by 

computing the area of each vertex in a standardized, spherical atlas space surface 

tessellation. This provides point-by-point estimates of the relative areal expansion or 

compression of each location in atlas space.   Association of genetic variants to 

cortical surface area could thus be assessed at each surface vertex.  A mapping of 
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cortical surface areal expansion in males is shown in Figure 2; this demonstrates the 

strength of the association (shown as log p-values) for different brain regions. Figure 

S2 depicts this mapping in females.  It is interesting to note that the association of the 

rs2239464 variant with reduced cortical surface area is not confined to discrete brain 

regions, but is distributed throughout the cortex, suggesting the wide-ranging and 

fundamental influence of MECP2 on cortical surface area.  While the association is 

widespread, there do appear to be regions of increased MECP2 association.  Based on 

mouse and human MECP2 mutation studies, we expected to see reductions in frontal 

and motor cortex size, and we do indeed observe this (6, 9, 12, 17).  Studies of females 

with Rett syndrome generally show occipital cortex preservation and dorsal-parietal 

cortical volume reduction (9), and we do not observe this. However, the effect of 

common polymorphism, rather than specific rare, highly deleterious mutations in these 

regions, is unknown.  Genetic association studies with cortical surface area as the 

phenotype of interest have not been pursued previously in humans.   

We then performed an exploratory analysis with relaxed multiple comparisons 

corrections on 66 surface area measurements of discrete cortical regions assessed by 

the imaging software suite FreeSurfer using the most significant SNP (rs2239464) 

common to both studies.  Out of 66 surface area measurements, 23 (35%) in TOP and 

18 (27%) in ADNI were significantly associated (p<.05) with variation at this SNP, 

with 8 common regions significant in both cohorts (Table 2). Using Fisher‟s combined 

p-value test statistic we found 17 regions were significant in both cohorts (Table 2).  

Interestingly, several of the regions exhibiting the most reduction with the minor allele 
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have shown involvement in autism.  The pars triangularis is a language related region 

affected in autistic patients(23).  MECP2 expression in the fusiform gyrus, and frontal 

cortex in general, is reduced in autistic patients(24).  The fusiform gyrus and cuneus 

show reduced functional connectivity in autistic patients (25).  Our findings are 

consistent with results from the MECP2 literature, and the replication of association 

with specific cortical regions in two cohorts is strong evidence of a real effect in these 

populations.   

Post-hoc ROI association analyses were pursued to examine subcortical, 

cerebellar, and white matter regions (Table S2).  Several regions that have been shown 

to be affected by MECP2 mutations in mouse models, or as potentially mediating 

Rett-like or autistic phenotypes in humans were associated with reduced volumes in 

subjects with the minor allele (amygdala (17), hippocampus (17), basal ganglia (17), 

cerebellum (6)).  For example, Mecp2 knockout mice show reductions in volumes of 

hippocampus (21%) and cerebellum (~10%).  Motor deficits common to autism and 

Rett syndrome suggest some involvement of basal ganglia and cerebellum (26).  Our 

observation that MECP2 variations are associated with both cortical and sub-cortical 

(albeit in the TOP study data only) brain structures further solidifies the global role of 

MECP2 in brain development. 

To further explore the relationship between MECP2 sequence variations and 

brain structure, we performed haplotype analysis using 2-5 SNP sliding windows 

across the MECP2 region (Figure S1). We used 100,000 permutations using the 

method implemented in the Haplo.Stats computer package to assess the statistical 
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significance of the associations (27).  Males and females were analyzed separately, as 

the proper model to investigate their effects together is unknown due to X-

chromosome inactivation.  Consistent with the single SNP analysis results, no female 

haplotypes were significantly associated with brain structure measures. In males, 

haplotypes exhibited similar effect sizes to the single SNP analyses, with the exception 

of the two-marker haplotype comprised of the first two SNPs in the region 

(permutation p-value = .0002 in TOP) indicating that either there exists a combined 

cis-acting effect of the alleles at this locus, or there is an additional variant in linkage 

disequilibrium with the SNPs used to construct the haplotype.  Interestingly, this 

haplotype contains SNPs in the gene TMEM187, approximately 40kb downstream of 

MECP2.  This is a site of predicted MECP2 enhancer activity as determined 

experimentally by Liu and Francke (28).  While a direct involvement of TMEM187 

cannot be ruled out, there is no previously reported role of TMEM187 in determining 

brain structure.  The two main haplotypes at this locus exist at frequencies of 83% and 

16%, with the minor haplotype exhibiting association with reduced brain-structure size 

in males.   

Since brain structure is likely to be under selection pressure, we looked for 

evidence of positive selection in this genetic region.  Allele frequencies for SNPs in 

this region are largely different between the HapMap populations(29).  In fact, the 

minor allele in Caucasians is actually the major allele in both Han Chinese (~%80) 

and Yoruban populations (~%60).  While this is suggestive of selection, the Haplotter 

website (30), which uses data from Hapmap populations to estimate FST, shows no 
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evidence for positive selection in this region.  A haplotype-based test, the linkage-

disequilibrium decay test, did not identify MECP2 as a gene under selection pressure 

(31). 

2.5 Discussion 

Strikingly, no MECP2 SNPs were found to be associated with any brain 

structure measures in the female population.   Under an additive model, we would 

expect the dose effect to be approximately half of that for females, due to X-

inactivation in females.   We observe the slope derived from a regression of CA on 

genotype in females to be less than half the slope in males, suggesting some sort of 

compensatory affect by which the single activated female allele is robust to MECP2 

sequence variations that might otherwise influence cortical surface area.  The biology 

of this effect is unknown, but skewed X-chromosome inactivation or hormonal effects 

may be involved.   

Early autism studies that screened exonic regions of MECP2 failed to find 

causative mutations (32, 33).  More recent studies have identified mutations in 

MECP2 regulatory regions in autistic boys (13, 34), rather than protein coding 

mutations found in female Rett syndrome patients.  These results may be explained on 

the basis of the extra (inactive) copy of the X chromosome providing redundancy or 

buffering to severe protein-coding mutations in females.  Thus, the specific MECP2 

protein coding mutations in males, in the absence of the buffering effects of an extra X 

chromosome, may be either lethal in the embryo or cause severe abnormalities at birth.  

In this light, mutations in regulatory regions may be tolerable to the brain of the 
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developing male but induce phenotypic variations.  Studies in rat brain have shown 

significantly less Mecp2 mRNA and protein expression in the amygdala of male rat 

brain during the steroid-sensitive period of brain development (35).  Ultimately, there 

is ample evidence suggesting that regulation of MECP2 is different between genders, 

consistent with our observations of the differential influence of MECP2 variations on 

brain structure in males and females. 

Interestingly, our results suggest that MECP2 DNA sequence variations are 

associated with cortical surface area, but not thickness.  Cortical volume and area have 

been shown to be significantly reduced in Mecp2 mutant mice (6), although thickness 

was not measured in these studies and could not be tested.  Recent evidence points to 

independent cellular determinants of cortical thickness and area, namely intermediate 

(IPC) and radial (RPC) progenitor cells (36).  Mouse mutations of the genes Pax6, 

Lrp6, and Ngn1/2 modify IPC abundance and result in parallel changes in cortical 

thickness, but not area.   In humans, homozygous mutations in PAX6 (37) or TBR2 

(38) result in disproportionate reductions of cortical thickness relative to surface area.  

On the other hand, promotion of RPC proliferation in mice by transgenic expression of 

B-catenin (39) or caspase-9 (40) knockout results in expansion of cortical surface area 

and gyral folding, but has no apparent effect on thickness.  While MECP2 activity is 

usually associated with the newly mature neuron, neuronal precursors do stain for 

MECP2 (41).  The role of MECP2 in RPC proliferation is worthy of examination in 

light of our finding that MECP2 variants associate with cortical surface area, but not 

thickness. 
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Microencephalopathy patients with head-growth deceleration show largely N-

terminal MECP2 mutations (18).  While we show common polymorphism association 

in the C-terminal region and more downstream regions, these findings are not 

mutually exclusive, as C-terminal, 3‟UTR, or downstream variations may be better 

tolerated than N-terminal mutations, which likely cause severe developmental brain 

undergrowth.  Although our results indicate associations primarily with variations in 

the downstream region of MECP2, the high linkage disequilibrium (LD) prevents us 

from further distinguishing whether intronic, exonic, or 3‟UTR, IRAK1 or TMEM187 

variants are driving the association.  Furthermore, the entire 150kb region contains 

many experimentally verified regulatory elements (28) (enhancers, silencers) that 

control MECP2 expression. 

Effect sizes in the ADNI cohort are generally smaller than those observed in 

the TOP cohort.  This may be due to the inclusion of several subjects of Southern 

European descent in the ADNI study.  These subjects may possess slightly different 

linkage structures than the Northern Europeans, which may work to reduce the effect 

size of SNPs that are farther from the actual functional variant. The inclusion of 

subjects with dementia, and therefore more pronounced brain degeneration, may act to 

cloud the signal as well. 

In summary, we find that there is a cluster of linked polymorphisms in a region 

associated with brain structure phenotypes, and that MECP2 is one of the candidate 

genes within this region.   Other genes in this linkage block (IRAK1, TMEM187) have 

no known influence on brain structure.  The minor haplotype, existing in 
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approximately 15% of the Norwegian and North American study populations, is 

strongly associated with reduced cortical surface area, but not cortical thickness, in 

males.  It appears that females may be more robust to the effect of common genetic 

variations in this region.  While our results suggest an association between common 

variants in and around MECP2 and brain size measures, MECP2 is a massive 

transcriptional hub, and there are likely subcomponents of this network that are 

responsible for individual variance in distinct brain regions. Recent work (15) suggests 

that thousands of genes are activated or repressed by MECP2.  Dissection of the 

MECP2 network is likely to yield fundamental insights into brain development in both 

normal and disease cohorts. 
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Figure 2.1.  Linkage disequilibrium map and –log of permuted and multiple 

comparison-corrected p-values for SNP dose vs. CA of MECP2 “expression 

module”(28) using data from 289 subjects from the TOP cohort. 
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Figure 2.2.  Association of MECP2 SNP rs2239464 with cortical surface area in 

males in the TOP cohort. Top: Lateral views. Bottom: Mesial views. Red to yellow 

indicates cortical surface area reduction with minor allele.  Scale reflects –log of the 

nominal association p-value. 
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2.7 Supplementary Figures and Tables 

Table 2.3. Effect size estimates and p-values for model covariates including age, 

gender, and disease status.  These covariates were controlled for in our multiple 

regression model in both TOP and ADNI cohorts. 

 

Table 2.4 - Signifigance levels of rs2239464 by brain structure linear regression 

for subcortical, cerebellar, and white matter measures in males in TOP. 

9 subcortical regions associate with reduced surface area with SNP rs2239464.    

Simulated p-values are based on a two-tailed, 100k permutation based-test, 

uncorrected for multiple comparisons in this exploratory analysis. No significant 

associations were detected in females.  No significant associations were detected for 

these brain structures measures in the ADNI cohort. 
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Figure 2.3.  Sliding window haplotype analysis of MECP2 region shows association 

of haplotypes with the C-terminal MECP2 region regardless of window size. Analysis 

was performed with 100,000 permutations in Haplo.Stats. 
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Figure 2.4.  Association of MECP2 SNP rs2239464 with cortical surface area in 

females in the TOP cohort. Top: Lateral views. Left: Mesial views. Red to yellow 

indicates cortical surface area reduction with minor allele. Scale reflects –log of the 

nominal association p-value. No significant effects were detected in females. 

 

2.75 Supplementary Methods 

2.76 TOP Subjects 

Participants were recruited continuously from psychiatric units (out-patient and 

in-patient) in four major hospitals in Oslo, Norway. Clinical assessment was carried 

out by trained psychiatrists and clinical psychologists. Diagnosis was based on the 

Structured Clinical Interview for DSM-IV Axis I disorders (SCID-I).  Diagnostic 
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reliability was found satisfactory, with overall agreement for DSM-IV diagnostic 

categories of 82 % with a kappa statistic  = 0.77 (95% CI: 0.60-0.94). We used 

information from follow-up visits to secure correct diagnoses. The healthy control 

participants were randomly selected from national statistical records from the same 

catchment area and contacted by letter inviting them to participate. The study is a part 

of a much larger Thematic Organized Psychosis (TOP) Research initiative and was 

approved by the Regional Committee for Medical Research Ethics, the Norwegian 

Data Inspectorate, and Health Authority.  All participants gave written informed 

consent. 

Exclusion criteria for all groups were: hospitalized head injury, neurological 

disorder, mental retardation (IQ below 70) and age outside the age range of 18 - 60 

years. The healthy control sample was screened with the Primary Care Evaluation of 

Mental Disorders (PRIME-MD) (1), and excluded subjects with any close relatives 

with a lifetime history of a severe psychiatric disorder (schizophrenia, bipolar disorder 

and major depression), any medical condition known to interfere with brain function 

(including hypothyroidism, uncontrolled hypertension and diabetes), or substance 

abuse or dependency in the last three months. About 90% of patients and about 86% 

of controls were ethnically Norwegian, i.e. the patient and both parents were born in 

Norway, while the rest had one parent born in another North-western European 

country. 

 

2.77 ADNI Study 
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ADNI was launched in 2003 by the National Institute on Aging, the National 

Institute of Biomedical Imaging and Bioengineering, the Food and Drug 

Administration, private pharmaceutical companies, and nonprofit organizations as a 

$60-million 5-year public-private partnership. Data used in this article were obtained 

from the home page of the Alzheimer‟s Disease Neuroimaging Initiative (ADNI) 

database at the LONI Web site (http://www.loni.ucla.edu/ADNI) published in 2007. 

The principal investigator of this initiative is Michael W. Weiner, MD, VA Medical 

Center and University of California, San Francisco, San Francisco, Calif. The ADNI is 

the result of efforts of many co-investigators from a broad range of academic 

institutions and private corporations, and subjects have been recruited from more than 

50 sites across the United States and Canada. The ADNI has recruited 229 cognitively 

healthy older individuals to be followed up for 3 years, 398 people with amnestic MCI 

to be followed up for 3 years, and 192 people with early AD to be followed up for 2 

years. Up to-date information is available from the home page of the ADNI-Info Web 

site at http://www.adni-info.org for 2009.The ADNI project and sample are described 

in McEvoy et al (2). 

2.78 MR image processing 

All scans were first corrected for scanner- and site specific spatial distortions, 

based on information provided for each system by the scanner manufacturers. The two 

3D T1-weigted scans were then rigid body registered to each other (motion corrected) 

and subsequently averaged together to increase the signal to noise ratio. Next, 

subcortical and cortical segmentation were performed for each subject(3), The Brain 

http://www.loni.ucla.edu/ADNI
http://www.adni-info.org/
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Volume measure was calculated as the sum of the volumes for all cortical and 

subcortical gray- and white matter ROIs.  

Cortical thickness measures were obtained by calculating the distance between 

those surfaces at numerous points (vertices) across the cortical mantle (4).  Continuous 

maps of cortical surface area were obtained by computing the area of each triangle of a 

standardized tessellation, mapped to each subject‟s native space using a spherical atlas 

registration procedure (3). This provides point-by-point estimates of the relative areal 

expansion or compression of each location in atlas space. Cortical maps were 

smoothed with a full-width-half-maximum Gaussian kernel of 30 mm and mapped 

into a standardized spherical atlas space, using a non-rigid high-dimensional spherical 

averaging method to align cortical folding patterns (3). This procedure provides 

accurate matching of morphologically homologous cortical locations across subjects 

on the basis of each individual's anatomy while minimizing metric distortion. The 

maps produced are not restricted to the voxel resolution of the original images and are 

thus capable of detecting submillimeter differences between groups (4). 

2.79 Statistical Procedures 

Specifically, composite genotypes were permuted among the male subjects and 

similarly for females, such that gene-wide LD structure was preserved in each 

permutation. For each SNP-phenotype regression, the nominal p-value was converted 

to a non-parametric (empirical) p-value based on the proportion of the 100,000 

permutation p-values smaller than the nominal value. Each empirical p-value was also 

corrected to control the familywise error rate stemming from multiple comparisons. 
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For a given phenotype, the distribution of the minimum gene-wide, empirical p-value 

under the null hypothesis of no associations (min-p) was estimated by applying the 

above conversion procedure to permutation p-values for each SNP tested, and saving 

the min-p across SNPs per permutation. Then the corrected, empirical p-value for a 

SNP-phenotype regression was computed as the proportion of these min-p‟s smaller 

than the empirical p-value. These procedures are explained in more depth in (5). 
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3.1 Abstract 

While the gene MECP2 has classically been linked to Rett Syndrome, a 

neuropsychiatric disorder primarily occurring in females, it is becoming increasingly 

clear that MECP2 plays a role in the etiology of autism and closely related 

developmental learning disorders in young males.  However, past MECP2 sequencing 

studies have failed to find etioliogically obvious exonic mutations in autistic boys. A 

more recent study has identified several novel 3‟UTR variants that were not detected 

in controls, and another study identifying a potentially causal splice site variant.  

Regulation of MECP2 expression has been shown not only to occur in the promoter 

and 3‟UTR, but in flanking enhancers and silencers as well.  The potential exists that 

autism spectrum-causing mutations exist in regulatory elements of MECP2.  This pilot 

study attempted base-pair inclusive sequencing of MECP2 to detect both common and 

novel variants that may be enriched in males with an autism spectrum disorder (ASD).  

Next-generation, paired-end sequencing using the Illumina GA2 was employed to 

thoroughly catalog variation at each base-pair in the entire 163 kb MECP2 region 

including exons, introns, promoter, 3‟UTR and distal regulatory elements, in 73 male 

cases of autism and PDD-NOS (pervasive developmental disorder) and 70 pooled 

male controls.  To increase the power of association analyses between common single 

nucleotide variants (SNVs) and case/control status from our sequencing study, we 

combined our sequencing results with data from the Autism Genetic Resource 

Exchange (AGRE, see Acknowledgements), HapMap, and a unique healthy aging 
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cohort (the „Wellderly‟) samples. For comparison of both common and rare indel 

events, data from the 1000 Genomes Project was used as control data.  Detailed 

phenotypic assessment on clinical and brain imaging data was obtained.  We found 

that the frequency of common SNPs (rs6571303: p=0.011) and a common MECP2 

haplotype (p=.001) is significantly different in cases versus controls.  Additionally, 7 

novel 3‟UTR variants (5 SNV, 2 indel), a previously discovered exonic synonomous 

variant, and many novel single nucleotide variants and indels were discovered in the 

intronic and intergenic regions that did not exist in multiple control datasets.  A 

sliding-window, sequence-based association method was developed to examine 

potential consequences of combinations of variants on multiple clinical and brain-

imaging phenotypes. We find significant association results from these analyses that 

are consistent with prior studies of MECP2 and ASD phenotypes. 

3.2 Introduction 

Autism is a highly debilitating neurodevelopmental disorder with no known 

cause or cure, and an incidence rate that is increasing rapidly(1).  The gene MECP2 is 

classically linked to Rett Syndrome, the most physically disabling of the autism 

spectrum disorders (ASDs), but a disorder that exists almost exclusively in girls 

(except for rare cases of boys with Klinefelter syndrome or somatic mosaicism(2)).  

As discussed in Chapter 1 of this thesis, MECP2 binds to methylated CpG islands and 

has wide-ranging and controversial transcriptional control of neuronal genes, 

exhibiting roles as both an activator and repressor (3).  MeCP2 knockout mice of all 

types show severe neurological phenotypes and Rett-like symptoms. MeCP2 plays a 
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role in dendritic morphology, synaptic plasticity, and brain morphology.  Coding 

mutations of MECP2 in males causes severe mental retardation, infantile 

encephalopathy, and early death (2).  The deleterious phenotypic consequences of 

multiple coding mutations in males makes sense in light of the haploid nature of males 

at the X-chromosome.   The effect of coding mutations or even deleterious common 

variations in females may be ameliorated by skewed activation of their extra X-

chromosome (4).  Regardless, MECP2 has previously been targeted as a candidate 

gene for sequencing studies in male autistic populations (5, 6).   

 Early sequencing studies of MECP2, however, were limited by the available 

technology and focused on exonic, and 3‟UTR sequence. While coding mutations 

have not been found in autistics, several interesting 3‟UTR variants have been 

detected in autistics and not in 130 controls that possibly modify MECP2 expression 

(7).  This raises the possibility that the involvement of MECP2 in male disease is 

likely to be primarily regulatory, rather than as a loss of function (protein coding) 

effect.  Indeed, expression defects appear to be common in autistic male and female 

Rett patients (8, 9).  A recent study points to the importance of flanking, intronic, and 

3‟UTR regulatory enhancer and silencer regions in the control of MECP2 expression, 

particularly in neuronal cells (10).  New data from the ENCODE project (11) has 

shown that cDNA transcripts are present far upstream of the promoter, but only in 

brain.  Importantly, large deletions (1.5 – 50kb) including exons have been detected 

near the 3‟ end of the transcript in female Rett patients, raising the possibility of large 

intronic deletions present in males with a less severe physical phenotype, and most 



58 

 

   

   
 

likely not including exons.  MECP2 duplication syndrome is a rare disorder in males 

that involves duplication of between 0.3-4 Mb on Xq28 generally encompassing 

MECP2 and possibly many genes.  This syndrome is marked by mental retardation in 

%100 of patients possessing the duplication, autism-like symptoms, hypotonia, severe 

motor defecits, progressive spasticity, and RTT-like behaviors (stereotyped hand 

movements, developmental regression).  The existence of this syndrome proves the 

role of MECP2 regulation in diseased males.   

If MECP2 is involved in autism, then one might expect the recent spate of 

genome-wide association studies (GWAS) to have more clearly implicated it as a 

candidate gene.  The very nature of GWAS studies may mask the MECP2 signal, as 

the huge sample sizes may be required to overcome the large genetic heterogeneity of 

ASDs.  Specifically, the inclusion of females and late-onset cases may introduce 

enough noise to make MECP2 non-significant at the genome-wide level. In spite of 

the failure to detect MECP2 in GWAS, recent evidence suggests that specific 

haplotypes of MECP2 are transmitted differentially from parents to affected offspring 

(12), and symptoms of autism have been shown to be commonplace in boys with 

MECP2 duplication syndrome (13).  Further, de novo mutations cannot be detected by 

conventional genotyping SNP chips, but rather require direct sequencing to uncover. 

This study attempts a thorough catalog of variants in the entire MECP2 region, 

including flanking and internal regulatory sequences, in a population of autistic and 

PDD-NOS cases and normal controls. 
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3.3 Methods 

3.31 Study Participants 

Subjects were obtained from  two different sources: general community 

referral (e.g., website or outside agency) and a general population-based screening 

method called the 1-Year Well-Baby Check-Up Approach (14).  Using this method, 

toddlers at-risk for an autism spectrum disorder (ASD), language delay (LD) and 

developmental delay (DD) as young as 12-months were identified with a broadband 

screening instrument, the CSBS-DP-IT Checklist (15, 16), and were recruited and 

tracked every 6 months until their 3
rd

 birthday.  This method thus allowed for the 

prospective study of autism beginning at 12 months. All toddlers participated in a 

series of tests across multiple 2-hour sessions that included the Autism Diagnostic 

Observation Schedule-Toddler Module (ADOS-T), which has been recently validated 

for use with infants as young as 12-months (17), as well as the Mullen Scales of Early 

Learning (18).  Parents were  also interviewed with the Vineland Adaptive Behavior 

Scales (19).  Toddlers participated in additional behavioral (e.g., examinations of play 

behavior) and biological (e.g., MRI, DNA) tests as part of a larger study.  For more 

information see www.autismsandiego.org.  Subject characteristics may be found in 

Table 1.  All standardized assessments were administered by two highly experienced 

Ph.D.-level psychologists with over 10 years combined experience in the field of 

http://www.autismsandiego.org/
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autism.  Additionally, both were trained at workshops at the University of Michigan to 

specifically administer the ADOS-T.  This study was approved by the UCSD Human 

Subjects Research Protection Program.  Legal guardians of all participants provided 

written informed consent. 

Table 3.1. Subject Characteristics 

Characteristic ASD (N=48) PDD-NOS (N=20) LD (N=3) 

Age (Months) 

Range,SD 

30.04 (12.62-48.59) 

(8.49) 

29.23 (14.16-41.95) 

(8.60) 

20.79 (12.65-

29.04) (8.19) 

Mullen Verbal DQ 24.06 (8.59) 33.8 (15.76) 34.0 (14.51) 

Mullen Non 

Verbal DQ 

31.34 (8.63) 42.57 (13.52) 40 (13.7) 

Vineland Adaptive 

Behavior Std 

Score 

71 (11.26) 80.80 (12.52) 81.33 (6.42) 

ADOS-T Social 15.19 (4.16) 9.05 (3.1) 9 (5.29) 

ADOS-T 

Restricted 

Repetitive 

3.04 (1.42) 1.8 (1.28) 3.3 (1.52) 

 

3.32 Illumina GAII sequencing 

DNA samples from 73 autistic and 70 normal controls were sequenced at an 

approximately 164 kb region of the X chromosome including and surrounding the 

MECP2 gene (chr X: 152881725- 153045528), at the Scripps Translational Science 

Institute sequencing lab.  After 3 rounds of PCR amplicon optimization, 17 amplicons 

averaging 11.3 kb were tiled to cover every base-pair in this region at an average of 

100x coverage. PCR primers can be found in Supplementary Table 1. A 36 bp paired-
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end run was performed on the Illumina GAII with 11 samples individually indexed in 

each of seven lanes (one lane contained 5 samples), with one control pool per lane 

consisting of 10 samples. Samples were prepared for sequencing as follows: genomic 

DNA libraries were prepared by fragmenting purified genomic DNA using Adaptive 

Focused Acoustics on the Covaris S2 system (Covaris), paired-end index adaptor 

ligation and 18 cycles of PCR enrichment using Illumina‟s Multiplex Paired-End 

Genomic DNA library preparation protocol. The enriched libraries were quantified 

using PicoGreen (Invitrogen). The libraries were then diluted to a 10 nM concentration 

using EB buffer (Qiagen). The libraries were pooled in equimolar amounts, diluted to 

3pM concentrations and amplified in seven flow cell lanes on the Illumina Cluster 

Station instrument using the Illumina Paired-End Cluster Generation kit v2. The 

amplified libraries were sequenced on the Illumina GAII instrument using 2 Illumina 

36 cycle SBS sequencing kits (v3) and Illumina Multiplex Sequencing Primers and 

PhiX control kit v2. After sequencing, the resulting images were analyzed with the 

proprietary Illumina pipeline v1.3. Reads for each of the indexed samples were then 

separated using a custom Perl script. 

3.33 Assembly, Mapping, and Annotation 

Sequencing on the Illumina GAII platform generated approximately 52 million 

reads of 32 bp each, 96.7% of which mapped back to the regional reference sequence.  

A custom computational pipeline to enable the accurate detection and genotyping of 

short indels from population-scale sequence data was used.  The pipeline was 

developed to provide analysesin 5 different steps: 1) Candidate indels are identified in 
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each sequenced sample using a combination of gapped-alignment (using BWA(20)), 

split-read alignments and a de novo assembly based approach using Velvet (21); 2) 

Indels across the population of sequenced individuals are then merged to generate a set 

of population indels;  3) For each indel, a consensus sequence representative of all 

reads that could align to the non-reference allele is generated;  4) Reads for each 

individual sample are aligned to the indel consensus sequences and these alignments 

are merged with the original SAM file to generate a modified SAM file. This SAM 

file is then parsed to generate the allele counts for each indel; and  5) Genotypes for 

each indel are called using a MCMC clustering algorithm that utilizes the allele counts 

for each indel across the population under a binomial likelihood model. Indels that are 

artifacts of sequencing or alignment errors are filtered out.  Detection of variants from 

pooled controls was performed using the method described here (22). 

3.34 Deletion Detection by Coverage Drop 

The haploid nature of males at the X-chromosome makes detection of larger 

deletion/duplication events from sequencing reads gathered from the chromosome 

possible.  Deletions in patient sequence should result in a drop of coverage to 0 for the 

reference base-pair in question.    Duplications can be detected by searching for 

regions of doubled coverage.  The lack of an intermediate heterozygous indel 

genotype for haploid males makes identification straightforward.  Complicating 

matters somewhat is the significant inter-amplicon variability in coverage that is 

encountered when tiling multiple amplicons along a gene.  Not only is each amplicon 

variable in its coverage depth, but regions in which amplicons overlap show doubly 
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increased read depths and must be normalized.   X-chromosome haploidy should also 

provide an advantage in the detection of large insertions, specifically insertions larger 

than the read length (36bp) used in the sequencing experiment.  These types of 

insertion events will have a signature that consists of a 1 or 2 base pair coverage drop 

to zero, followed by a gradual increase in coverage on either side of the drop up to the 

average coverage for that amplicon.  This “V” shape should extend on either side of 

the coverage drop with the same length as the read length for the experiment, again 36 

bp in this scenario.   

 Low-coverage regions were filtered to reduce the possibility of false-positive 

identification due to sequencing artifact, such that those occurring in regions of low 

amplicon covereage (average <40 bp per amplicon/subject), or low base-pair coverage 

(average < 40 reads across all subjects) were removed. 

3.35 Sequence-Based Multivariate Phenotype Association 

The number of novel variants found from the sequencing precluded functional studies, 

so a method was developed to attempt in silico functional characterization by 

multivariate association with clinical and brain imaging measures. The MECP2 

module reference sequence was populated with the variants (SNVs and indels) called 

from the sequencing data from each of the individual cases.  Multiple sequence 

alignment was performed with FSA (32).  A sliding window analysis was performed 

in which the aligned sequence for each case was output in 1,5,10 and 30 kb 

subsegments, in 1kb steps.  Pairwise sequence similarity scores for each pair of cases 

was calculated using ClustalW for each window.  Distance matrices were constructed 
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using these pairwise similarity scores, and Multivariate Distance Matrix Regression 

(MDMR) (33-35) was used to look for association between clinical and brain imaging 

phenotypes.  The first four principal components from Plink MDS were added into the 

model to control for ethnic stratification.  Permutation testing was performed at the 

level of 100k iterations.  To solve this computationally demanding task in a reasonable 

amount of time, each run was assigned to the Garibaldi Linux Compute Cluster at 

STSI employing at least 500 processors in parallel/run.   

3.4 Results 

3.41 Common Single Nucleotide Variation 

Single SNP and haplotype association were performed using the 73 sequenced 

cases, augmented by 119 early onset autism cases from the AGRE project, and 771 

controls from the Wellderly study, and the CEU population from HapMap.  To avoid 

stratification problems, 31 ancestry informative markers (AIMs) were genotyped on 

the 73 sequenced cases.  Ancestry was of particular concern considering the regional 

origin of the case sample.  Ancestry evaluation was performed using Multidimensional 

Scaling in PLINK (23), combining HapMap CEU, JPT/CHB, YRI, the sequenced 

cases, the AGRE cases, and Wellderly controls.  The first two principal components 

(PCs) arising from the PLINK-based analysis of the genetic similarity matrix of the 

subjects can be seen in SI Table 2.  A strict cutoff was used to define cases with a 

common genetic background, including only those cases and controls with a 2
nd

 PC 

value greater than 0.  The resulting population consisted of 46 sequenced cases, N 

AGRE cases, N CEU and N Wellderly controls.  Eigenstrat confirmed that 
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case/control populations were not statistically different (p=.255), and there were no 

significant population differences along any eigenvectors.  Single-SNP analysis of the 

7 SNPs in common in all 4 datasets yielded nominally significant results for 6 out of 7 

SNPs, 2 of which remain significant after the adaptive permutation procedure in 

PLINK (23) is applied (Table 2).  Although not the identical SNPs, this finding 

replicates the association and significance level found in a 2008 study (24), and makes 

sense in light of the large LD in this region. 

Table 3.2. Single SNP Analysis 

 

  

Haplotype analysis was performed using these 7 SNPs, using the basic PLINK 

association statistic via logistic regression using 10 principal components of ancestry 

calculated using EIGENSTRAT.  1000 permutations of the data were used to assess 

statistical significance of the findings. One common haplotype (GCTGCGA) was 

found to be decreased in frequency in the autism cases, suggesting a possible 

protective role, while a rare haplotype (ATTATAA), was significantly enriched in 

patients, but did not survive permutation testing and adjustment with principal 

component covariates.  

 

SNP BP Major Allele Freq Cases Freq Control CHISQ p-Assoc P-Logistic(cov) P-Logistic(cov,perm)

rs2266888 152892913 A 0.2857 0.1772 7.089 0.008 0.004 0.019

rs6571303 152901147 T 0.2609 0.1608 5.997 0.014 0.003 0.011

rs5945382 152905726 C 0.1649 0.1845 0.2291 0.632 0.405 0.873

rs1059702 152937385 A 0.202 0.1386 3.005 0.083 0.087 0.306

rs2734647 152945373 T 0.2222 0.1432 4.512 0.034 0.039 0.156

rs2239464 153001624 A 0.2947 0.1745 8.522 0.004 0.005 0.020

rs2071649 153041111 G 0.3469 0.2937 1.232 0.267 0.565 0.976
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Table 3.3. Haplotype Analysis 

 

 

To further refine position of the association signal with the region spanned by 

the markers defining the associated haplotype, we compared allele frequencies for 

those variants with greater than .05 minor allele frequency between the 46 cases 

passing ancestry testing with the 70 pooled control subjects.  The most consistent 

signal appears to be strongest at the 5‟ end of MECP2, near the promoter, first exons, 

and introns of MECP2 (Fig 1).  A strong spike of enrichment exists near exons 3 and 4 

and the 3‟UTR; however there is a large difference in allele frequency between the 

pooled controls and HapMap at this location, which tempers the biological 

significance of this region since it may reflect a possible sequencing artifact.  While 

this comparison does provide some clues as to the origin of the signal, the small 

subject numbers in this analysis deprives us of the necessary power to claim statistical 

significance, especially in the face of multiple comparisons corrections.  

Haplotype Freq Case Freq Control DF p-Assoc p-Logistic p-Logistic(cov) p-Logistic (perm,cov)

OMNIBUS NA NA 6 5.08E-04 0.025 0.023 0.023

GCTGCGA 43.05% 56.59% 1 0.086 9.99E-04 1.39E-08 9.99E-04

GCTGCGG 16.92% 8.71% 1 0.071 0.619 0.201 0.276

GCCGCGA 10.71% 13.53% 1 0.604 0.125 0.0546 0.871

ATTATAG 12.22% 11.86% 1 0.944 0.264 0.171 0.161

ATTATAA 12.22% 1.87% 1 1.00E-05 0.008 0.0283 0.778

GCCGCGG 2.44% 4.90% 1 0.471 0.181 0.266 0.999

ATTGCAG 2.44% 2.54% 1 0.969 0.550 0.663 0.710
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 Of the 321 variants found in this region, 150 had been previously identified 

and catalogued in dbSNP.  Of the remaining 171 variants not found in dbSNP, 45 were 

found in the low-coverage 1000 genomes data in either the CEU, CHB, or YRI 

populations, and an additional 17 were detected in the pooled control data.  Of the 

remaining 108 novel variants not found in any control population, 59 existed in the 

strictly Caucasian autistic population, and 49 existed in the non-Caucasian autistics 

population.  We examined novel SNVs for location in functional elements as defined 

in the UCSC Genome Browser including exons, introns, 3‟UTR, promoter, 

transcription factor binding site, miRNA binding site, rna from the Sestan Brain Atlas 

and MECP2 specific enhancers and silencers (10) (Table S1).  5 novel SNVs were 

found in the 3‟UTR, and while none directly intersect with miRNA binding sites, 

several are proximal to both transcription factor and miRNA binding sites, and may 

affect the secondary structure of the 3‟UTR.  A single coding variation in exon 4 was 

detected (V380M).  This mutation is reported as tolerated by the functional analysis 

program SIFT (25), however this variant has been found in a female patient with RTT 

(Ref, Thesis Mónica Joana Pinto dos Santos, U of Porto) and an unaffected mother.  

These variants and their potential clinical significance will be described more fully in 

the „Case Studies‟ section below. 
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Figure 3.1. Common SNVs 

 

3.42 Indels Analysis 

Indels were detected using assembly to the reference (BWA), de novo 

assembly (velvet), and with split read assembly (See Methods).  Control data was from 

the 3 population samples studied in the 1000 genomes project 

(www.1000genomes.org; (CEU, CHB/JPT)), and indels were also called from our 

pooled controls. 5 indels were common between the 3 different populations.  Novel 

indels were those that were not detected in the pooled control, or the 1000 genomes 

HapMap low-coverage sequencing data.  Using all of the cases, 44 novel indels were 

detected, 19 of which are in putative functional elements, including a 3‟UTR novel 

insertion, and 15 intronic (9 deletions, 6 insertions), and 10 upstream of the MECP2 

transcription start site.  The locations, sequence, and functional annotations can be 

http://www.1000genomes.org/
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viewed in table S2.  A quarter of these exist at high frequency (> %5), but are of low 

complexity or are homopolymer runs.  Of particular interest are several more complex 

deletions in the upstream region of MECP2, located in and near genomic regions 

unique to humans (Figure 3).  Their location in non-conserved regions may well be a 

sign of non-functionality; however, it is possible that these uniquely human segments 

are necessary for normal brain development.  

Figure 3.2. Upstream Deletions 

 

 

3.43 Case Studies 

A single rare synonymous exonic variant (V380M) was detected in exon 4.  

This mutation has been detected once previously in a female Rett syndrome patient 

whose unaffected mother also had the variant (ref, Thesis of Mónica Joana Pinto dos 

Santos, U of Porto).  While the valine-methionine substitution is conservative, as both 

amino acids are hydrophobic, it could affect splicing in the group II WW domain of 

MeCP2 (26), and despite an unaffected mother with random XCI inactivation have a 

more pronounced phenotype in haploid males.  Indeed, this patient suffered from a 

classically Rett-type phenotype, with a very poor appetite (he required enteral tube 

feeding) and highly restrictive and repetitive behaviors (even while sleeping).  He 

scored in the average range on the Mullen Scales.  Two MRI imaging timepoints were 



70 

 

   

   
 

available for this patient, and while he showed a normal increase in brain growth of 

~15% in the two-year period between scans, his left amygdala volume decreased by 

3.5%, and showed abnormal morphology..  

Volumetric brain imaging data was available for 4 of the 7 patients with 

3‟UTR variations, including one subject with two timepoints, at 33.6 and 53.6 months.  

This patient was one of two who possessed a one base pair (bp) G deletion at position 

chrX:152940510, conserved between only human and rhesus monkey, located 2 bp 

upstream of a predicted ARP1 transcription factor binding site, and ~25 bp away from 

miRNA binding sites for mir-410, 374, 369-3p. He had overall brain atrophy of -

1.47% as estimated by SIENA, part of the FSL package (27) (Figure X).  The patient 

had a 4% reduction in both the left hippocampus and amygdala, respectively, and a 

1% and 2% reduction in right hippocampus and amygdala, respectively, and an 

average 7% decrease in left cerebellar gray and white matter, and %5 on the right.  He 

also suffered from ~1% reductions in cerebral gray and white matter.  This patient 

scored at the basement of all Mullen scores in both of his visits, except on the fine 

motor assessment, where he showed a %50 regression between the two time points.  

The 2
nd

 patient with this deletion showed significant language delay and required 

enteral tube feeding.   

Another patient possessed 3 novel 3‟UTR variants: a T insertion at position 

chrX:152948915, directly adjacent to an miRNA binding site for miR-30-3p, 96 bp 

away from exon 4, and two C>T variants at chrX:152942386 and chrX:152942445.  

He also had the 2
nd

 highest count of indels at 26. The patient had language delay, and 
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showed a regression in the Mullen fine motor index from average at year 2 to below 

average at year 3, but did show progression in both expressive and receptive language 

between time points.  He exhibited some repetitive speech patterns and repetitive use 

of objects.  He had no obvious brain malformations in his 2-year scan. 

A fifth patient possessed a C>T mutation at chrX: 152946055, a position 

highly conserved in vertebrates and in a predicted regulatory region as determined by 

OregAno.  He had mild fine motor and expressive language regression between 14 and 

21 months.  A sixth patient had a T>C mutation at chrX:152947146, with severe 

autism scoring below average on all Mullen scores. A seventh patient had a C>T 

mutation at chrX:152948467 and was very low-functioning, with the lowest possible 

scores on Mullen, and a poor appetite. An eighth patient had a G>A mutation at 

chrX:152948645, directly adjacent to a uniquely human 6 bp sequence and 16 bp 

upstream of an miRNA binding site for mir-122.  This patient had repetitive language 

tendencies, difficulty sleeping and gastroesophageal reflux.  Brain imaging data was 

not available for these patients.  
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3.44 Genotype/Phenotype Association Analyses 

Clinical Analysis 

 Clinical data was available for a subset of sequenced patients.  Several scales 

were used in the clinical assessment, including the Mullen Scales of Early Learning,  

Autism Diagnostic Observation Schedule (ADOS) (N=67), and questionnaires 

designed to assess sleep and feeding behaviors (N=21).  Genetic scores were derived 

from the total number of deletions in the promoter or intron, and dummy variables for 

presence of the protective and rare associated haplotype identified in the association 

analyses.  While our power to detect associations is compromised by small sample 

size, and the results do not survive strict multiple comparisons corrections, there 

appear to be trends consistent with what is found in the MECP2 and RTT literature 

(28, 29). The presence of the rare associated haplotype showed nominal association to 

several feeding behaviors including preferring drink to solid food (p = .002) and poor 

appetite (p=.038).  To take advantage of longitudinal data from the Mullen Scales, a 

linear mixed model regression method was used.  A highly significant effect of 

diagnosis (PDD-NOS vs. autism, p < .001) was detected and controlled for in the 

model.  Race did not associate with Mullen scores and was therefore not included in 

the model.  Mullen scores did not associate with either haplotype or the presence of a 

3‟UTR variation, but were strongly associated with the count of intron and promoter 

deletions (Table 3.4).  Against expectations, an increased count of indels (or deviation 

from the reference sequence) associated with higher scores on the Mullen scales, 
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particularly for the intron.  One might conjecture that an increased number of deletions 

might make for a more stable intronic structure, and hence be protective.   

Sequence-based MDMR (Methods) was carried out using age-corrected 

Mullen scores as predictors in an effort to detect regions, and the variants within, that 

might influence phenotype (Figure 3.4). Several regions showed association with the 

Fine Motor index, including an intronic region and a region containing exon 2, in the 

1, 5, and 10kb windows.  There are 2 1kb peaks and a 5 kb peak containing exon 1 

showed association with the Expressive Language index. The variant driving the Fine 

Motor association in the first window was a SNP existing in 2 subjects, a possible 

false positive.  The second window contained an AA intronic deletion existing in 9 

subjects, but also located in a 19 bp adenosine homopolymer run.  This homopolymer 

run is unique to primates, and much longer than in rhesus monkey where it is only 5 

bp long.  This window contains 3 previously identified SNPs, rs56170055, rs5987199, 

and rs5987200, each at .05 frequency.  The peak driving the Expressive Language 

association contains 2 novel intronic deletions and a novel insertion at 

chrX:153010783, normally a C-nucleotide conserved in vertebrates. It also contained 

SNP rs35609266, present in 3 people, and located between exons 1 and 2. 
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Table 3.4. Longitudinal Linear Mixed Model Regression of Genetic Factors on Mullen 

Scales of Early Learning 

Mullen Scale (Total Scores) 

Count of Intron 

Indels 

Count of Promoter 

Indels 

  p coef p coef 

Early Learning Composite  0.0219 1.9838 0.0271 2.9447 

Expressive Language 0.0003 1.7922 0.0937 1.3572 

Receptive Language 0.0029 1.6691 0.2689 0.9631 

Fine Motor 0.0010 1.8129 0.1141 1.3325 

Visual Reception 0.0006 2.1754 0.0260 2.1974 

 

Basic Imaging Analysis 

Volumetric analysis of brain images was carried out in Freesurfer (30). We 

examined grey, white, cerebellar, and subcortical structures. It was felt that due to the 

early pediatric nature of the patients and the vast variability in cortical development 

and various stages of disease that surface area measurements were unreliable, and QC 

inspection of surface models revealed this to be the case.  Longitudinal data was 

available for a subset of patients, and a linear-mixed model regression using genetic 

variables as predictors was employed.  Table 3.5 shows the results of this analysis, 

with the count of indels in the intron and promoter showing nominally significant 

association with several brain structure measures. We used this as a basic exploratory 

analysis for a pilot study of small sample size, therefore data were not corrected for 

multiple comparisons.  Further analysis of imaging data using sequence-based MDMR 

and morphometry analysis is provided in Chapter 5. 
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3.5 Discussion 

 It appears that MECP2 variants play a role in autism, either in a causal or 

modifying manner.  Case/control analysis of haplotypes consisting of SNP-Chip SNPs 

revealed an enrichment of two specific haplotypes as compared to controls. Frequency 

analysis of SNPs identified by sequencing showed a frequency enrichment of SNPs in 

the promoter and upstream region as compared to control.  Several novel potentially 

functional variants were identified in cases that were not identified in the controls for 

this or other studies.  7 novel variants were identified in the 3‟UTR, and 1 exonic, 

synonomous variant was detected.  Many novel intronic, promoter, and intergenic 

indels were also detected, however pooling of controls precluded frequency analysis 

of these.  The patients with these novel, potentially functional mutations exhibited 

symptoms consistent with a Rett-like phenotype. 

 The rare associated haplotype associated with difficulty in eating.  The number 

of indels detected in the promoter and intron associated with scores on the Mullen 

Scales of Early learning. These nominal associations do not survive strict multiple 

comparisons corrections, but do provide hints of what may be functional determinants 

of MECP2.  Longitudinal analysis of Freesurfer-derived imaging data using linear 

mixed-model regression and a term for age-interaction revealed nominal associations 

between brain structure data and genetically derived variables.  
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Figure 3.S1.  First Two Ancestry Principal Components.  Cases were admixed. Only 

those subject with PC1 (X-Axis) < .1, and PC2 > 0 were included. 
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Table 3.S2 – Novel Indels, Positions, Frequencies, and Location in Functional 

Elements 

Position Type Indel Count Func Freq

152890537 D CGCTTCCCCCCACTCGCCCTCGCAC 1 sestan_rna, XBP1, ATF, NGFIC, EGR3, EGR2 1.37%

152894275 D TTTTTTTTTTTTTTTTT 2 2.74%

152907109 I GGTT 1 1.37%

152907775 D T 1 1.37%

152907776 I TTTTTTTTT 5 6.85%

152910088 I TTTCTT 1 1.37%

152911406 D C 1 1.37%

152911424 D TT 2 2.74%

152911426 I T 2 2.74%

152912354 D TT 3 4.11%

152912374 I TTTTT 19 26.03%

152913255 D GTGTGT 23 31.51%

152920766 I T 1 1.37%

152924250 D T 1 1.37%

152927138 D AA 31 42.47%

152927951 I AAAA 11 15.07%

152933039 I A 2 IRAK1 2.74%

152933039 I AATAAAAAAAAAAAAAAAAAAAAAAAA 3 IRAK1 4.11%

152936473 D T 65 IRAK1 89.04%

152948914 I T 1 3'utr, sestan rna 1.37%

152954563 D AAG 1 intron2 1.37%

152954847 I TCCAGGTGTGG 1 intron2 1.37%

152955598 D AAAAAAAAAAA 1 intron2 1.37%

152972806 D AA 9 intron2 12.33%

152972977 D AA 2 intron2 2.74%

152992164 I A 1 intron2 1.37%

152996035 D A 1 intron2 1.37%

152996540 I CA 1 intron2 1.37%

152998862 I ATAA 2 intron2 2.74%

153002856 D A 10 intron2 13.70%

153002858 I GAAAAAAAAAAAAAAAAAAAAAAAAG 20 intron2 27.40%

153006215 I T 1 intron2 1.37%

153010782 D A 2 intron 2, F3 2.74%

153019049 I ACAGAC 1 Upstream 1.37%

153019056 D GA 23 Upstream 31.51%

153019679 D AA 5 Upstream 6.85%

153019680 D A 2 Upstream 2.74%

153019971 D ATAG 1 Upstream 1.37%

153019991 D ATGGATGGATGGAT 1 Upstream 1.37%

153019999 D ATGGATAGACAG 3 Upstream 4.11%

153020011 D ATAG 2 Upstream 2.74%

153025463 I A 1 Upstream 1.37%

153028431 D TT 3 Upstream 4.11%



82 

 

   

   
 

3.6 Acknowledgments 

This work was supported in part by the following research grants: U19 

AG023122-05; R01 MH078151-03; N01 MH22005, U01 DA024417-01, P50 

MH081755-01, R01 AG030474-02, N01 MH022005, R01 HL089655-02, R01 

MH080134-03, U54 CA143906-01; UL1 RR025774-03, the Price Foundation and 

Scripps Genomic Medicine. We gratefully acknowledge the resources provided by the 

Autism Genetic Resource Exchange (AGRE) Consortium* and the participating 

AGRE families. The Autism Genetic Resource Exchange is a program of Autism 

Speaks and is supported, in part, by grant 1U24MH081810 from the National Institute 

of Mental Health to Clara M. Lajonchere (PI).  I would like to thank the following co-

authors for their contributions: Vikas Bansal, Ryan Tewhey, Glenn Oliviera, Sarah 

Murray, Sam Levy, Eric Topol, Clelia Ahrens-Barneau Karen Pierce, Eric 

Courchesne, Nicholas Schork 

*The AGRE Consortium: 

 

Dan Geschwind, M.D., Ph.D., UCLA, Los Angeles, CA; 

Maja Bucan, Ph.D., University of Pennsylvania, Philadelphia, PA; 

W.Ted Brown, M.D., Ph.D., F.A.C.M.G., N.Y.S. Institute for Basic Research in 

Developmental Disabilities, Staten Island, NY; 

Rita M. Cantor, Ph.D., UCLA School of Medicine, Los Angeles, CA; 

John N. Constantino, M.D., Washington University School of Medicine, St. Louis, 

MO;  

T.Conrad Gilliam, Ph.D., University of Chicago, Chicago, IL;  

Martha Herbert, M.D., Ph.D., Harvard Medical School, Boston, MA  

Clara Lajonchere, Ph.D, Cure Autism Now, Los Angeles, CA; 

David H. Ledbetter, Ph.D., Emory University, Atlanta, GA;  

Christa Lese-Martin, Ph.D., Emory University, Atlanta, GA; 

Janet Miller, J.D., Ph.D., Cure Autism Now, Los Angeles, CA; 

Stanley F. Nelson, M.D., UCLA School of Medicine, Los Angeles, CA;  

Gerard D. Schellenberg, Ph.D., University of Washington, Seattle, WA;  

Carol A. Samango-Sprouse, Ed.D., George Washington University, Washington, 



83 

 

   

   
 

D.C.;  

Sarah Spence, M.D., Ph.D., UCLA, Los Angeles, CA; 

Matthew State, M.D., Ph.D., Yale University , New Haven, CT. 

Rudolph E. Tanzi, Ph.D., Massachusetts General Hospital, Boston, MA. 

3.7 References 

 

1. Mitka, M., Rising autism rates still pose a mystery. JAMA, 2010. 303(7): p. 

602. 

2. Kankirawatana, P., H. Leonard, C. Ellaway, J. Scurlock, A. Mansour, C.M. 

Makris, L.S.t. Dure, M. Friez, J. Lane, C. Kiraly-Borri, V. Fabian, M. Davis, J. 

Jackson, J. Christodoulou, W.E. Kaufmann, D. Ravine, and A.K. Percy, Early 

progressive encephalopathy in boys and MECP2 mutations. Neurology, 2006. 

67(1): p. 164-6. 

3. Chahrour, M., S.Y. Jung, C. Shaw, X. Zhou, S.T. Wong, J. Qin, and H.Y. 

Zoghbi, MeCP2, a key contributor to neurological disease, activates and 

represses transcription. Science, 2008. 320(5880): p. 1224-9. 

4. Nagarajan, R.P., K.A. Patzel, M. Martin, D.H. Yasui, S.E. Swanberg, I. Hertz-

Picciotto, R.L. Hansen, J. Van de Water, I.N. Pessah, R. Jiang, W.P. Robinson, 

and J.M. LaSalle, MECP2 promoter methylation and X chromosome 

inactivation in autism. Autism Res, 2008. 1(3): p. 169-78. 

5. Beyer, K.S., F. Blasi, E. Bacchelli, S.M. Klauck, E. Maestrini, and A. Poustka, 

Mutation analysis of the coding sequence of the MECP2 gene in infantile 

autism. Human genetics, 2002. 111(4-5): p. 305-9. 

6. Lobo-Menendez, F., K. Sossey-Alaoui, J.M. Bell, S.A. Copeland-Yates, S.M. 

Plank, S.O. Sanford, C. Skinner, R.J. Simensen, R.J. Schroer, and R.C. 

Michaelis, Absence of MeCP2 mutations in patients from the South Carolina 

autism project. American journal of medical genetics Part B, Neuropsychiatric 

genetics : the official publication of the International Society of Psychiatric 

Genetics, 2003. 117B(1): p. 97-101. 

7. Coutinho, A.M., G. Oliveira, C. Katz, J. Feng, J. Yan, C. Yang, C. Marques, 

A. Ataide, T.S. Miguel, L. Borges, J. Almeida, C. Correia, A. Currais, C. 

Bento, L. Mota-Vieira, T. Temudo, M. Santos, P. Maciel, S.S. Sommer, and 

A.M. Vicente, MECP2 coding sequence and 3'UTR variation in 172 unrelated 

autistic patients. American journal of medical genetics Part B, 

Neuropsychiatric genetics : the official publication of the International Society 

of Psychiatric Genetics, 2007. 144B(4): p. 475-83. 



84 

 

   

   
 

8. Nagarajan, R.P., A.R. Hogart, Y. Gwye, M.R. Martin, and J.M. LaSalle, 

Reduced MeCP2 expression is frequent in autism frontal cortex and correlates 

with aberrant MECP2 promoter methylation. Epigenetics, 2006. 1(4): p. e1-11. 

9. Samaco, R.C., R.P. Nagarajan, D. Braunschweig, and J.M. LaSalle, Multiple 

pathways regulate MeCP2 expression in normal brain development and 

exhibit defects in autism-spectrum disorders. Hum Mol Genet, 2004. 13(6): p. 

629-39. 

10. Liu, J. and U. Francke, Identification of cis-regulatory elements for MECP2 

expression. Hum Mol Genet, 2006. 15(11): p. 1769-82. 

11. Birney, E., J.A. Stamatoyannopoulos, A. Dutta, R. Guigo, T.R. Gingeras, E.H. 

Margulies, Z. Weng, M. Snyder, E.T. Dermitzakis, R.E. Thurman, M.S. 

Kuehn, C.M. Taylor, S. Neph, C.M. Koch, S. Asthana, A. Malhotra, I. 

Adzhubei, J.A. Greenbaum, R.M. Andrews, P. Flicek, P.J. Boyle, H. Cao, N.P. 

Carter, G.K. Clelland, S. Davis, N. Day, P. Dhami, S.C. Dillon, M.O. 

Dorschner, H. Fiegler, P.G. Giresi, J. Goldy, M. Hawrylycz, A. Haydock, R. 

Humbert, K.D. James, B.E. Johnson, E.M. Johnson, T.T. Frum, E.R. 

Rosenzweig, N. Karnani, K. Lee, G.C. Lefebvre, P.A. Navas, F. Neri, S.C. 

Parker, P.J. Sabo, R. Sandstrom, A. Shafer, D. Vetrie, M. Weaver, S. Wilcox, 

M. Yu, F.S. Collins, J. Dekker, J.D. Lieb, T.D. Tullius, G.E. Crawford, S. 

Sunyaev, W.S. Noble, I. Dunham, F. Denoeud, A. Reymond, P. Kapranov, J. 

Rozowsky, D. Zheng, R. Castelo, A. Frankish, J. Harrow, S. Ghosh, A. 

Sandelin, I.L. Hofacker, R. Baertsch, D. Keefe, S. Dike, J. Cheng, H.A. Hirsch, 

E.A. Sekinger, J. Lagarde, J.F. Abril, A. Shahab, C. Flamm, C. Fried, J. 

Hackermuller, J. Hertel, M. Lindemeyer, K. Missal, A. Tanzer, S. Washietl, J. 

Korbel, O. Emanuelsson, J.S. Pedersen, N. Holroyd, R. Taylor, D. Swarbreck, 

N. Matthews, M.C. Dickson, D.J. Thomas, M.T. Weirauch, J. Gilbert, J. 

Drenkow, I. Bell, X. Zhao, K.G. Srinivasan, W.K. Sung, H.S. Ooi, K.P. Chiu, 

S. Foissac, T. Alioto, M. Brent, L. Pachter, M.L. Tress, A. Valencia, S.W. 

Choo, C.Y. Choo, C. Ucla, C. Manzano, C. Wyss, E. Cheung, T.G. Clark, J.B. 

Brown, M. Ganesh, S. Patel, H. Tammana, J. Chrast, C.N. Henrichsen, C. Kai, 

J. Kawai, U. Nagalakshmi, J. Wu, Z. Lian, J. Lian, P. Newburger, X. Zhang, P. 

Bickel, J.S. Mattick, P. Carninci, Y. Hayashizaki, S. Weissman, T. Hubbard, 

R.M. Myers, J. Rogers, P.F. Stadler, T.M. Lowe, C.L. Wei, Y. Ruan, K. Struhl, 

M. Gerstein, S.E. Antonarakis, Y. Fu, E.D. Green, U. Karaoz, A. Siepel, J. 

Taylor, L.A. Liefer, K.A. Wetterstrand, P.J. Good, E.A. Feingold, M.S. Guyer, 

G.M. Cooper, G. Asimenos, C.N. Dewey, M. Hou, S. Nikolaev, J.I. Montoya-

Burgos, A. Loytynoja, S. Whelan, F. Pardi, T. Massingham, H. Huang, N.R. 

Zhang, I. Holmes, J.C. Mullikin, A. Ureta-Vidal, B. Paten, M. Seringhaus, D. 

Church, K. Rosenbloom, W.J. Kent, E.A. Stone, S. Batzoglou, N. Goldman, 

R.C. Hardison, D. Haussler, W. Miller, A. Sidow, N.D. Trinklein, Z.D. Zhang, 

L. Barrera, R. Stuart, D.C. King, A. Ameur, S. Enroth, M.C. Bieda, J. Kim, 

A.A. Bhinge, N. Jiang, J. Liu, F. Yao, V.B. Vega, C.W. Lee, P. Ng, A. Yang, 

Z. Moqtaderi, Z. Zhu, X. Xu, S. Squazzo, M.J. Oberley, D. Inman, M.A. 



85 

 

   

   
 

Singer, T.A. Richmond, K.J. Munn, A. Rada-Iglesias, O. Wallerman, J. 

Komorowski, J.C. Fowler, P. Couttet, A.W. Bruce, O.M. Dovey, P.D. Ellis, 

C.F. Langford, D.A. Nix, G. Euskirchen, S. Hartman, A.E. Urban, P. Kraus, S. 

Van Calcar, N. Heintzman, T.H. Kim, K. Wang, C. Qu, G. Hon, R. Luna, C.K. 

Glass, M.G. Rosenfeld, S.F. Aldred, S.J. Cooper, A. Halees, J.M. Lin, H.P. 

Shulha, M. Xu, J.N. Haidar, Y. Yu, V.R. Iyer, R.D. Green, C. Wadelius, P.J. 

Farnham, B. Ren, R.A. Harte, A.S. Hinrichs, H. Trumbower, H. Clawson, J. 

Hillman-Jackson, A.S. Zweig, K. Smith, A. Thakkapallayil, G. Barber, R.M. 

Kuhn, D. Karolchik, L. Armengol, C.P. Bird, P.I. de Bakker, A.D. Kern, N. 

Lopez-Bigas, J.D. Martin, B.E. Stranger, A. Woodroffe, E. Davydov, A. 

Dimas, E. Eyras, I.B. Hallgrimsdottir, J. Huppert, M.C. Zody, G.R. Abecasis, 

X. Estivill, G.G. Bouffard, X. Guan, N.F. Hansen, J.R. Idol, V.V. Maduro, B. 

Maskeri, J.C. McDowell, M. Park, P.J. Thomas, A.C. Young, R.W. Blakesley, 

D.M. Muzny, E. Sodergren, D.A. Wheeler, K.C. Worley, H. Jiang, G.M. 

Weinstock, R.A. Gibbs, T. Graves, R. Fulton, E.R. Mardis, R.K. Wilson, M. 

Clamp, J. Cuff, S. Gnerre, D.B. Jaffe, J.L. Chang, K. Lindblad-Toh, E.S. 

Lander, M. Koriabine, M. Nefedov, K. Osoegawa, Y. Yoshinaga, B. Zhu and 

P.J. de Jong, Identification and analysis of functional elements in 1% of the 

human genome by the ENCODE pilot project. Nature, 2007. 447(7146): p. 

799-816. 

12. Loat, C.S., S. Curran, C.M. Lewis, J. Duvall, D. Geschwind, P. Bolton, and 

I.W. Craig, Methyl-CpG-binding protein 2 polymorphisms and vulnerability to 

autism. Genes Brain Behav, 2008. 7(7): p. 754-60. 

13. Ramocki, M.B., S.U. Peters, Y.J. Tavyev, F. Zhang, C.M. Carvalho, C.P. 

Schaaf, R. Richman, P. Fang, D.G. Glaze, J.R. Lupski, and H.Y. Zoghbi, 

Autism and other neuropsychiatric symptoms are prevalent in individuals with 

MeCP2 duplication syndrome. Ann Neurol, 2009. 66(6): p. 771-82. 

14. Pierce, K., C. Carter, M. Weinfeld, J. Desmond, R. Hazin, R. Bjork, N. 

Gallagher, and B. Wang, Catching, Studying, and Treating Autism Early:   The 

1-Yr Well-Baby Check-Up Approach. In Review. 

15. Wetherby, A. and B. Prizant, Communication and symbolic behavior scales 

developmental profile - first normed edition. 2002, Paul H. Brookes: 

Baltimore, MD. 

16. Wetherby, A.M., S. Brosnan-Maddox, V. Peace, and L. Newton, Validation of 

the Infant-Toddler Checklist as a broadband screener for autism spectrum 

disorders from 9 to 24 months of age. Autism, 2008. 12(5): p. 487-511. 

17. Luyster, R., K. Gotham, W. Guthrie, M. Coffing, R. Petrak, K. Pierce, S. 

Bishop, A. Esler, V. Hus, R. Oti, J. Richler, S. Risi, and C. Lord, The Autism 

Diagnostic Observation Schedule-Toddler Module: A New Module of a 

Standardized Diagnostic Measure for Autism Spectrum Disorders. J Autism 

Dev Disord, 2009. 



86 

 

   

   
 

18. Mullen, E.M., Mullen Scales of Early Learning. AGS ed. 1995, MN: American 

Guidance Service Inc. 

19. Sparrow, S., D. Balla, and D. Cicchetti, Vineland scales of adaptive behavior: 

survey form manual. 1984, Circle Pines, MN: American Guidance Service. 

20. Li, H. and R. Durbin, Fast and accurate short read alignment with Burrows-

Wheeler transform. Bioinformatics, 2009. 25(14): p. 1754-60. 

21. Zerbino, D.R. and E. Birney, Velvet: algorithms for de novo short read 

assembly using de Bruijn graphs. Genome Res, 2008. 18(5): p. 821-9. 

22. Bansal, V., A statistical method for the detection of variants from next-

generation resequencing of DNA pools. Bioinformatics, 2010. 26(12): p. i318-

24. 

23. Purcell, S., B. Neale, K. Todd-Brown, L. Thomas, M.A. Ferreira, D. Bender, J. 

Maller, P. Sklar, P.I. de Bakker, M.J. Daly, and P.C. Sham, PLINK: a tool set 

for whole-genome association and population-based linkage analyses. Am J 

Hum Genet, 2007. 81(3): p. 559-75. 

24. Loat, C., S. Curran, C. Lewis, B. Abrahams, J. Duvall, D. Geschwind, P. 

Bolton, and I. Craig, Methyl - CpG - binding protein (MECP2) polymorphisms 

and vulnerability to autism. Genes Brain Behav, 2008. 

25. Ng, P.C. and S. Henikoff, Predicting deleterious amino acid substitutions. 

Genome Res, 2001. 11(5): p. 863-74. 

26. Buschdorf, J.P. and W.H. Stratling, A WW domain binding region in methyl-

CpG-binding protein MeCP2: impact on Rett syndrome. J Mol Med, 2004. 

82(2): p. 135-43. 

27. Jasperse, B., P. Valsasina, V. Neacsu, D.L. Knol, N. De Stefano, C. Enzinger, 

S.M. Smith, S. Ropele, T. Korteweg, A. Giorgio, V. Anderson, C.H. Polman, 

M. Filippi, D.H. Miller, M. Rovaris, F. Barkhof, and H. Vrenken, Intercenter 

agreement of brain atrophy measurement in multiple sclerosis patients using 

manually-edited SIENA and SIENAX. J Magn Reson Imaging, 2007. 26(4): p. 

881-5. 

28. Oddy, W.H., K.G. Webb, G. Baikie, S.M. Thompson, S. Reilly, S.D. Fyfe, D. 

Young, A.M. Anderson, and H. Leonard, Feeding experiences and growth 

status in a Rett syndrome population. J Pediatr Gastroenterol Nutr, 2007. 

45(5): p. 582-90. 

29. Young, D., L. Nagarajan, N. de Klerk, P. Jacoby, C. Ellaway, and H. Leonard, 

Sleep problems in Rett syndrome. Brain Dev, 2007. 29(10): p. 609-16. 



87 

 

   

   
 

30. Fischl, B., D.H. Salat, E. Busa, M. Albert, M. Dieterich, C. Haselgrove, A. van 

der Kouwe, R. Killiany, D. Kennedy, S. Klaveness, A. Montillo, N. Makris, B. 

Rosen, and A.M. Dale, Whole brain segmentation: automated labeling of 

neuroanatomical structures in the human brain. Neuron, 2002. 33(3): p. 341-

55. 

31. Chen, R.Z., S. Akbarian, M. Tudor, and R. Jaenisch, Deficiency of methyl-CpG 

binding protein-2 in CNS neurons results in a Rett-like phenotype in mice. Nat 

Genet, 2001. 27(3): p. 327-31. 

32. Bradley, R.K., A. Roberts, M. Smoot, S. Juvekar, J. Do, C. Dewey, I. Holmes, 

and L. Pachter, Fast statistical alignment. PLoS Comput Biol, 2009. 5(5): p. 

e1000392. 

33. Schork, N.J., J. Wessel, and N. Malo, DNA sequence-based phenotypic 

association analysis. Adv Genet, 2008. 60: p. 195-217. 

34. Wessel, J. and N.J. Schork, Generalized genomic distance-based regression 

methodology for multilocus association analysis. Am J Hum Genet, 2006. 

79(5): p. 792-806. 

35. Nievergelt, C.M., O. Libiger, and N.J. Schork, Generalized analysis of 

molecular variance. PLoS Genet, 2007. 3(4): p. e51. 

 

 

 

 

 

 

 

 

 

 

 

 



88 

 

   

   
 

 

 

 

 

 

 

 

 

 

Chapter 4 -  
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4.1 Introduction 

The emerging research discipline of „imaging genetics‟ involves the integration 

of brain imaging measures with measures of genetic variation.  Many neuropsychiatric 

disorders exhibit both structural and functional irregularities that can be better 

understood through brain imaging studies than clinical diagnoses which rely primarily 

on patient-reported symptoms (1).  Many of these disorders have known genetic 

components which may correspond to known mechanisms of brain structure and 

function.  Combining information about brain structure and function with increasingly 

complex, efficiently obtained genetic data is one of the most important challenges in 

neuroscience.  This type of integration can drastically change our understanding of 

genetic influences on brain structure and function as related to inter-person variability 

in behavior and risk for neuropsychiatric disease (2) . 

 Initial approaches to the integration of brain imaging and genetics have used 

the candidate gene approach with low-density SNP information to examine 

associations between brain structure and function caused and previously characterized 

genetic variants.  Variants in the DISC1 gene have been shown to affect hippocampal 

structure and function and increase schizophrenia susceptibility (3).  For example, 

genetic variants in the serotonin transporter have been shown to influence amygdala 

response (4).  However, such studies rely on our current knowledge of neurobiology 

and neuropsychiatric illness, and only address a very small portion (~1%) of the 

genome.    
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 Advances in genotyping technology have made possible the interrogation of 

500,000 to 1 million SNPs using a relatively low-cost “SNP-chip”.  These studies 

approach the genetics of brain disease in a fundamentally different way than candidate 

gene studies in that rather than starting with a gene and searching for neural 

phenotypes that it modulates, one begins with the neural phenotype and then examines 

the variability in genes that contribute to that variability (5).  Of crucial importance is 

that imaging-based neural phenotypes are continuous and quantitative as compared 

with symptom-based diagnoses.  It has been argued that the use of brain-imaging 

quantitative traits, or „QTs‟, provides much-increased statistical power over the use of 

imprecise clinical diagnoses or other overt phenotypes.  Studies using case-control 

design based on clinical diagnoses typically require greater than 4,000 subjects per 

group to reach ~90% power (6).  It is therefore possible, given that pathologies 

identified from imaging protocols are more likely to reflect the immediate influence of 

genetic variations, that studies using imaging QTs can achieve this level of statistical 

power using as few as 1000 subjects per group.  

            When attempting to integrate data from imaging and genetics studies, the vast 

amount of multidimensional data generated from both modalities presents challenges 

from a statistical and practical perspective.  A typical structural brain MRI contains at 

least 70,000 voxels (a value of the volume of a point in a 3 dimensional image).  fMRI 

data is much more highly complex, with a temporal component that usually requires 

70,000 voxels of data storage per second, often over a period of an hour.  Similarly, in 

genetic studies, a typical SNP chip will contain genotype information for 500,000 

SNPs (single nucleotide polymorphisms), and sequencing data, whether candidate 
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gene, exome-wide, or genome-wide, will detect a huge number of novel and common 

variants.  In order to assess the association of MECP2 gene variation on autism 

through the use of imaging phenotypes, a study leveraging data emerging from a 

sequencing study of autistic boys and controls was pursued, with imaging data 

available from the autistic children. This imaging data was refined in order to reveal 

subtle forms of morphological variation whose association with MECP2 variation 

could be assessed. 

 

4.2 Methods 

Single timepoint brain imaging was available for 61 autism patients. Images 

were analyzed in Freesurfer as described in Chapter 3. FSL (7) is more suited for 

morphometry analysis.  Images were brain-extracted using FSL‟s BET (8) with bias-

field correction, and registered to MNI152 standard space using nonlinear registration 

using FNIRT (9), which uses a b-spline representation of the registration warp field 

(10). Next, tissue-type (gray,-white matter, CSF) and subcortical segmentation was 

carried out using FAST4 (11).   Images were checked for correct registration and 

segmentation, resulting in loss of 1 image.  Subcortical models were boundary 

corrected and run through FSLSTATS to obtain structure volumes.  Structure meshes 

were run through FIRST (12) to examine genetic group differences in subcortical 

morphology in a within-case design, using genetic factors as detected in Chapter 3 as 

predictors.  Linear regression was used to detect volume associations between genetic 

groups, using age as a covariate.  Cerebellar models were generated for group shape 

analysis by using whole-skull registration.  Structural data was analysed with FSL-
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VBM, a voxel-based morphometry style analysis (13).  Previously brain-extracted, 

registered, and segmented images were averaged to create a study-specific template, to 

which the native grey matter images were then non-linearly re-registered. The 

registered partial volume images were then modulated (to correct for local expansion 

or contraction) by dividing by the Jacobian of the warp field. The modulated 

segmentated images were then smoothed with an isotropic Gaussian kernel with a 

sigma of 3 mm. Finally, voxelwise GLM was applied using permutation-based non-

parametric testing, correcting for multiple comparisons across space.  Post-hoc 

analysis used the sequence-based MDMR approach described in Chapter 2 to detect 

potentially functional genetic variations for morphometry analysis.  

Sequence data was obtained also as described in Chapter 3. As noted in 

Chapter 3, a number of haplotypes emerged from the sequencing study combined with 

data from the AGRE resource. One of these haplotypes was found to exhibit a 

differential frequency between autistic and normal subjects. The association of this 

haplotype, and other variants identified from the sequencing, with subtle imaging-

derived phenotypes in the autistic children may reveal genetically-mediated influences 

in autism and possibly identify more homogenous autism subtypes. The results of 

analyses investigating this hypothesis are described below 

4.3 Results 

 Correlation between Freesurfer and FSL subcortical volume varied between .6 

and .8, except for amygdala, which showed low correlation.  Previous studies with 

older subjects have shown higher concordance between methods (13), and the 

developmental cohort in this study would show higher variation.  Amygdala is 
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notoriously difficult to segment, so a low correlation was expected.  Possession of the 

rarer associated haplotype (~12% in cases, ~2% controls) associated with several 

volumetric measures, most notably hippocampus.  Morphometry analysis showed that 

having this haplotype resulted hippocampal ventral lateral atrophy (Figure 4.1). The 

location is consistent with the placement of CA1 neurons in the right hippocampus.  

Possession of the control-enriched haplotype showed extra growth in this lateral 

region (Figure 4.5).  The effect was somewhat bilateral but much less pronounced on 

the left side, although did appear in the same general location.  The rare haplotype also 

associated with thalamic (Figure 4.2) and cerebellar (Figure 4.3) morphology, also 

with lateral-to-medial ingrowth. In the thalamus, the areas of significance were in the 

ventral lateral region, responsible for coordination of motor activity, and the dorsal 

medial region, responsible for emotional expression and normal memory function. The 

rare haplotype did not associate with putamen or caudate morphology, but did 

associate with pallidum morphology on the right side with similar, but less signifigant 

signal on the left (Fig 4.4).   

4.4 Post-hoc Analysis 

Sequence-based MDMR, as described in chapter 3, was used to detect 

candidate variants for morphology analysis.  In segments of 1, 5, 10, and 30 kb, a 

genetic sequence distance was determined between all pairwise combinations of 

patients and a distance matrix constructed.  Regression against this distance-matrix 

was performed using Freesurfer and FSL grey and white matter along with subcortical 

volumes as predictors (Figures 4.6-4.10). It is likely that the false positive rate for the 
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one-kb segment is large, as these segments are more likely to contain single 

substitutions.  The method is more robust to these variations as larger segments are 

used to detect sequence-difference, however the 1kb segments can be used to narrow 

down the potential causative variant further.  Of particular interest would be peaks that 

occur independently, but in a larger window show more significance.  This would 

indicate a possible synergy between variants, and indicate a region of particular 

interest.  Peaks in which multiple phenotypes associate may indicate a pronounced 

genetic effect.  Peaks located in putative functional elements are more likely to be 

causative.   

 Figure 4.6 depicts the results for sequence-based association for Freesurfer 

tissue-type segmentation.  In the 1 kb windows for the left hemisphere, a peak for 

cerebral white matter association occurs at the 3‟UTR, but does not persist in the 

larger windows. Upon closer inspection, this association is driven by one novel variant 

existing in one patient, and is therefore a false positive, highlighting the weakness of 

this method at 1 kb.  There is a highly significant association in the 5 kb and 10 kb 

windows for association with left lateral ventricular volume, possibly a proxy for 

overall atrophy.  This region is located in the IRAK gene, but does not rule out the 

possibility of MECP2 regulatory modulation there. The same peak exists for right 

ventricular volume (Figure 4.7), lending strength to its potential as a real association. 

A nominally significant association for cerebral gray matter volume exists in the 

promoter, but is not bilateral.  There appears to be an overall bilateral pattern of 
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marginal significance with both cerebellar and cerebral gray matter and lateral 

ventricle volume. 

 The most promising results from this analysis came from Freesurfer derived 

hippocampal volume, on both the left and right side (Figure 4.8, 4.9).  Particularly on 

the left side, the signal appeared to correspond to the actual MECP2 gene, in all 

windows.  Of note is a peak including both exon 1 and 2, significant in both left and 

right hippocampus. This  window contained an AA intronic deletion existing in 9 

subjects, but also located in a 19 bp adenosine homopolymer run.  This homopolymer 

run is unique to primates, and much longer than in rhesus monkey where it is only 5 

bp long.  Interestingly, this window was previously identified in Chapter 3 as 

associating with Fine Motor control.  The fact that we see bilateral hippocampal 

association and an association with a clinical score gives this variant some credibility 

as being possibly functional.   

Sequence-based MDMR on FSL subcortical volumes was used to guide which 

variants were to be used in morphometry analysis, as the subcortical models are based 

on FSL segmentations.  Left-hemisphere analysis (Figure 4.10) yielded one persistent 

peak for the caudate located at exons 1 and 2.  On the right side (Figure 4.11), 

hippocampus associated strongly in all windows.  Hippocampal peaks were 

inconsistent between the Freesurfer and FSL derived volumes.  One upstream 

(promoter) region in particular stood out from this analysis, as 4 consecutive 1 kb 

windows (which are actually independent segments of sequence) showed association 

at just the .05 level.  The five-kb window containing all of these segments associated 
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at the .005 level.  This may indicate some synergy of variants in this region. This 5kb 

region contains a 12bp ATGGATAGACAG deletion that was not detected in any 

controls, but which 19 of the patients in this study possessed. It also contained a 16 bp 

deletion in 41 of 73 (%56) of the cases.  This variant was detected in HapMap 

(CEU=45%, CHB/JPT=12%, YRI(17.5%). 

Morphometry analysis proceeded using presence/absence of the 12 bp variant 

as the group design. Figure 4.12 depicts the results of this analysis on right and left 

hippocampus, showing regions of significant morphological difference, but in 

different locations than haplotype status would predict.  Morphology analysis using 

presence/absence of the 16 bp deletion yielded no significant results.   

4.5 Discussion 

This study attempted the integration of high-density sequence data with MRI 

derived brain size measures using sophisticated methods for characterizing brain 

morphology as well as relating that morphology to genetic variants in the MECP2 

gene among individuals with autism.  Significant hippocampal, thalamic, and 

cerebellar morphological differences were detected in the 9 patients with the rare 

associated haplotype. Individuals with the control-enriched haplotype showed 

hippocampal outgrowth.  Volumes derived from imaging methods were used in a 

sequence-based regression to detect variants that may have a consequence not only on 

volume but morphology.  One novel variant was detected in a large number of cases 

but not controls, and showed some association with hippocampal morphology.  While 

not definitive evidence of functionality, this may be a variant that deserves further 
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study. The sample size of this study was largely determined by the capacity of the 

sequencer used, but as the cost and efficiency of this sequencing is rapidly improving, 

these methods will be undoubtedly more successful in finding real associations.   

In addition, the study described suggests that it is possible, via sophisticated 

refinements in the assessment of imaging data as well as in the manner in which such 

imaging data is associated with DNA sequence variation, to detect subtle associations 

between specific sub-clinical brain abnormalities and inherited genetic variation. The 

results of such studies – which are in obvious need of replication in larger cohorts – 

could encourage researcher to identify „subtypes‟ of autism or related diseases that 

have their own unique pathologies and genetic bases. The identification of such 

subgroups may not only shed light on the pathogenesis of neuropsychiatric disease, 

but also possibly lead to more individualized and appropriate treatment or intervention 

strategies for individuals with disease.
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Figure 4.1.A) Dorsal view of Hippocampus. Arrows show direction of shape 

difference, Non-associated haplotype > rare associated haplotype.  
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Figure 4.1.b) Ventral view of hippocampus, non-rare > rare associated haplotyped 
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Figure 4.2. Anterior (Top) and Posterior (Bottom) View of Thalamus by Rare 

Haplotype. 
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Figure 4.3 Anterior (Top) and posterior (Bottom) view of Cerebellum by Rare 

Haplotype
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Figure 4.12.  Association of hippocampal morphology with possession of novel 12 BP 

promoter deletion as group determinant 
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5.1 Conclusions 

The overall aim of this dissertation was to examine the role of a critically 

important CNS gene, MECP2, in modulating brain imaging and behavioral 

phenotypes with particular focus on the role of both common and rare variations in 

mediating phenotypic expression.  The study of MECP2 is logicial, in that it has a 

known and well-documented phenotypic consequence, it is haploid in males, and the 

genetic region surrounding MECP2 has extensive functional characterization. The role 

of MECP2 in the etiology of autism is not well understood, and this has remained an 

open scientific question, although some tantalizing hints of its involvement have been 

published. The studies described in this thesis attempt to answer some of the questions 

about the role of MECP2 in human brain development and disease.   

The first study examined common MECP2 sequence variation in a large group 

of genetically homogenous Norwegians and a second population of North Americans 

in various disease states and the association of these variations with adult brain 

morphology using advanced MRI brain imaging techniques.  The second study 

focused on the use of next-generation sequencing to thoroughly catalog variation in 

MECP2 in 73 autism-spectrum boys of varying severity.  The third study attempted to 

use this detailed genetic data along with multivariate statistics to find associations 

between genetic variants and brain volume and shape, with some significant findings 

emerging from these analyses.  The overall theme of these studies was to exploit both 
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novel and existing analysis methods in an attempt to integrate genetic sequence data 

with high quality brain imaging data.  The following provides a brief a summary of the 

main findings of this work, a discussion of limitations, and directions for future 

research 

 

5.2 Main Findings 

 The first study, as detailed in Chapter 2, examined the role of common 

variation in MECP2 and its association with brain structure in two independent 

populations.  The main finding was that common variation in MECP2 strongly 

associates with brain structure measures, specifically cortical surface area and 

subcortical structures, with the strongest effect occurring in the superior-frontal 

cortical region.  One of the most striking findings is that while this effect is very 

strong in males, it is absent, or undetectable, in females.  This finding makes sense in 

light of the fact that females have two X-chromosomes, as opposed to males, who are 

haploid, and may be more vulnerable to the effects of any type of variation, even if 

common.  The replication of this effect in a second large population provides 

additional convincing evidence that this is, in fact, a real effect.  To our knowledge 

this is the first replicated, large-scale brain imaging study that shows a highly 

statistically significant genetic effect.  The regional and subcortical findings agree well 

with what is known about the role of MECP2 in both mouse models of Rett 

Syndrome, and from examining the effects of MECP2 mutations on brain morphology 

in a case-study setting.   
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 The finding that MECP2 strongly associated with cortical surface area 

measurements in non-autistic males led to the hypothesis that MECP2 might have 

some involvement in not only classical Rett syndrome in females, but in boys with 

autism.  Indeed, recent research points to some type of involvement of MECP2 (1) , 

but prior sequencing studies have failed to find exonic mutations (2, 3).  These studies 

did not have tools for next-generation sequencing at their disposal.  The emergence of 

MECP2 duplication syndrome, in which either part or all of the X28 locus is 

duplicated, is evidence that autism causing MECP2 variations may be regulatory, 

rather than loss-of-function, and could cause a more milder autism phenotype. For this 

reason, the design for sequencing MECP2 was base-pair inclusive, and encompassed 

the entire MECP2 region including exons, introns, 3‟UTR, promoter, and flanking 

enhancers and silencers.  To see if MECP2 variants were enriched in cases, several 

case and control datasets were combined, including patients from the AGRE 

consortium, HapMap, and the Wellderly cohort.  After strict stratification correction, 2 

haplotypes were enriched in cases vs. controls, and one haplotype was enriched in 

controls.  Possession of the rarer haplotype nominally associated with aberrant feeding 

behavior.  Several novel 3‟UTR variants, both single nucleotide, an insertion, and a 

deletion, were detected, along with one possibly functional exonic variant that has 

been observed once previously.  Patients possessing these novel variations exhibited 

some signs of regression consistent with MECP2 dysfunction.  A novel method using 

sequence-based data was developed to attempt in silico functional characterization of 

the many known and novel variants detected by association with clinical phenotypes.  
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Several sequence windows associated with Mullen scores for expressive language and 

fine motor control. 

 The availability of detailed sequence and brain imaging data lent itself to the 

final study of this work, an attempt to associate genetic data with brain imaging data.  

The hypothesis was that variants associated with volume changes in subcortical 

structures and cerebellum would exhibit differences in morphology between those 

possessing and not possessing the variant.  Possession of the rare associated haplotype 

strongly associated with shape differences in the hippocampus and thalamus, 

bilaterally.  The hippocampal differences occurred on the lateral ventral side, and the 

posterior tip more strongly on the right side, with those possessing the rare haplotype 

showing atrophy.  The location is consistent with CA1 hippocampal neurons, which 

consistently show differences in MECP2 knockout mice.  The cerebellum, controller 

of fine motor coordination, showed highly significant bilateral differences on the 

medial and lateral surfaces.  The thalamus shows atrophy of those with the rare 

associated haplotype in the ventral medial region, also a mediator of fine motor 

control.  

Together, these studies provide evidence that naturally occurring MECP2 

sequence variation plays a role in mediating brain structure in both normal and 

diseased populations, and points to the role of specific regions affected by MECP2 

variants. 
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5.3 Future directions and Limitations 

There are many challenges in studies that combine imaging and genetics data.  

It is impossible to make an absolutely definitive link between two systems, such as the 

genome and the brain, given their incredible complexity, short of growing a full 

human brain with various genetic variations, a task which is currently not within our 

reach.  Potential does exist with IPS technology to create neurons from human 

fibroblasts with different MECP2 mutations (4), and this has been done for Rett 

syndrome patients.  Before one embarks on such a daunting task, one must be sure that 

the variants have some functional effect. Rett syndrome patients have clear loss of 

function exonic mutations, found in multiple subjects, so it is fairly certain that a 

convincing phenotype will appear.  The sheer number of variants found in MECP2 in 

autistic boys made this task beyond the scope of this dissertation. 

 It stands to reason that some of the methods described in this thesis may help 

narrow down the functional effects of variants, given a more clearly connected 

phenotype.  An example of this would be in the use of sequence-based MDMR 

analysis technique in a drug-response context, where variants in the gene are known to 

have an effect, either from GWAS or candidate SNP studies. This could prove 

extremely useful in detecting the actual variant responsible for any phenotypic 

response, rather than just a general genomic location that a GWAS would identify.  

Deep sequencing may reveal variants that underlie signals such as these, as potentially 

achieved in this study.   
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The sequencing study pursued in this thesis research was designed to find both 

rare mutations and common variants alike, and it was necessary to strike a balance 

between sample size and inclusion of controls given costs and availability of samples.  

While it was possible to assess frequency differences of single nucleotide variants in 

the pooled controls, it was inherent in the design of the study that the variants could 

not be linked back to the individual controls.  This tradeoff proved costly when trying 

to assess frequency differences of indels, as the pooling severely compromised the 

ability to detect them.  Use of HapMap sequencing data ameliorated this problem 

somewhat, but the conditions between HapMap sequencing and the sequencing for 

this pilot study were different in orientation, sequencing depth, and technology 

platforms for identify and calling variants.  As sequencing becomes cheaper, it may be 

worth the effort to sequence an equal number of cases and controls under the same 

conditions.  

Nonetheless, many variants were detected in the study described that could be 

causal, and provide targets for future study.  A signal from the promoter region was 

consistently observed, both in the frequency analysis and sequence-based association 

analysis.  Several novel promoter deletions and insertions were detected that in some 

cases associated with brain structure differences.  These would be particularly good 

targets for future functional studies, but more evidence needs to be found to justify 

this.  This is particularly true with a gene like MECP2, which requires such perfect 

transcriptional control, and is only active at very specific times in the neuron.  

Functional studies examining MECP2 expression would require a temporal 
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component, and even then would have to be highly sensitive to expression change.  It 

is likely that males would tolerate only very slight differences in the regulation of 

MECP2 to be viable.  The sequence-based MDMR analysis approach may be useful in 

detecting variants that control gene expression, however obtaining brain tissue from 

developing autistic children is extremely difficult, as autism is rarely fatal.  Blood-

brain gene expression studies of MECP2 would be unlikely to yield results, as 

peripheral MECP2 expression occurs without the 10 kb long 3‟UTR, which is 

responsible for fine-tuning MECP2 in brain tissue. For sequencing studies, the main 

issue lies with sample size, and this should improve the results of any study attempting 

to connect DNA variations with phenotypes. 

Future studies may be guided by the difficulties in using MRI images of young 

brains, and those with obvious malformations that affect segmentation of brain 

structures.  The inclusion of 2-5 yr old autistic brains in a within-case design allowed 

for large variation in data, and relatively low correlation between imaging analysis 

tools.  A larger study of this kind may be advised to include older children exclusively, 

when the effect of MECP2, or genes in this pathway, have a more definitive role.  

Evidence shows that in humans, unlike in mice, full MECP2 expression may be 

delayed to allow for synaptic maturation until the age of 10.  This delayed MECP2 

expression may be one of the large evolutionary differences separating humans and 

other primates from mice, and allow for plastic learning for this extended period.   

While this study may have provided some clues as to which brain structures 

and genetic variants are relevant to understanding the role of MECP2 in autism, a 
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larger sample size with a more chronologically homogeneous population will be 

necessary to more definitively identify associations of biological relevance.  It is the 

hope of this author that despite limitations, the work described in this thesis has 

provided a framework, some useful tools and encouraging results, for the integration 

of sophisticated imaging data with genetic variation data in the study of brain 

structure, autism, and related phenotypes. 
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