
UC Irvine
UC Irvine Electronic Theses and Dissertations

Title
Exome Sequencing Reveals Gene Variants Involved in Methylation, Acetylation, and 
Chromatin Remodeling in Patients with Autism

Permalink
https://escholarship.org/uc/item/4br5n3vx

Author
Bevilacqua, Jennifer Ann

Publication Date
2014
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/4br5n3vx
https://escholarship.org
http://www.cdlib.org/


 
 

 

UNIVERSITY OF CALIFORNIA, 

 IRVINE 

 

Exome Sequencing Reveals Gene Variants Involved in Methylation, Acetylation, and Chromatin 

Remodeling in Patients with Autism 

 

THESIS 

 

submitted in partial satisfaction of the requirements  

for the degree of 

 

MASTER OF SCIENCE 

In Genetic Counseling 

 

By 

 

Jennifer Ann Bevilacqua 

 

 

 

Thesis Committee: 

Professor Moyra Smith, Chair  

Associate Adjunct Professor Pamela Flodman 

Assistant Clinical Professor Kathryn Singh 

 

 

 

 

 

2014 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2014 Jennifer Ann Bevilacqua



ii 
 

 

DEDICATION 

 

To my parents and family, 

I could never thank you enough for your love, support, and encouragement to be all that I can be.  

You never doubted me and you always kept me moving in the right direction, especially when it 

seemed impossible to take that next step.  I could never have made it this far without you. 

 

To all my teachers and mentors at UCI, 

Your guidance has and will continue to provide me with the skills I need to succeed in my 

genetic counseling career in the years to come.  You helped me to grow into a confident, smart 

professional and I hope to make you all proud. 

 

To my classmates, 

I had no idea how important you would all become to me, but I am so glad that we were thrown 

together in this program!  I could never have gotten through this without your support, 

encouragement, laughter, and friendship.  You can do anything for two years and we did!  

Congratulations to all of you! 

 

 



 

iii 
 

 

TABLE OF CONTENTS 

Page 

LIST OF FIGURES          iv 

LIST OF TABLES          iv 

ACKNOWLEDGEMENTS         v 

ABSTRACT OF THE THESIS        vi 

INTRODUCTION          1 

 Overview of autism         2 

 Epigenetics          7 

 Overview of the folate cycle        11 

 Folate and neural tube defects       15 

 Gene and environmental interactions of the “epigenetic pool”   17 

 Exome sequencing and analysis       18 

 Novel variant classification – In silico prediction tools    20 

 Epistasis          22 

 

METHODS           24 

 Subject recruitment         24 

 Exome sequencing         24 

 Variant filtering and classification       24 

 

RESULTS           26 

DISCUSSION           37 

CONCLUSION          45 

REFERENCES          47 

APPENDIX           53 

 



 

iv 
 

 

LIST OF FIGURES 

       Page 

FIGURE 1  CNV at 2q37.3 including HDAC4 in patient with autism  5 

FIGURE 2  CNV at 15q24.2 including SIN3A in patient with autism  6 

FIGURE 3  The epigenome and chromatin organization    10 

FIGURE 4  The folate and methionine cycle overview     12  

FIGURE 5  The folate cycle       13 

FIGURE 6  The methionine cycle       14 

       

 

LIST OF TABLES 

            Page 

TABLE 1  Exome variants in seven families with autism   27 

TABLE 2  Rare and low frequency variants related to methylation,   31 

acetylation, or chromatin remodeling in families and probands 

with autism 

 

TABLE 3  Common variants in the folate one-carbon pathway   34 

 

 

 

 

 



 

v 
 

 

ACKNOWLEDGEMENTS 

 

I would like to thank my committee chair, Professor Moyra Smith, and my committee members, 

Pamela Flodman and Kathryn Singh for their guidance and help in completing this manuscript. 

 

I would also like to thank our research participants for their time and interest in helping us to 

explore the causes of autism and attempt to uncover some of the mysteries of this condition.  

Their contributions are essential to our work and I hope research may someday provide them 

with the answers they and families like them continue to seek. 

 

I thank the Nature Publishing Group, Elsevier, and the American Society for Nutrition for their 

permission to include copyrighted figures as part of my thesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

vi 
 

 

ABSTRACT OF THE THESIS 

Exome Sequencing Reveals Gene Variants Involved in Methylation, Acetylation, and Chromatin 

Remodeling in Patients with Autism 

By 

Jennifer Ann Bevilacqua 

Master of Science in Genetic Counseling 

University of California, Irvine, 2014 

Professor Moyra Smith, Chair 

 

 Autism is a complex and both genetically and phenotypically heterogeneous 

neurodevelopmental condition.  Some clear genetic causes have been identified but for most cases 

of autism the cause is unknown.  Previous studies attempting to fill in some of this gap in 

understanding have suggested a link between autism and variants in genes related to epigenetic 

control of gene expression including those involved in methylation and chromatin modification.  

We analyzed whole exome sequencing data for seven families and probands with autism for novel, 

rare, and common protein damaging variants and found 22 variants in 20 genes related to 

methylation, acetylation, and chromatin remodeling.  Our analysis also revealed a burden of eight 

inherited variants in the one-carbon metabolism pathway in an autistic proband.  These findings 

suggest that both defects in enzymes related to epigenetic regulation and the interactions of 

multiple related variants may each provide insight into the pathophysiology of autism.
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INTRODUCTION 

The traditional view of genetic disease is based in the central dogma of a DNA sequence 

transcribed into mRNA and further translated into protein.  This doctrine puts a huge emphasis on 

the importance of the sequence of DNA nucleotides.  Under this simplistic view, the sequence of 

bases has an exclusive impact on the final protein product and ultimately the function of the tissues 

and systems of the body.  Advances in technology have focused on discovering the DNA sequence 

of protein coding genes with the goal of associating mutations with disease.  Complex diseases, 

however, have proved difficult to explain using these methods.  Sequence based methods have 

made it clear that complex human diseases like autism spectrum disorder are not easily explained 

by monogenic mutations.  Other causes of autism including multifactorial influence and the 

epistatic effect of multiple genes have been investigated and focus has recently, focus turned to 

epigenetic modification as a possible explanation for complex neurological disorders.  The goal of 

this study is to explore defects in enzymes involved in epigenetic control of gene function and 

chromatin modification as a possible underlying mechanism for autism.  We also aim to explore 

the possibility of contributions of several interacting genes in a single individual to development 

of autism and whether variants with potential for autism causation might either arise de novo or be 

inherited from a parent. 
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Overview of autism 

Autism is a common but complex neurodevelopmental disorder characterized by 

deficiencies in communication, social interactions, and repetitive behaviors.  Autism is a highly 

variable condition with symptoms ranging from complete lack of verbal communication and 

cognitive impairment, to characteristic repetitive behaviors, to mild social deficiency.  It is because 

of this variability that there has recently been a shift in nomenclature to the term “autism spectrum 

disorder” which better reflects the wide range of phenotypes that encompass the condition [1].  

ASD affects about 1 in 88 children in the United States according to Center for Disease Control 

estimates and the number of diagnoses is increasing over time [2].  This increase may be due to 

broadening diagnostic criteria, increased awareness, and the need for a formal diagnosis to gain 

access to appropriate therapies [3].  Due to the widespread prevalence of autism and this 

condition’s profound impact on affected families, research investigating the causes of autism is 

ongoing. 

Clearly identified monogenic disorders have been shown to cause autism.  Fragile X 

syndrome affects 1/3,500-1/9,000 individuals and is associated with an unstable tri-nucleotide 

expansion in the FMR1 gene coding for the FMRP protein.  The expansion of a CGG repeat results 

in abnormal methylation of the FMR1 gene and reduction in FMRP protein transcription leading 

to developmental delays, intellectual disabilities, and characteristic facial features.  About 18-33% 

of patients with Fragile X syndrome meet diagnostic criteria for autism, and account for 

approximately 2% of all autistic individuals [4, 5].  Mutations in the TSC1 and TSC2 genes 

associated with tuberous sclerosis (TS) are also associated with an increased risk for autism.  This 

autosomal dominant disorder is characterized by hamartomas, skin lesions, and epilepsy.  As many 

as 30% of patients affected with TS have autism as a feature of the disorder [4].  Studies of samples 
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of autistic patients have found about 1% of patients have autism as a result of TS [5-7].  Another 

single gene disorder associated with autism is Rett syndrome, which is caused by mutations in 

MECP2.  Clinical features of classic Rett syndrome include epilepsy, stereotypic hand wringing, 

breathing abnormalities, and developmental regression.  Studies have found between 58-78% of 

children with Rett syndrome meet criteria for autism spectrum disorder [8, 9].  Other syndromic 

causes of autism include CHARGE syndrome, Down syndrome, and Angelman syndrome as well 

as other chromosomal and single gene disorders [5, 10].   

More important than the incidence of autism in these syndromes may be the clues they 

provide for the underlying mechanism behind the development of autistic symptoms.  Fragile X, 

TS, Rett syndrome, Down syndrome and other conditions affect behavior, communication, and 

intelligence in unique ways but all can result in autism.  While autism can be considered a symptom 

of these conditions, understanding the connection between these genetic etiologies and effects on 

brain development could contribute to a more generalized explanation of non-syndromic 

neurological disorders [11].  For example Rett syndrome provides a suggestive link between 

autism and abnormalities in chromatin remodeling.  MECP2 or methyl CpG binding protein 2 

functions in silencing transcription through epigenetic regulation of regions of methylated DNA.  

MECP2 interacts with and recruits histone deacetylases involved in condensing chromatin to limit 

transcription.  The prevalence of autism in Rett syndrome along with the role of MECP2 in 

epigenetic regulation could suggest a contribution of chromatin remodeling genes as a mechanism 

of explaining autism.  Other chromatin regulators including BAF (SWI/SNF), CDH8, HDAC4, and 

EZH2 have roles in neural development and their dysfunction has been implicated in many 

different neurological disorders [12, 13].  Overlap in observed genetic variants in autism and other 
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neurological disorders suggests a complicated process of epigenetic regulation affecting brain 

development, behavior, and intellect [11]. 

Other known causes of autism are microscopically visible chromosomal alterations and 

recurrent copy-number variants (CNVs).  Fewer than 5% of autism cases are associated with 

microscopically visible alterations at 2q37, 7q11, 15q11-13, 16p11, 22q11.1, and 22q13.3 [14].  In 

addition, about 6% of individuals with non-syndromic autism have CNVs revealed by 

chromosomal microarray analysis (CMA).  Several studies have found that patients with autism 

have significantly more CNVs, larger CNVs, and CNVs impacting more genes than unaffected 

individuals [14-16].  While many of these CNVs appear to be private and limited to single families 

or individuals, some recur in multiple cases of unrelated individuals.  Recurrent deletions and 

duplications at 1q21, 2p15-16.1, 7q11, 15q11.2-13.3, and 16p11.2 show a strong association with 

autism [4, 14]. 

The clinical significance of CNVs is dependent on the function of genes involved in the 

alteration.  Microarray analysis in our patient sample from a previous study revealed a deletion at 

2q37.3 including the HDAC4 gene (see FIGURE 1).  FIGURE 1 shows the deletion at 2q37.3 with 

a copy number of 1 in the uppermost track.  The bottom track in this figure shows the genes in the 

deleted region, highlighting HDAC4 [17].  The 2q37.3 deletion syndrome is a recognized 

microdeletion syndrome associated with facial dymorphology, brachydactyly, autism, and obesity.  

This deletion includes the HDAC4 gene, a histone deacetylase involved in chromatin modifications 

altering gene transcription [18].  Another previously discovered microdeletion in this sample at 

15q24.2 included the SIN3A gene [17] (see FIGURE 2).  FIGURE 2 shows the deletion at 15q24.2 

with a copy number of 1 in the uppermost tract.  The lower tract shows the genes in the deleted 
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region including SIN3A.  SIN3A is a transcriptional regulatory protein that associates with MeCP2 

and histone deacetylases to repress gene expression [19]. 

 

 

FIGURE 1: CNV at 2q37.3 in patient with autism[17] 

 

LEGEND: This figure shows microarray analysis revealing this specific region of chromosome 

2q37.4 present in only one copy in an autistic proband instead of the expected 2 copies in controls.  

Therefore, there is a deletion of one copy of this region including the deletion of one copy of the 

histone deacetylase gene HDAC4. 
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FIGURE 2: CNV at 15q24.2 in patient with autism[17] 

 

LEGEND: This figure shows microarray analysis revealing this specific region of chromosome 

15q24.2 is present in only one copy in an autistic proband instead of the expected 2 copies in 

controls.  Therefore, there is a deletion of one copy of this region including the deletion of one 

copy of the histone deacetylase gene SIN3A and a number of other genes in the region.  SIN3A 

interacts with chromatin binding proteins and plays roles in the regulation of transcription. 
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Despite the causes described above most autism remains unexplained by genetic studies.  

There is strong evidence of a genetic contribution including studies of heritability and increased 

recurrence risks for parents with an affected child.  Dizygotic twin concordance is as high as 31-

36%, monozygotic twin concordance is as high as 50-77%, and recurrence risk for a sibling to be 

diagnosed with an autism spectrum disorder is estimated to be 15-25% [4, 20, 21].  Genome-wide 

association studies, whole exome, and whole genome sequencing of families with autism have 

identified many genes that appear to be closely associated with the disorder.  These genes include 

those involved in neuronal synapses, growth regulation, calcium channels, and even genes in the 

mitochondrial DNA [4].  Autism has proven to be not just a phenotypically heterogeneous 

condition, but also a genetically heterogenous one.  Newer technologies such as genome and 

exome sequencing techniques have the potential to uncover and further explain this complex 

disorder. 

 

Epigenetics [22], [23], [24], [12] 

One basis of epigenetic modification is the mechanism of methylation, or the addition of 

methyl groups to DNA to control gene function.  Methylation acts upon promoter regions to 

inactivate transcription, and by extension the expression of protein.  Primarily it is cytosine that is 

methylated in CpG dinucleotides; up to 2-5% of all cytosines in our genome are methylated.  The 

methyl groups physically block the binding of DNA polymerase complexes to the promoter of a 

gene and in that way repress expression.  Methylation patterns can be dynamic depending on the 

physiological requirements for gene expression, but can also be stable and passed through DNA 

replication.  Maintenance methylases can detect the difference in the presence of methyl groups 
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between the template and nascent strands during replication.  These enzymes will methylate the 

new strand to match the original and retain the pattern for the next generation of daughter cells.  

Epigenetic regulation of genes is also achieved through the modification of histone proteins 

and reorganization of chromatin.  Chromatin is composed of nucleosomes, which are themselves 

made up of 147 DNA base pairs wrapped around eight histone proteins (See FIGURE 3).  Each 

nucleosome contains two molecules each of H2A, H2B, H3, and H4 histones.  The histone-

facilitated compaction and expansion of chromatin controls the access of transcription factors to 

the DNA strand.  Histone modifications affect the compaction of chromatin by altering the 

interactions between nucleosomes and can also impact the recruitment of protein complexes 

necessary for transcription.  Chromatin-associated factors have been shown to interact specifically 

with modified histones for regulation of gene expression[25].   

Histone acetylation is the addition of an acetyl group to the lysine side chains of a histone 

by histone acetyltransferases (HATs).  The acetyl group offsets the positive charge of the lysine 

and weakens the bond between the histone and the DNA strand.  This change allows the 

nucleosomes to become less condensed and promotes transcription (see FIGURE 3).  Histone 

deacetylases (HDACs) reverse the modification by removing the acetyl group and restoring the 

lysine’s positive charge.  HDACs return the chromatin to its compact and transcriptionally 

repressed state. 

Histone phosphorylation by kinases can either encourage or repress transcription 

depending on which histone of the nucleosome is modified.  The addition of a phosphate group to 

the hydroxyl group of serines, threonines, and tyrosines in the N-terminal histone tails adds a 

negative charge that alters the interaction between the histone protein and DNA.  The 

phosphorylation of H3 at serine 10, tyrosine 11 or serine 28 has been shown to activate 
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transcription [24].  Histone phosphatases remove phosphate groups from histones to reverse the 

effect of the modification to either restore or inactivate transcription. 

Unlike phosphorylation or acetylation, histone methylation does not alter the charge of the 

protein.  Histone lysine methyltransferases (HKMTs) catalyze the transfer of a methyl group to a 

lysine from S-adenosylmethionine (SAM).  Histone arginine methyltransferases (PRMTs) transfer 

a methyl group from SAM to arginine.  Histone methylation used to be considered a stable and 

irreversible process, but we now know that histone demethylases work to reverse methylation for 

both lysine and arginine [24, 25]. 

Chromatin remodeling can also be achieved through the action of ATPases.  These 

remodeling complexes use the energy of hydrolysis of ATP to ADP to move nucleosomes along a 

DNA strand, remove or exchange nucleosomes, or alter contacts between nucleosomes[26].  

Chromatin remodeling ATPases are comprised of the SWI/SNF family of proteins, BAF 

complexes, and chromatin helicase domains such as CHD8.  All three of these classes of ATP 

dependent chromatin remodeling proteins have been implicated in autism spectrum disorder [12, 

13].  Although chromatin regulation is observed in most tissues of the body, this type of 

modification has been found to be especially important in the normal development of the central 

nervous system, suggesting that these proteins may be implicated in autism [12]. 
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FIGURE 3: The epigenome and chromatin organization [27] 

 

Reproduced with permission Copyright © 2002 Nature Publishing Group 
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Overview of folate cycle [28], [29] 

The folate one-carbon metabolism cycle converts folate derived from the diet into methyl 

groups that can be available for use in the epigenetic regulation of gene expression.  This cycle is 

shown in FIGURES 4, 5, and 6.  Folic acid is first reduced to dihydrofolate (DHF), then further 

reduced to tetrahydrofolate (THF) by dihydrofolate reductase (DHFR) (see FIGURE 4).  THF can 

also be converted back to 5,10-methyl THF through 10 formyl THF and 5,10 methenyl-THF with 

both reactions being catalyzed by MTHFD1 (see FIGURE 5).  A methylene bridge is added to 

THF by formate, serine, or glycine to create 5,10-methylene THF.  Methyltetrahydrofolate 

reductase (MTHFR) then reduces this molecule to 5-methyl tetrahydrofolate.  This reaction 

contributes a methyl group and when combined with vitamin B12 facilitates the conversion of 

homocysteine to methionine by methionine synthase (MS) (see FIGURE 4 and FIGURE 5).  

Methionine synthase reductase (MTRR) keeps cobalamin in a reduced state for methylation of 

homocysteine to methionine.  Methionine is then converted to S-adenosyl-methionine (SAM), 

which donates methyl groups to become S-adenosyl-homocyteine (SAH).  Since SAM contributes 

methyl groups in methylation reactions necessary for gene regulation, the ratio of SAM:SAH in 

blood is an indication of an individual’s methylation status.  The donated methyl groups from SAM 

are used by DNA methyltransferases such as DNMT1, DNMT3A, and DNMT3B to add methyl 

groups to inactivate transcription of genes (see FIGURE 4).  The folate cycle also contributes 

pyrimidines and purines for DNA replication (see FIGURE 5 and FIGURE 6). 
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FIGURE 4: Folate and methionine cycle overview [30] 

 

Reproduced with permission Copyright © Elsevier 

 

 

 

 

 

 

 

 

 

 



 

13 
 

 

FIGURE 5: The folate cycle [28] 

 

LEGEND: THF, tetrahydrofolate; 5-methyl-THF, 5-methyl-tetrahydrofolate; 5,10-MTHF, 5,10-

methylene-tetrahydrofolate; DHF, dihydrofolate; 10-formyl-THF, 10-formyl-tetrahydrofolate; 

5,10-methenyl-THF, 5,10-methenyl-tetrahydrofolate; dUMP, deoxy-uracil-monophosphate; 

dTMP, deoxy-thymidine-monophosphate; cSHMT, cyclo-serine-hydroxy methyl transferase; 

MTHFR, 5,10-methylene tetrahydrofolate reductase; MS, methionine synthase; MSR, methionine 

synthase reductase; MTHFD1, 5,10-methylenetetrahydrofolate dehydrogenase/5,10-methenyl-

tetrahydrofolate cyclohyfrolas/10-formyl-tetrahydrofolate synthase; DHFR, dihydrofolate 

reductase; TS, thymidine synthase; B6, vitamin B-6; Vit. B12, vitamin B-12. 

 

Reproduced with permission Copyright © American Society for Nutrition 
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FIGURE 6: The methionine cycle [28] 

 

LEGEND: SAM, S-adenosyl-methionine; SAH, S-adenosyl-homocysteine; THF, 

tetrahydrofolate; 5-MTHF, 5 methyl-tetrahydrofolate; R, DNA or protein; R-CH3, methylated 

DNA or protein; MAT, methionine adenosine transferase; MS, methionine synthase; BHMT, 

betaine homocysteine methyltransferase; CBS, cystathione B synthase; DMG, dimethylglycine; 

Vit. B6, vitamin B-6; Vit. B12, vitamin B-12. 

 

Reproduced with permission Copyright © American Society for Nutrition 
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Folate and neural tube defects 

In exploring epigenetics as a potential cause of autism, a neurodevelopmental condition, it 

is relevant to consider other neurodevelopmental diseases in which epigenetic mechanisms have 

been found to contribute to pathogenesis.  One example is disruption of the folate one-carbon 

metabolism pathway that is associated with structural neurological defects suggesting a link 

between this pathway and early neurologic development.  Neural tube defects (NTDs) are 

structural neurologic defects and are among the most common birth defects, affecting about 1 in 

1,000 pregnancies[31].  These defects have a wide range of clinical severity; the most severe 

include open lesions such as anencephaly and craniorachischisis.  These defects are lethal in the 

prenatal or neonatal period.  Encephaloceles can be less severe and affected patients may have a 

longer survival depending on the degree to which the brain is damaged as it herniates.  Open spina 

bifida can result in loss of sensation, immobility, and loss of bladder and bowel control.  Spina 

bifida can also be closed, meaning the spinal cord is not entirely exposed and symptoms are milder.  

Some patients with closed spina bifida can even be asymptomatic.  The mildest manifestation of a 

neural tube defect is spina bifida occulta, which is actually considered a normal variant. 

Primary prevention of neural tube defects with folate supplementation is widespread today. 

Researchers first suggested the supplementation of folate upon discovering that woman pregnant 

with fetuses with NTDs had low levels of folic acid in their blood [32].  The Medical Research 

Council performed a vitamin study showing that folic acid supplementation reduced the recurrence 

of NTDs [33].  The results of the trial led to the recommendation that all preconceptional women 

should consume at least 0.4mg of folic acid daily.  Women at high risk of having a child with an 

NTD, such as those with a previous affected child or family history of an NTD, should consume 

4-5mg of folic acid per day.  Mandatory flour fortification was implemented in the United States 
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in 1998, followed by similar programs in Canada, South America, and other countries worldwide.  

No European countries have mandated folic acid fortification, opting instead for optional 

supplementation.  The rates of NTDs in populations with fortification have decreased, supporting 

the protective effect of folic acid on pregnancies [34]. 

The epidemiologic impact of folic acid supplementation on the incidence of neural tube 

defects has received much more attention than the mechanism by which folic acid produces a 

protective effect.  The production of purines and pyrimidines in the folic acid cycle provides 

components to drive cell proliferation, which is an important component to neural tube closure 

[31].  It has therefore been hypothesized that increased cell proliferation in an environment of 

sufficient folate encourages proper tube closure and prevents neural tube defects [31].  However, 

epigenetic regulation of the genes involved in neural tube closure is another potential mechanism, 

given the freeing of methyl groups in the folate cycle, which is depicted in FIGURE  4 and 

FIGURE 5 [31]. Folate pathway gene variants in women confer an increased risk for offspring 

with NTDs.  The MTHFR polymorphism C677T has been found to be associated with a 1.8 times 

higher risk [29].  Another mechanism for reduction in fetal folate is maternal folate receptor 

autoantibodies.  These antibodies prevent fetal uptake of folate by competitive inhibition and have 

been found in mothers with a history of pregnancies affected with NTDs.  Maternal autoantibodies 

bind to the folate receptor throughout the body, but folate receptors are especially abundant in the 

placenta in order to facilitate the transport of folate to the fetus.  In the placenta these antibodies 

block folate transport to the developing fetus and result in a fetal folate deficiency [35].  Regardless 

of the underlying mechanism, studies of NTDs and prevention through supplementation suggest a 

link between disruption and inefficiency of the folate pathway and effects on very early 

neurological development. 
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Gene and environmental interactions of the “epigenetic pool” 

The number of methyl groups available for use in DNA and histone modification impacts 

the overall methylation status of an individual’s genome.  Methyl groups are generated by the 

folate and methionine cycles for use in modification.  A deficiency in dietary folate and methionine 

have been shown to reduce the availability of methyl donors for use in epigenetic regulation of 

gene expression [36].  Various mechanisms can impact the supply and demand for methyl donors 

to change the size of the epigenomic “sink.”  Dietary intake and supplementation of folate 

contributes methyl groups to the “sink.”  Genomic duplications, repeated regions, and trisomies 

increase the demand for methyl groups by increasing the amount of DNA requiring methylation.  

Insufficient intake of methyl group precursors results in hypomethylation when the available pool 

of methyl groups is not sufficient to meet the demand for epigenomic modifications.  Lower plasma 

levels of methionine, the precursor to methyl donor (SAM), are found in children with autism 

compared to normal controls suggesting a deficit in the availability of methyl groups for epigenetic 

modifications [37].  This deficit is especially important during early development and 

embryogenesis when there is a critical need for methyl donors to guide cellular differentiation [36].    

Since methylation patterns established in the embryo are relatively stable, hypomethylation 

in early development can persist through fetal development and into childhood and adulthood [36].  

Hypomethylation of DNA has been found in mothers of children with autism, signifying a link 

between early developmental methyl donor availability and a lifelong neurologic impact [29].  The 

methyl group deficiency in these cases has been associated with genetic variants involved in the 

one carbon metabolism cycle including MTHFR C677T and MTHFR A1298C.  This effect was 

observed even when the genetic variant causing maternal susceptibility to hypomethylation was 

not inherited by the fetus [29].  Another study of mothers with these variants showed a significantly 
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increased risk for autism, exacerbated further in the absence of prenatal vitamin use.  This study 

also reported an overall reduced risk for autism with prenatal vitamin use suggesting a protective 

effect of supplementation and compensation for variant-induced reduction in efficiency of the 

folate cycle [38].  These studies highlight the importance of the in utero environment in providing 

methyl groups for epigenetic regulation and cellular differentiation.  

Exome Sequencing and analysis 

Massively parallel sequencing technology has transformed human genetics by allowing for 

genome-wide investigations of variations related to genetic disease [39].  Next-generation 

technologies have reduced the time and cost of sequencing compared to traditional Sanger methods 

allowing for large scale studies seeking the cause of previously enigmatic disorders [40].  In a 

clinical setting whole exome and whole genome sequencing have been successful in uncovering 

single genes responsible for severe intellectual disabilities and complex medical presentations 

when other diagnostic tests failed to provide an answer [41-44]. 

Exome sequencing involves isolation of genomic DNA from a patient sample as a single 

proband or along with parental samples as normal controls.  As part of the preparation for 

sequencing, PCR enrichment of protein coding regions of the genome is performed in order to 

maximize the proportion of the DNA sample from the exome.  The sample is digested into small 

pieces and loaded into a sequencing instrument that sequences these millions of small fragments 

simultaneously.  The raw data is collected and the short reads are aligned to a reference genome.  

Variants are identified where there are differences between the reference and sample sequence 

[39].  This process can typically reveal 100,000 variants requiring interpretation by complex 

bioinformatics systems [45].   
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Clinically relevant variants can be revealed by filtering out common and benign variants, 

and variants with low quality reads in primary analysis.  Variant frequencies can be found in 

databases including 1000 Genomes [46], the NHLBI Exome Sequencing Project (ESP) [47], and 

the Database of Short Genomic Variations (dbSNP) [48]; minor allele frequencies greater than 1% 

are generally considered common and unlikely to be pathogenic variants [45, 49].  Variants are 

compared to published reports of known genetic conditions in an attempt to link a variant to a 

patient’s clinical presentation.  Novel variants are analyzed using a combination of secondary 

analysis tools that attempt to determine the significance of the change for protein function and 

clinical presentation [49].  The variant can be classified by the way it alters the protein code.  

Nonsense and frameshift variants are considered major alterations and are more likely to be 

pathogenic than missense changes.  Missense variants are classified based on whether the amino 

acid change is synonymous or nonsynonymous and, if nonsynonymous, the difference in the 

properties of the reference and variant amino acid.  The effect of the amino acid substitution on 

the three dimensional structure and functional motifs may also be considered if possible [49].  

Missense variants can also be compared to databases of evolutionarily conserved DNA sequences 

based on the assumption that essential sequences will be conserved and any alteration at a highly 

conserved sequence site is likely to be pathogenic [45].  Specific in silico tools for secondary 

analysis of missense variants are described below. 
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Novel Variant Classification – In silico prediction tools 

Polyphen (Polymorphism Phenotyping v2) 

Polyphen 2 is the second version of an in silico model, or computer-based simulation, for 

predicting the possible impact of an amino acid substitution on protein function.  This model gives 

a prediction of impact in terms of structural differences between amino acids and evolutionary 

comparisons.  Polyphen 2 uses both sequence and structure based analysis to give a score of 0 to 

1 [50]. 

Grantham score  

The Grantham score is a calculation for determining the degree of difference in the 

chemical and functional properties of amino acids.  It is used to quantify the difference in 

properties between a substituted amino acid and the reference residue.  Amino acids are compared 

based on the composition of their side chains, polarity, and molecular volume.  The Grantham 

score of an amino acid substitution is reported between 5 and >100.  A score between 5-60 is 

considered a conservative amino acid change, 60-100 is a non-conservative change, and a score 

greater than 100 is a radical change.  This score does not take into account the effect of an amino 

acid substitution on the entire protein sequence, but rather just the difference in properties between 

the reference and substituted amino acid [51]. 
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SIFT  

SIFT or the “sorting tolerant from intolerant” algorithm is an online in silico tool for 

predicting the effect of an amino acid substitution (AAS) on protein function.  The SIFT algorithm 

uses sequence homology based on evolutionary conservation to assign a score predicting the extent 

of tolerance of the amino acid substitution.  This score ranges from 0 to 1.  A score less than or 

equal to 0.05 indicates a predicted damaging change while a score of greater than 0.05 indicated a 

predicted tolerated change.  The SIFT algorithm compares the user-provided protein sequence to 

a database to build a dataset of functionally related protein sequences.  These related sequences 

are aligned to the user-provided protein sequence and the amino acids at each position are 

compared to the sequence of interest.  The probabilities for each of the 20 possible amino acids at 

each position is calculated and scaled to the most frequent amino acid observed.  A substitution is 

classified according to the calculated probability of that amino acid at that position as compared 

to evolutionary conservation.  This method assumes that substitutions of evolutionarily conserved 

amino acids are less tolerated than substitutions of amino acids that show variability across species.  

The SIFT algorithm uses solely sequence in the calculation of tolerability; protein structure is not 

considered [52]. 

Genomic Evolutionary Rate Profiling (GERP) conservation  

The Genomic Evolutionary Rate Profiling model is an in silico model for determination of 

the effect of amino acid substitutions on protein function.  This model uses alignment of amino 

acid sequence to 29 mammalian species to estimate the evolutionary rate of substitutions.  It 

identifies “constrained elements” or regions that exhibit less than the predicted number of expected 

substitutions.  These constrained elements are given a score determined by the extent of the 

reduction in the presence of substitutions in that region. The measure of this score is “rejected 
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substitutions” (RS) and it is based on the assumption that the substitutions expected in this region 

have been selected against through evolution because conservation of those amino acids are crucial 

to the normal function of an organism. GERP scores range from -12.3 representing the least 

conserved regions to 6.17 representing the most conserved regions [53] [54]. 

These in silico models are limited in their ability to accurately determine the pathogenicity 

of novel variants but are useful for providing a quick assessment, especially in the setting of 

interpretation of high volumes of variants, such as in exome sequencing. 

 

Epistasis 

Interactions of multiple genes and the effect of modifier genes may provide more 

information about the genetic cause of complex diseases.  While exome sequence analysis focuses 

on rare variants as independent entities the human genome functions through interactions of genes 

and proteins in a dynamic environment.  Phenotypic variation in a complex disorder like autism 

may be explained by the presence of many common variants with small effects, many rare variants 

with more significant effects, or interactions between multiple variants and environmental factors 

[55, 56].  Common variants have been shown to have small but additive effects on the inheritance 

and expression of autism [56] and multiple variants involved in the same biologic pathway may 

significantly impact the expression of autism even if each individual variant confers just a small 

increase in risk [56]. 
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In this study we hope to identify rare variants involved in methylation, acetylation, and 

chromatin modification in patients with autism to support prior studies suggesting alterations in 

these mechanisms may contribute to the phenotype of autism.  We also intend to explore the burden 

of common variants involved in the one-carbon pathway and whether an accumulation of these 

variants may be associated with autism in our patient sample. 
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METHODS 

Subject recruitment 

Seven families with autism were recruited for genetic studies as part of the University of 

California Irvine Autism Study through the Department of Pediatrics and Division of Genetic and 

Genomic Medicine.  For two families sequence data was only available for the proband.  Three 

families consisted of a trio: a proband, the mother, and the father.  Our sample also included two 

families each with a set of monozygotic twins.  In each of these two cases sequencing data was 

available for the two monozygotic probands, the mother, and the father.  In total we had access to 

data for nine probands with autism including two sets of monozygotic twins and ten parents.  

Participants were consented under IRB protocols 1996-616 and 2002-2608.  

Exome sequencing 

Blood samples from participants were obtained and DNA was obtained from isolated 

lymphocytes.  The DNA was enriched for exonic sequences using Agilent sure select kits and 

sequenced on an Illumina Genome Analyzer. 

Variant filtering and classification 

Raw sequence was aligned to the human reference genome (hg19) [57].  Aligned sequence 

was analyzed for variants that differed from the reference sequence. Sequence variants were 

filtered through DNA Nexus software (www.dnanexus.com) for all variants in genes documented 

to be involved in the methylation pathway, chromatin modification or previously reported in cases 

of intellectual disability.   For these variants we reviewed population frequencies in 1000 Genomes 

[46], the NHLBI Exome Sequencing Project (ESP) [47], and the Database of Short Genomic 

Variations (dbSNP) [48].  We considered variants to be significant if they were rarely seen in the 
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population or occurred with low frequency (2% or less in the population).  Gene function 

information was obtained through OMIM (www.OMIM.org) [58] and Gene Cards 

(www.genecards.org) [59].  The degree of protein damage predicted to be caused by the variant 

was assessed using in silico models including SIFT, Polyphen, and Grantham scores when 

appropriate as well as GERP conservation scores.  In cases where parental sequences were 

available the variant was classified as de novo or inherited.  Attention was given to the quality of 

sequence reads and probe coverage for each variant and low quality reads were excluded from 

further analysis. 
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RESULTS 

Our analysis uncovered variants in genes related to methylation, acetylation, and chromatin remodeling in all seven of our families and 

probands with autism.  In total we saw 25 variants in 22 different genes related to methylation, acetylation, and chromatin remodeling.  

In each table “Proband” refers to the individual with autism who brought the family into the study.  Parental data is included for cases 

in which these samples were available.  For cases in which parental samples were available all variants were found to be inherited.  For 

proband only cases inheritance could not be determined.  PolyPhen scores are classified as D for damaging, PD for probably damaging, 

or PoD for possibly damaging.  TABLE 1 lists all novel, rare, and low frequency variants in our sample of seven families.  TABLE 2 

lists all rare and low frequency variants related to methylation, acetylation, or chromatin remodeling in our sample.  TABLE 3 lists all 

common variants related to methylation, acetylation, or chromatin remodeling in our sample. 
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TABLE 1: Exome variants in seven families with autism 

This table lists all of the novel (not previously reported), rare (minor allele frequency <0.001), and low frequency (minor allele frequency 

≤0.02) variants in our seven families and probands with autism.  Numbers in the proband and parental columns indicate the individual’s 

identifier if the family member had the corresponding variant.  Family 63 had 11 variants, Family 80 had 12 variants, Family SD1 had 

nine variants, Family SD3 had three variants, Proband 81-201 had three variants, Family SD2 had eight variants, Proband 111-201 had 

three variants. 

GENE SIFT POLYPHEN POSITION 

SNP 

ID/NOVEL ALLELES 

Minor 

Allele 

Frequency PROBAND 

PARENT 

Male 

PARENT 

Female 

Family 63 (MZ 

Twins)                   

CASKIN2 0   17:73499840 NOVEL T/C NOVEL 63-201, 63-202 63-101   

SHANK2 0   11;70,858,167 NOVEL G/A NOVEL 63-201, 63-202 63-101   

GPR98 0   5:90445884 NOVEL A/G NOVEL 63-201, 63-202   63-102 

REPS1 0.01 D 1.0 6: 139,229,850 rs201485985 G/A A is rare 63-201, 63-202   63-102 

SUCLG1 0.02 D 0.9 2:84,668,507 rs376171433 G/C C is rare 63-201, 63-202 63-101   

RHPN2 0.01   19:33,490,566 NOVEL T/C NOVEL 63-201, 63-202 63-101   

ARHGAP24 0 D 0.99 4:86,863,243 rs149943050 A/T T is rare 63-201, 63-202   63-102 

ATM 0 D 1.0 11:108,160,480 rs138327406 T/G G is rare 63-201, 63-202 63-101   

PIK3C2B 0.02 D 0.99 1:204,434,438 rs45492196 G/A A =0.02 63-201, 63-202 63-101   

AHI1 0 D 1.0 6:135,751,024 rs13312995 G/A A=0.014 63-201, 63-202   63-102 

HIST1H1T   D 0.89 6:26,108,203 rs35724031 G/A A=0.00234 63-201, 63-202 63-101   
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GENE SIFT POLYPHEN POSITION 

SNP 

ID/NOVEL ALLELES 

Minor 

Allele 

Frequency PROBAND 

PARENT 

Male 

PARENT 

Female 

Family 80 (MZ 

Twins)                   

PLCH2 0 D 1.0 1:2,418,636 rs200798028 T/C T is rare 80-202, 80-203   80-102 

RHPN2 0.01   19:33,490,566 NOVEL T/C NOVEL 80-202, 80-203 80-101   

PPFIA2 0   12:81,661758 NOVEL G/A NOVEL 80-202, 80-203 80-101   

SNAP47 

(JMJD4) 0.01   1:227,922,874 rs2011975311 G/C C is rare 80-202, 80-203   80-102 

NTRK1 0 D 0.96 1:156,849,047 rs142870382 G/T T is rare 80-202, 80-203 80-101   

HYDIN 0   16:70,989,335 rs116739010 A/G A is rare 80-202, 80-203 80-101   

HYDIN 0   16:71,122,408 rs144011854 C/T T is rare 80-202, 80-203 80-101   

GJB3 0 D 1.0 1:35,250,457 rs1805063T C/T T= 0.015 80-202, 80-203   80-102 

KCNJ12 0   17:21,319,682 rs80203231 C/T T is rare 80-202, 80-203 80-101   

MTHFS   D  0.92 15:80,137,572 rs142334286 C/T T is rare 80-202, 80-203 80-101   

CACNA1I   D 0.999 22:40059828 rs58500586 G/C C= 0.0014 80-202, 80-203  80-101   

CHD8 0.16 PD 0.78 14:21,859,651   C/T T is rare 80-202, 80-203 80-101   

          

GENE SIFT POLYPHEN POSITION 

SNP 

ID/NOVEL ALLELES 

Minor 

Allele 

Frequency PROBAND 

PARENT 

Male 

PARENT 

Female 

Family SD1                   

CACNA1B 0   9:140,777,306 rs4422842 G/C C is rare 023 027   

CACNA1F   D 0.99 X:49082499 rs34162630 G/T T =0.025 023   025 

CACNA1S 0   1:201,017,805 rs79011683 A/C C is rare 023 027   

EPHA2   D 0.99 16:456,763 rs35903225 C/T T =0.011 023   025 

SYNJ1   D 0.96 21:34,003,786 rs61750217 C/T T=0.006 023   025 

CALML4   D 0.994 15:68,489,810 rs2280217 G/T T=0.013 023     

RYR3   D 1.0 15:33,893,735 rs370984175 T/A A is rare 023     

MLL3     7:151,945,073   ins T    023     

MLL3     7:151,945,007 rs2479172 T/C  N/A  023     
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GENE SIFT POLYPHEN POSITION 

SNP 

ID/NOVEL ALLELES 

Minor 

Allele 

Frequency PROBAND 

PARENT 

Male 

PARENT 

Female 

Family SD3          

CACNA1B 0 D 1.0 9:140,777,306 rs4422842 G/C C is rare 029   033 

MTRR   D 0.997 5:7,891,506 rs16879334 C/G G= 0.02 029    033 

MTRR   D 0.997 5:7,889,304 rs22877780 C/T T= 0.009  029    033 

                    

GENE SIFT POLYPHEN POSITION 

SNP 

ID/NOVEL ALLELES 

Minor 

Allele 

Frequency PROBAND 

PARENT 

Male 

PARENT 

Female 

Proband 81-

201             

 *No parental 

samples     

HIST1H1B   D 0.99 6:27834877 rs11970638 T/C C= 0.011  81-201     

CACNA1B   D 1.0 9:140777299 rs71238527 G/T T= 0.01  81-201     

KDM5A   PD 0.696 12:419,000 rs200804533 C/T T is rare  81-201     

          

GENE SIFT POLYPHEN POSITION 

SNP 

ID/NOVEL ALLELES 

Minor 

Allele 

Frequency PROBAND 

PARENT 

Male 

PARENT 

Female 

Family SD2                   

MLL3 (KMT2C)   D 0.997 7: 151,962,168 rs78352960 A/C A= 0.002 127   131 

MLL3 (KMT2C)   PD 0.684 

    

7:151,970,856 rs10454320 A/T A is rare 127 129   

MLL3 (KMT2C)   PD 0.767 7:151,860,675 rs200804156 C/T T is rare 127 129   

MLL2(KMT2D) 0 D 0.981 12:49,434,352 rs201114196 G/T T is rare 127   131 

AHCY   D 0.997 20:32880242 rs41301825 C/T T= 0.02 127 129   

CTNNA3   D  0.98 10:69281701 rs61749223 A/T T= 0.005  127 129    

TDRD3   D 0.99 13:61141696 Rare G/A A is rare 127 129   

CACNA1B 0.02 D 0.999 9:140,777,306 Rare C/G G is rare 127  129   
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GENE SIFT POLYPHEN POSITION 

SNP 

ID/NOVEL ALLELES 

Minor 

Allele 

Frequency PROBAND 

PARENT 

Male 

PARENT 

Female 

Proband 111-

201             

 *No parental 

samples     

CACNA1A   D 0.9 19:13,411,451 rs16019 T/G G= 0.006 111-201     

CNTNAP4   D 0.99 16:76482001 rs35363016 A/G G= 0.01 111-201     

ADNP2   PD 0.96 18: 77896253 rs75868400 G/A A= 0.011 111-201     
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TABLE 2: Rare and low frequency variants related to methylation, acetylation, or chromatin remodeling in families and probands with 

autism 

 

This table lists all rare (minor allele frequency <0.001) and low frequency (minor allele frequency ≤0.02) variants related to methylation, 

acetylation, or chromatin remodeling in our sample of families and probands with autism.  There were no novel variants discovered in 

this group.  Numbers in the proband and parental columns indicate the individual’s identifier and genotypes are listed below if the family 

member had the corresponding variant. Family 80 had three variants, Proband 81-201 had three variants, Family SD2 had nine variants, 

Family SD3 had two variants, Family 63 had three variants, Family SD1 had two variants, Proband 111-201 had one variant.  Three 

families (80, SD2, and 63) and one proband (81-201) had a total of three different variants in MLL3 (KMT2C).  The three families had 

the same rs10454320 variant for the ancestral T allele in MLL3.  Proband 81-201 and Family SD2 had the rs78352960 variant for the A 

allele in MLL3.  Family SD2 was the only family to have the rs200804156 variant in MLL3. 

 

GENE SIFT POLYPHEN POSITION 
SNP 

ID/NOVEL 
ALLELES 

Minor Allele 

Frequency 
PROBANDS 

PARENT 

Male 

PARENT 

Female 

Family 80 (MZ 

Twins) 
            

 80-202, 80-

203 
 80-101 80-102  

MLL3 (KMT2C)   PoD 0.68 7:151,970,856 rs10454320 T/A T is ancestral A/A, A/A T/A T/A 

MTHFS   D 0.92 15:80,137,572 rs142334286 C/T T is rare C/T, C/T C/T C/C 

CHD8 0.16 PD 0.78 14:21,859,651 rs200465274 C/T T is rare C/T, C/T C/T C/C 
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GENE SIFT POLYPHEN POSITION 
SNP 

ID/NOVEL 
ALLELES 

Minor Allele 

Frequency 
PROBAND   

Proband 81-

201 
            

 *No parental 

samples 
    

KDM5A (RBP2)   PD 0.696 12:419,000 rs200804533 C/T T is rare C/T     

HIST1H1B   D 0.993 6:27834877 rs11970638 C/T C= 0.01 C/T     

MLL3 (KMT2C)   D 0.997 
7: 

151,962,168 
rs78352960 C/A A= 0.002 C/A     

                    

GENE SIFT POLYPHEN POSITION 
SNP 

ID/NOVEL 
ALLELES 

Minor Allele 

Frequency 
PROBAND 

PARENT 

Male 

PARENT 

Female 

Family SD2              127 129  131  

MLL3 (KMT2C)   D 0.997 
7: 

151,962,168 
rs78352960 C/A A is rare C/A                                C/A 

MLL3 (KMT2C)   PD 0.684 7:151,970,856 rs10454320 T/A T is ancestral T/A T/A   

MLL3 (KMT2C)   PD 0.767 7:151,860,675 rs200804156 C/T T is rare C/T C/T   

MLL2(KMT2D)   D 0.981 12:49,434,352 rs201114196 G/T T is rare G/T                                G/T 

AHCY   D 0.997 20:32880242 rs41301825 C/T T= 0.005 C/T   C/T   

MTRR   D  0.99 5:7889304 rs2287780 C/T T= 0.024 C/T C/T   

MTRR   D 0.99 5:7891506 rs16879334 A/G G= 0.023 A/G  A/G   

HDAC7   D 0.975 12:48191247 rs148755202 C/T T= 0.017 C/T  C/T   

CHD6   D 1.0 20:40,040,870 rs61752057 G/A A= 0.0059 G/A   G/A 
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GENE SIFT POLYPHEN POSITION 
SNP 

ID/NOVEL 
ALLELES 

Minor Allele 

Frequency 
PROBAND 

PARENT 

Male 

PARENT 

Female 

Family SD3              029  031 33  

MTRR   D 0.997 5:7,891,506 rs16879334 C/G G= 0.02  C/G   C/G 

MTRR   D 0.997 5:7,889,304 rs22877780 C/T T= 0.009  C/T   C/T 

          

          

GENE SIFT POLYPHEN POSITION 
SNP 

ID/NOVEL 
ALLELES 

Minor Allele 

Frequency 
PROBANDS 

PARENT 

Male 

PARENT 

Female 

Family 63 (MZ 

Twins) 
            

 63-201, 63-

202 
 63-101  63-102 

HIST1H1T   D 0.89 6:26,108,203 rs35724031 G/A A= 0.00234 G/A, G/A G/A G/G 

KAT2B   D 0.90 3: 20,189,472 rs148960024 C/A A is rare C/A, C/A  C/A  C/C 

MLL3 (KMT2C)   PD 0.684 7:151,970,856 rs10454320 T/A A is rare AA, AA T/A  A/A 

                    

GENE SIFT POLYPHEN POSITION 
SNP 

ID/NOVEL 
ALLELE 

Minor Allele 

Frequency 
PROBAND 

PARENT 

Male 

PARENT 

Female 

Family SD1             

 *No parental 

data available 

for analysis 

    

ZNF335   D 0.92 20:44,588,904 rs117132825 G/A A= 0.001       

CBS   D 0.967 
21: 

44,483,184 
rs5742905 A/G G is rare       

          

GENE SIFT POLYPHEN POSITION 
SNP 

ID/NOVEL 
ALLELE 

Minor Allele 

Frequency 
   

Proband 111-

201       
*No parental 

samples 
  

ZNF335   D 0.98 20:44,582,435 rs41280276 G/T T= 0.02 (0.05)    
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TABLE 3: Common variants in the folate one-carbon metabolism pathway 

This table lists all common variants involved in the folate one-carbon metabolism pathway in our sample of families and probands with 

autism.  Numbers in the proband and parental columns indicate the individual’s identifier and genotypes are listed below if the family 

member had the corresponding variant.  Proband 111-201 had no variants in this category.  Family SD2 had eight variants.  In this 

family proband 127 inherited all eight variants.  Individual 131 had six of these damaging variants including a homozygous minor allele 

in BHMT.  Individual 129 had seven common variants.  Family SD1 had four variants, Family SD3 had six variants, Family 80 had five 

variants, Proband 81-201 had two variants, and Family 63 had two variants. 

Gene 

SNP ID/ 

Location 

Minor 

Allele 

Frequency  POLYPHEN GERP Grantham 

Alleles in 

Proband 

Minor Allele 

in Mother 

Minor Allele 

in Father 

Family SD2            127  131  129 

MTRR rs16879334 G= 0.076 D 0.99 5.16 103 G/C 

minor allele 

not present 

CC G/C 

MTRR rs2287780 T= 0.076 D 0.99 4.17 180 T/C 

minor allele 

not present 

CC T/C 

MTRR rs1801394 G= 0.37 D  1.0  0.33 10 A/G G/A G/A 

MTR rs1805087 G= 0.193 PoD 0.586 5.99 94 G/G G/A G/A 

MTHFR rs1801131 G= 0.32 PoD 0.462 4.74 107 G/T G/G G/T 

BHMT rs78421959 A= 0.25 PoD 0.75 N/A   A/G A/A 

minor allele 

not present 

FOLH1 rs202676 A= 0.22  

unknown 

5'UTR 1.93 N/A G/A G/A G/A 

AHCY rs41301825 T= 0.005 D 0.997 5.04 125 C/T 

minor allele 

not present 

CC C/T 
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Gene 

SNP ID/ 

Location 

Minor 

Allele 

Frequency  POLYPHEN GERP Grantham 

Alleles in 

Proband 

Minor Allele 

in Mother 

Minor Allele 

in Father 

Family SD1            023 

 *No parental 

data available 

for anaylsis   

MTRR rs1801394 G= 0.37 D 1.0 0.33 10 A/G     

MTHFR rs1801131 G= 0.32 PD 0.99 4.74 107 G/T     

COMT rs4680 A= 0.390 PD 0.60 -0.75 21 G/A     

GCAT rs2285178 C= 0.281 Intronic  0.01 N/A C/C     

         

Gene 

SNP ID/ 

Location 

Minor 

Allele 

Frequency  POLYPHEN GERP Grantham 

Alleles in 

Proband 

Minor Allele 

in Mother 

Minor Allele 

in Father 

 Family SD3            029  033  031 

MTRR rs16879334 G= 0.076 D  0.99 5.16 103 G/C G/C 

minor allele 

not present 

MTRR rs2287780 T= 0.076 D 0.99 4.17 180 T/C T/C 

minor allele 

not present 

MTRR rs1801394 G= 0.37 D  1.0 0.33 10 A/G G/A G/A 

MTR rs1805087 G= 0.193 PoD 0.586  5.99 94 A/G 

minor allele 

not present G/A 

MTHFR rs1801133 A= 0.32 D 0.99 5.08 64 A/G G/A 

minor allele 

not present 

DNMT3L rs9606756 C= 0.18 PoD 0.52 1.27 29 T/C 

minor allele 

not present T/C 
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Gene 

SNP ID/ 

Location 

Minor 

Allele 

Frequency  POLYPHEN GERP Grantham 

Alleles in 

Probands 

Minor Allele 

in Mother 

Minor Allele 

in Father 

Family 80 (MZ 

Twins)           

 80-201, 80-

202  80-102  80-101 

MTHFR rs1801133 A= 0.32 D 0.99 5.08 64 G/A 

minor allele 

not present 

GG A/A 

MTHFS rs142334286 T is rare PD 0.92 5.85 56 T/C 

minor allele 

not present 

CC T/C 

BHMT rs3733890 A= 0.30 PoD 0.78 3.51 43 G/A A/G 

minor allele 

not present 

FOLH1B rs10830339 G= 0.23 PoD 0.71 3.17 94 C/G G/G 

minor allele 

not present 

COMT rs4680 A= 0.390 PD 0.60 -0.75 21 G/A A/A 

minor allele 

not present 

         

         

Gene 

SNP ID/ 

Location 

Minor 

Allele 

Frequency  POLYPHEN GERP Grantham 

Alleles in 

Proband     

Proband 81-201            81-201 

 *No parental 

samples   

MTHFR rs1801131 G= 0.32 PoD 0.462 4.74 107 G/T     

COMT rs4680 A= 0.390 PD 0.60 -0.75 21 A/A     

                  

Gene 

SNP ID/ 

Location 

Minor 

Allele 

Frequency  POLYPHEN GERP Grantham 

Alleles in 

Probands 

Minor Allele 

in Mother 

Minor Allele 

in Father 

Family 63 (MZ 

Twins)           

63-201, 63-

202 63- 102  63-101 

MTRR rs1801394 G= 0.37 D  1.0 0.33 10 G/G G/G G/G 

MTHFR rs1801131 G= 0.32 PoD 0.462 4.74 107 G/G G/T G/T 
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DISCUSSION 

Variants in methylation and chromatin remodeling genes may contribute to the complex 

phenotype of autism spectrum disorder.  We found several variants related to the one-carbon 

metabolism, methylation, and chromatin regulation in our sample of patients with autism.  Our 

findings highlight the need for further research to explore these epigenetic effects and provide 

evidence for associations between these variants and autism.  Some of the variants we found are 

in genes which have been previously associated with reducing the efficiency of the folate pathway, 

interrupting chromatin remodeling, or increasing risks for NTDs and autism.  Some noteworthy 

examples are outlined below. 

Methylenetetrahydrofolate reductase (MTHFR) encodes a protein in the folate pathway 

responsible for catalyzing conversion of 5,10-methylenetetrahydrofolate to 5-

methyltetrahydrofolate.  Variants in this gene have been associated with increased risks for neural 

tube defects and hypomethylation.  MTHFR variants are well known to be associated with autism 

[29, 60, 61].  Our data analysis revealed two common variants in MTHFR: c.1286A>C (rs1801131) 

and c.665C>T (rs1801133) (see TABLE 2 and TABLE 3).  The c.1286 variant was found in 

Families SD1, SD2, 63, and Proband 81-201.  All parents and probands in Families 2 and 63 were 

heterozygous for this variant.  The c.665C>T variant was found in Family 80.  The proband and 

the father in this case were heterozygous.  The c.665C>T variant has previously been found to be 

slightly more prevalent in patients with autism than normal controls [37].  Both variants have been 

linked to impaired function of the folate pathway and reduction in plasma homocysteine 

concentration [62, 63].  Our finding of these variants in autistic individuals and families supports 

previous studies linking variants in MTHFR with autism and impairment in folate pathway. 
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5-methyltetrahydrofolate-homocsteine methyltransferase (MTRR) reductase codes for a 

protein in the folate pathway.  This protein keeps cobalamin in a reduced state for methylation of 

homocysteine to methionine.  Methionine is then converted to S-adenosyl-methionine (SAM), a 

methyl group donor.  We found three common variants in this gene (rs16879334, rs22877780, 

rs1801394) in four of our families with autism (see TABLE 2 and TABLE 3).  Family SD2 had 

all three variants.  In this family the proband and the mother were heterozygous for all three 

variants and the father was also heterozygous for the rs10801394 variant.  Family SD3 had all 

three variants as well.  This proband and the mother were heterozygous for all three variants and 

the father was also heterozygous for the rs10801394 variant.  Family SD1 and Family 63 also had 

the rs10801394 variant.  The rs10801394 variant and other variants in MTRR not found in our 

sample have been associated with increased risk for neural tube defects and deficiencies in the 

function of the folate pathway [30, 31, 38]. 

Cystathionine-beta-synthase (CBS) codes for a folate pathway protein that catalyzes the 

conversion of homocysteine to cystathionine.  Defects in this gene cause cystathionine-beta-

synthase deficiency resulting in elevations in blood homocysteine [64, 65].  Some studies have 

found variants in CBS to increase risk for NTDs, but others report no association [38, 66].  Our 

study revealed one rare and damaging variant in CBS (rs5742905) in Family SD1 (see TABLE 2).  

The proband in this family (individual 023) had this variant, but since analysis of parental data 

was not possible for this case we could not determine the inheritance pattern.  This variant has 

been associated with spina bifida and bipolar disorder providing support for a possible connection 

between folate pathway function and neurological disease [67, 68]. 

Lysine (K)-specific methyltransferase 2C (MLL3/KMT2C) is a member of the 

myeloid/lymphoid leukemia family that is involved in histone methylation [69].  Mutations in this 
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gene have been associated with gastric and colorectal cancers and acute myeloid leukemia [70, 

71].  Our study revealed three variants in KMT2C: rs10454320, rs78352960, and rs200804156 

across 4 families or probands (see TABLE 2).  All three variants were seen in the proband of 

Family SD2 with rs10454320 and rs200804156 inherited from the father and rs78352960 inherited 

from the mother.  The rs10454320 variant was also in Family 80 in which both probands and the 

two parents were heterozygous.  The rs78352960 variant was seen in Proband 81-201 and Family 

63.  In Family 63 the probands and mother were homozygous for the minor allele and the father 

was heterozygous for the minor allele and an ancestral T allele.  These three specific variants have 

not been seen to be associated with autism, but are rare and predicted to be damaging or possibly 

damaging to protein function with PolyPhen scores of 0.68, 0.997, and 0.767 respectively. 

Lysine(K)-specific methyltransferase 2D (MLL2/KMT2D) encodes a histone 

methyltransferase that methylates the Lys-4 of the H3 histone.  Mutations in this gene are the cause 

of Kabuki syndrome, which is characterized by dysmorphic features, intellectual disability, 

skeletal anomalies, persistence of fetal fingertip pads, and growth deficiency [72].  Kabuki 

syndrome is an autosomal dominant condition and is presumed to be fully penetrant although 

genetic and phenotypic heterogeneity is observed [73]. Our study identified one rare variant in 

KMT2D: rs201114196 in Family SD2 (see TABLE 2).  The proband in this family and the mother 

were both heterozygous for the variant.  Kabuki syndrome is not commonly associated with 

autism, but has been reported in some patients [74].  Variants in KMT2D have also been associated 

with neurodevelopmental disorders including schizophrenia [11].  Further investigation into the 

clinical features of our participant could provide more information about the significance of this 

variant. 
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Adenosylhomocysteinase (AHCY) codes for a protein that catalyzes the hydrolysis of S-

adenosylhomocysteine to adenosine and L-homocysteine thereby regulating S-

adenosylhomocysteine (SAH) in one-carbon metabolism.  SAH acts as a methyl donor to 

epigenetic regulation so variants in AHCY may interrupt the availability of methyl donors.  

Deficiency of S-adenosylhomocysteine hydrolase is associated with homocystinuria [65].  Our 

study found one rare variant in AHCY (rs41301825) in Family SD2 (see TABLE 2).  Both the 

proband and the mother were heterozygous.  This variant has not been found to be associated with 

autism but is predicted to be damaging to protein function with a PolyPhen score of 0.997. 

Chromodomain helicase DNA binding protein 8 (CHD8) encodes a DNA helicase that 

remodels chromatin structure to repress transcription.  We found a rare variant in CHD8 

(rs200465274) in Family 80 (see TABLE 2).  The probands and the mother were heterozygous for 

this variant.  Variants in CHD8 have been associated with autism in multiple studies [11, 75].  The 

variant found in our patient was not reported in these studies but is predicted to be probably 

damaging to protein function with a PolyPhen score of 0.78. 

Zinc finger protein 335 (ZNF335) encodes a protein involved in enhancing transcriptional 

activation by altering local chromatin structure [76].  We discovered a rare variant (rs41280276) 

in this gene in Proband 111-201 (see TABLE 2).  Variants in ZNF335 have been associated with 

severe microcephaly and implicated in neurogenesis [76, 77].  The function of this gene in brain 

development and the association of gene dysfunction with reduction in the size of the cerebral 

cortex suggests a possible connection between variations in this gene and neurological conditions 

like autism. 
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One proband (127) inherited eight different variants in genes involved in the one-carbon 

metabolism pathway (see TABLE 3).  Each of these variants is predicted to be either damaging or 

possibly damaging with PolyPhen scores ranging from 0.462 to 0.997.  While each of these 

variants was inherited from a parent neither parent was found to have all eight variants seen in the 

child.  As we have described, many of these variants have been associated with reduced efficiency 

of the folate pathway or implicated in autism [29-31, 37, 38, 60-63].  Each of these studies 

describes a variant in isolation but the combined effect of many of these variants in a single 

individual may be much more severe than any of them acting alone.  The combined impact of 

many variants acting in the same or similar pathways needs to be studied further.  The importance 

of studying epistasis is especially relevant in the setting of whole exome sequencing since this 

technology lends itself to the discovery of variants in many genes with the goal of providing 

information about clinical implications of variants.  The future of exome sequencing will need to 

include analysis of gene pathways and interactions of genetic variants since single gene variants 

will likely not explain many complex conditions [55, 56, 78]. 

Determining the significance of rare variants identified by whole exome sequencing is a 

challenging task.  The complexity of human genetic variation makes it difficult to determine the 

clinical significance of novel or under-studied variants in genes that may not be well understood 

themselves.  To accomplish this task our only option is to use somewhat arbitrary systems and 

assumptions to develop our best estimate of the effect of these variants.  To filter out common 

variants we used a subjective minor allele frequency of 2%.  This is a more liberal cutoff than the 

1% minor allele frequency that many studies use to identify only rare variants [49].  These cutoffs 

are based on the assumption that rare variants are more likely to be damaging that common variants 

and that disease causing alleles will not be found in the general population.  By excluding all 
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variants observed at a population frequency of greater than 1%, exome sequencing studies hope to 

discover rare causes for rare diseases.  This assumption may be difficult to apply to the setting of 

autism and other common diseases since a higher population frequency of the condition itself 

suggests the possibility of common genetic variants involved in increasing risk of the condition 

[45, 78].  Without functional studies it is difficult to assess the clinical significance of variants 

based on population frequency alone especially in cases of common conditions with variable 

phenotypes.  It is possible that a rare variant may be assumed to be damaging based on frequency 

but functional studies could suggest that it actually a benign variation.  Common variants, 

especially acting additively, may actually be very important contributors to common disease but 

could be excluded from analysis based on population frequency [56].  Filtering and analysis of 

variants based on population frequency is a useful tool but cannot be relied on entirely for 

determination of pathogenicity. 

In silico models are widely used in exome and genomic sequencing analysis for assessment 

of the effect of missense variants on protein function.  These tools use information about the 

evolutionary conservation of amino acid sequences, differences in properties of substituted amino 

acids, and effect of a substitution on protein structure, folding, and binding function [50, 52-54].  

While the score of pathogenicity provided by these tools can be useful in contributing toward an 

assessment of how damaging a variation is to protein function, none of these methods is based on 

functional studies of the specific variation being investigated.  Each method has its own formula 

for assigning a score to a variant and the researcher must weigh these scores against each other to 

make an assessment of whether he or she considers this change damaging with all available 

information.  Using multiple tools allows for a more complete analysis of the variant, but may give 

conflicting results.  We discovered several examples of this discordance in our analysis.  The 
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rs1805087 variant in MTR in Family SD2 was predicted to be possibly damaging by PolyPhen 

with a score of 0.586.  With 1 being a damaging score and 0 indicating a benign variant, a score 

of 0.586 is not especially suggestive of a significant impact on protein function.  The GERP score 

for this variant was 5.99 indicating a likely damaging change since it is in an evolutionarily 

conserved region of the genome.  The Grantham score of 94 indicates a highly non-conservative 

amino acid change approaching the score for a radical change of 100.  While the PolyPhen score 

does not show especially strong evidence for pathogenicity, both GERP and Grantham scores 

suggest that this change should have an important impact on the protein.   

Even for variants in the same gene the in silico prediction tools may not be consistent.  The 

rs16879334 variant in MTRR had a PolyPhen score of 0.99, a GERP score of 5.16, and a Grantham 

score of 103 all indicating that the variant is very likely damaging.  In the same gene, the rs1801394 

variant had a damaging PolyPhen score of 1, but a low GERP score of 0.33, and a very conservative 

Grantham score of 10. 

All methylation, acetylation, and chromatin remodeling variants found in our study were 

inherited from a parent.  Study of exome sequencing and statistical methods of discovery of 

causative mutations have often focused on the discovery of de novo variants [79].  This method 

assumes that heterozygous variants inherited from parents are not disease causing if the parent 

does not have clinical features of the condition.  Inheritance from a parent has been considered 

evidence against pathogenicity of a variant, but more recent studies have suggested this may not 

always be the case [4].  Our results show the potential importance of inherited variants.  The case 

involving inheritance of eight variants in the same pathway (Family SD2) provides evidence for 

the need to consider pathogenicity of inherited variants.  While these variants were each present 

in at least one parent, the combination of multiple variants in an individual has the potential to 
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affect the efficiency of the entire pathway and could be contributing to an autistic phenotype.  If 

only de novo variants are considered in analysis of exome sequencing studies cases like this one 

could be mistakenly excluded. 

Our data analysis was limited to publically available information about genetic variants 

and the implications of these variants described in published case studies and reviews.  These 

databases include information about control subjects gene-by-gene individually but do not 

consider patterns that may be present across multiple genes.  As we have found in this study, it is 

important to consider the possibility of gene-gene interactions and the effects of deficiencies in 

multiple genes in a single pathway.  Ideally, variant databases could eventually show patterns of 

variants in control individuals across the population in order to help assess how relevant and 

unusual it is to find patterns like the ones we have identified here.   Our analysis was also limited 

by a small sample size.  A larger collection of exome data from patients with autism could provide 

more evidence for the contribution of variation in epigenetic control to development of 

neurological disease.  Further investigations could include functional studies to provide more 

accurate information about the impact of these variants on one-carbon metabolism, methylation, 

acetylation, and chromatin remodeling.  These studies could also investigate the effect of multiple 

variants in a single cell line to further evaluate the potential for compounded consequences of a 

variant burden, like we discovered in our autistic proband.  Studies investigating the contribution 

of these variants to disruptions in brain development and function are vital for definitive 

assessment of any potential causative relationship with autism. 
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CONCLUSION 

Autism is a complex common disease associated with many identified genetic and 

environmental factors and many more yet to be discovered.  This study focused on the one-carbon 

pathway and chromatin modifying genes as specific physiological mechanisms shown to play a 

role in developmental delay and suspected to be associated with autism.  Our exome sequence 

analysis identified 25 novel, rare, and common inherited variants in 22 genes associated with 

methylation, acetylation, and chromatin remodeling in all seven of our autistic probands and 

families.  Our analysis provides evidence to support previously published studies suggesting a link 

between epigenetic modifications and neurological disorders like autism [12, 26].  Our findings 

suggest that both rare and common mutations may play a role in the etiology of autism, supporting 

previous work [11, 56]. 

Our analysis also revealed a burden of inherited variants in the one-carbon metabolism 

pathway in an autistic proband.  An accumulation of common, damaging variants in multiple genes 

in a single pathway likely results in reduced efficiency of the pathway, potentially contributing to 

an autistic phenotype.  In this case the variants were involved in the synthesis of methyl residues, 

but the impact of many interacting, protein damaging variants in other pathways and other 

biochemical systems could also be important to autism causation and causation of other complex 

diseases.  Variants leading to autism may be de novo in some cases, but the potential importance 

of inherited variants cannot be ignored and should be investigated in future studies. 

 

 

 



 

46 
 

 

The discovery of variants related to autism could provide valuable insight into the 

pathophysiology of the condition.  By studying the biochemical and molecular pathways impacted 

by these variants we may gain a better understanding of how autism develops and potentially guide 

the design of therapies and treatments to improve the lives of those affected by the condition and 

their families. 
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APPENDIX 

Permissions and licenses for reproduction of figures. 

FIGURE 3: The epigenome and chromatin organization 
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FIGURE 4: Folate and methionine cycle overview 
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FIGURE 5: The folate cycle; and FIGURE 6: The methionine cycle 

 

 

 

 

 




